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Summary

Negative effects of global warming can already be noticed. The burning of fossil fuels not only
contributes to this global warming, but also to a reduction of air quality, especially in urban areas. In
order to limit the climate change, as well as to improve the air quality, more and more vehicles are
replaced by emission free versions. In practice, as well as in this report, an emission free vehicle is an
electric vehicle. Therefore, the terms ‘electric’ and ‘emission free’ are used interchangeably throughout
this report.

The revolution of electrifying vehicles also takes place in Shenzhen, China, the first city in the
world that has a fully electric public bus fleet. A lot of people travel by water, so there are many fast
ferries in the region of Shenzhen, such as CoCo Yachts’ Coastal Cruiser 300. Since Shenzhen is
motivated to decrease pollution, it makes sense to replace these passenger ferries with emission free
versions as well.

This thesis is a case study in which the feasibility of replacing the Coastal Cruiser 300 by an
emission free ferry was investigated. One of the first steps was an exploration of different methods of
emission free propulsion. The next step was to look at the effect of implementing these methods into
the design of the current ferry. Because the feasibility is limited, different ways of reducing the energy
consumption of the ferry were analysed. Because a more severe reduction is desirable, the last analysis
of this project was a hydrofoil supported catamaran.

Exploration of Emission Free Propulsion Methods

Two options remained after analysing different methods for emission free propulsion: battery powered
and hydrogen fuel cell powered. Operating on supercapacitors is similar to operating on batteries, but
because they are heavier and more expensive than batteries, supercapacitors were not chosen as an
option. Solar cells were also not be implemented in the concept design, as their contribution is negligibly
small.

The main problem of batteries is its large mass, and the hydrogen powered ferry suffers from a large
increase in fuel costs, as hydrogen is much more expensive than diesel fuel. So in both cases, the energy
consumption must be sufficiently low.

Costs related to the power and propulsion system were also analysed. It is however important to
keep in mind that costs is not the most important aspect of the emission free ferry. The reduction in
emissions might be worth the additional costs. Furthermore, it might lead to a reduction in indirect costs
related to pollution.

Implementing the Electric Propulsion Systems into the Design
A battery powered version is not feasible, because the weight of the vessel is too large, resulting in a
too large increase in resistance and energy consumption. Thus a reduction in energy consumption is
desirable to achieve a feasible battery powered fast ferry.

The hydrogen powered ferry is feasible, but the higher costs make a reduction in energy
consumption desirable.

Analysis of Ways to Reduce the Energy Consumption

Energy consumption can be influenced by changes in design (i.e. elongated hull, lighter structure and
improved system performance in the future), as well as by changes in the operational profile (i.e. sailing
at a lower speed and operating on a shorter distance). The effect of changing these parameters was
analysed for both the battery and hydrogen powered ferry.

Battery Powered Concept Ferry

In case of the battery powered catamaran, operating on the 25 NM crossing is only possible with an
elongated hull. A lighter structure improves the feasibility of the elongated version, but it has no effect
on the concept with the original length. Looking at costs, the battery powered ferry is likely to be more
expensive than the diesel powered ferry, but this depends on the electricity price and diesel fuel price.



If the battery performance improves in the future, the feasibility increases. With 1,000 Wh/kg
batteries, feasibility exists for all estimations, with a strong indication that operating on batteries is cost
competitive with operating on diesel fuel.

Decreasing the design speed does not significantly reduce energy consumption, as the reduction in
resistance is roughly proportional to the increase in travel time. Furthermore, without changing the
timetable, the charging time at quay gets smaller if the travel time increases, making this option not
feasible.

Operating on a shorter distance increases the feasibility. It can be advised to consider a battery
powered ferry for short crossings, roughly shorter than 25 NM.

Hydrogen Powered Ferry
For the hydrogen powered ferry, all analysed concepts are feasible, but all are more expensive than the
diesel powered ferry. The same is true in the future, when the fuel cell performance has improved.

Lowering the design speed also has little effect on the costs of the hydrogen powered ferry, for the
same reason as it has little effect for the battery powered ferry.

Changing the design crossing’s distance also does not have any significant impact on the total costs
of the hydrogen powered ferry in comparison to the diesel powered ferry.

For the case study crossing of 25 NM, the hydrogen powered version is likely to be the better choice,
as the battery powered version is on the edge of feasibility. So it can be advised to consider a hydrogen
fuel cell powered ferry for long crossings, roughly longer than 25 NM.

As mentioned before, costs is not the most important aspect of this analysis. The reduction in
pollution, and all other negative effects of emissions, might be worth the extra costs. Because the costs
of the hydrogen powered ferry are likely to be higher than that of the battery powered version, it makes
sense to only consider hydrogen for distances beyond 25 NM, which cannot be reached by the battery
powered version.

Analysis of a Hydrofoil Supported Concept Catamaran

The final topic that was analysed in this project is the hydrofoil supported concept, because a more
severe reduction in energy consumption is still desirable. Multiple fast ferries operate on hydrofoils,
because these underwater wings can significantly lower the resistance.

Compared to the existing hydrofoil vessels, there are two major differences: the electric concept
ship has relatively more weight, and the design speed is lower. Both these differences require larger
hydrofoils, which suffer from stronger 3D and interference effects. As a result, the effective lift
coefficient goes down and no feasible solution exists.

The study shows that only at higher speeds, the hydrofoil has a positive impact on the resistance.
But in absolute terms, this does not improve the energy consumption with respect to the electric version
of the Coastal Cruiser 300 at 30 knots. It can therefore be concluded that hydrofoils are not suited for
the electric concept ferry.

Conclusion

This project was a case study for a 300 passenger ferry on a 25 NM crossings, operating at 30 knots.
The results show that the battery powered concept is on the edge of feasibility, but for shorter crossings,
the feasibility is higher. In general, a battery powered ferry, when feasible, is less expensive than a
hydrogen powered ferry, but the latter is feasible over a larger range of distances.

So fast electric passenger ferries are feasible, but the direct costs are currently higher than for a
comparable diesel powered ferry. The higher price can be seen as an investment, because it will improve
the liveability on this planet, as well as limit the increase of the indirect costs of pollution, which is
estimated to be over four trillion euro globally, each year. This shows that we have to pay the price
either way. So the remaining question is:

Do we want to invest now, or pay for the damage afterwards?
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Introduction

Negative effects of global warming can already be noticed; extreme weather conditions, such as heat
waves, droughts and heavy downpours, have increased in number and in strength [1]. Studies indicate
a 97% consensus among climate scientist that humans are the main cause of recent global warming [2].
Since the start of the industrialisation, carbon dioxide (COy) levels have risen to above 400 ppm, a
concentration level that last occurred three million years ago; a period with a higher average
temperature, humidity and seawater level than today [3]. The burning of fossil fuels is a major source
of CO, and the influence of carbon dioxide on the climate was already documented over a century ago
(by S. Arrhenius in 1896 [4]). In order to limit the climate change, measures are taken to reduce
emissions, e.g. more and more electricity originates from renewable resources, and the number of
electric vehicles is growing.

The burning of fossil fuels does not only result in CO, and other greenhouse gasses, but also in
hazardous particulates such as soot. Diesel powered vehicles also result in smog, which is an increasing
problem in urban areas. Studies have shown that air pollution causes an increase in hospitalizations and
deaths [5]. It is even estimated that pollution is the highest risk factor for humanity, e.g. more people
die due to pollution than due to tobacco smoking: in 2015, nine million globally compared to seven
million [6]. These nine million premature deaths were 16% of all global deaths [7].

Worldwide, the number of people in urban areas is constantly rising [8]. Cities keep growing and
thus the problem keeps getting bigger, as more and more people get in contact with air pollution.
Furthermore, an increase in people means an increase in vehicle movements, and thus an increase in
pollution. Therefore it is important to replace polluting vehicles with emission-free electric versions.

The revolution of electrifying vehicles also takes place in China, with Shenzhen as the frontrunner.
In 2018, after a timeframe of only eight years, Shenzhen had replaced all its 16,000 public busses, and
became the first city in the world to electrify 100% of all its public busses. This transit to fully electric
transport is realized with support from the Chinese government. Shenzhen also invested part of the
subsidies into a robust charging infrastructure, with enough outlets to charge half the fleet at a time.
Besides busses, there are other ways of transportation; a lot of people travel by water, so there are many
fast ferries in the region of Shenzhen. One such ferry is CoCo Yachts’ Coastal Cruiser 300. Since
Shenzhen is motivated to decrease pollution, it makes sense to replace these passenger ferries with
emission free versions as well. [9]

This thesis is a case study in which the feasibility of replacing the Coastal Cruiser 300 by an
emission free ferry is investigated. Because the concept will be an electric ferry, the terms ‘electric’ and
‘emission free’ are used interchangeably.
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1.1 Background Information on Emission
Free Ferries

In 2013, a supercapacitor powered ferry was taken into service in France [10]. The first battery powered
ferry was taken into service in Norway in 2015 [11]. Since then, more electric ferries became
operational. However, these types of emission free vessels are low speed vessels, while many fast ferries
are operational around the globe.

Fast ships require relatively more power and energy to operate. This makes it more difficult to
convert them into an electric version, as an electric powertrain has relatively more weight than a diesel
powertrain [appendix A.1.10]. Even so, more and more effort is put into the development of fast
emission free ferries.

In 2016, a commuter vessel was launched by BB Green, an EU funded development project. The
battery powered vessel, as seen in figure 1.1, is capable of transporting 80 passengers with a speed of
28 knots. [12]

Another project is the SF-BREEZE, a hydrogen fuel cell powered fast ferry concept for the San
Francisco Bay, California, USA. This ship should be capable of transporting 150 passengers with a
speed of 35 knots. Its feasibility was examined in 2016, and the conclusion is that it is feasible, if one
is willing to pay the higher costs that accompany a hydrogen fuel cell powered vessel. [13]

Flying Foil, a Norwegian start-up company, also started to investigate fast electric ferries. Their
goal is to have a 28 m long battery powered ferry sail with 35 knots in 2022. In order to reach that
speed, the vessel will be supported by hydrofoils, as seen in figure 1.2. [14]

Figure 1.2: concept art of Flying Foil’s hydrofoil supported electric catamaran ferry. © Flying Foil

This thesis project is a case study for an emission free replacement for the Coastal Cruiser 300, a fast
39.5 m long passenger ferry with a 300 passenger capacity [15]. This is more than the passenger
capacities of the other studies. Furthermore, the other projects mainly focused on either batteries or fuel
cells, while this thesis will take both systems into consideration.
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1.2 Research Objective and Structure of
this Report

The purposes of this report is to present the feasibility study of an electric fast ferry concept, in which
the following main research question will be answered:

How feasible is an emission free catamaran
as a replacement for the Coastal Cruiser 300,
operating as a fast passenger ferry in Shenzhen, China?

Because the feasibility of the concept depends on many factors, it is not possible to simply say if it is
or is not feasible. Instead, this report will analyse under which circumstances the ferry is feasible, e.g.
the batter powered ferry is only feasible on short crossings.

Answering the main research question is done in multiple steps, and an overview of the project
approach can be seen in figure 1.3. First the current Coastal Cruiser 300 is discussed in chapter 2, as
well as the route on which it operates. Replacing this ferry with an emission free vessel might be
possible in multiple ways, so the first question to be answered is the following:

What are suitable methods of emission free propulsion,
and what is the main problem when implementing them into a ferry?

Answering this question will be done in chapter 3, from which two options follow: battery powered
(paragraph 3.3) and hydrogen fuel cell powered (paragraph 3.5). So in both cases an electrical
powertrain. Each system has its own main problem: the battery system adds a lot of weight to ship, and
hydrogen increases the fuel costs. Electricity is less expensive than diesel fuel, but because the weight
of the vessel increases, the resistance increases as well, and thus the energy consumption goes up. This
means that both the battery and the hydrogen powered version of the ferry might be more expensive to
operate than the diesel driven version.

A larger displacement and/or a higher fuel price is not a problem if the energy consumption is low
enough. Therefore, in paragraph 3.6, the financial side of electric propulsion will be discussed. The
investment and operational costs of diesel and electric ferry will be compared to each other, in order to
determine the targets for a financially feasible concept ferry.

The next step of this project is to implement the electric propulsion systems into the design of the
Coastal Cruiser 300. The goal of this step is answering the following question:

What is the impact on energy consumption,
when implementing the emission free propulsion systems
into the design of the Coastal Cruiser 300,
and how does that impact the costs?

This question will be answered in chapter 4. It turns out that the target energy consumption cannot be
reached, and that a battery powered version is not even feasible at all. So the energy consumption has
to go down, which raises the question:

How can the energy consumption of the electric concept ferry be reduced,
and what is the effect on the feasibility?

Three design related alterations are analysed in this chapter:
e Reducing resistance by increasing the length of the vessel (paragraph 5.1);
e Reducing the displacement by using carbon composite materials instead of aluminium
(paragraph 5.2);
e Operating with a better performing electric power and propulsion system, i.e. a future outlook
(paragraph 5.3).
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An alternative way of affecting the energy consumption is by changing the operational parameters:

e Operating at a lower design speed (paragraph 5.4);

e Operating on a shorter crossing (paragraph 5.5).
From the last paragraph follows that a larger reduction in energy consumption is desirable. This goal
can be achieved by a more significant reduction in resistance. Some fast ferries use hydrofoils to reach
their high design speed, because such a system has a lower resistance than a comparable ship without
hydrofoils. This raises the question:

How much can a hydrofoil system reduce the resistance
and energy consumption of the electric concept ferry?

This question will be discussed in chapter 6.

After the analyses of the different concepts, conclusions can be drawn with respect to the feasibility
of replacing the CC300 with an emission free ferry. Each chapter has its own conclusion, and an
overview can be found in chapter 7, which also contains the answer to the main research question, as
well as the recommendations that follow from this project.

In this report, a lot of estimations are made, and in order to make these estimations, multiple equations
were used, some of which were derived for this thesis. Because the details and derivations of these
estimations are not necessarily important for the story of this report, they are included in the appendices:
e Appendix A contains an overview of the mass approximations of the ferry:
o Mass of the components of the electric power and propulsion system (appendix A.1);
o Structural mass (appendix A.2).
e Appendix B describes how the catamaran resistance estimation equations were derived.
e Appendix C is about hydrofoils. It contains:
o The method used for estimating the mass of the hydrofoil system (appendix C.1);
o The derivations for estimating the lift coefficient and hydrofoil size (appendix C.2);
o The estimation for the drag of the hydrofoil system (appendix C.3).
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Current Situation and
Design Requirements

As this project is a case study for an emission free ferry that can replace an existing one, the first thing
to discuss is the current vessel and the route on which it operates: the Coastal Cruiser 300 sailing

between Shekou and Zhuhai in China. The design requirements for the emission free ferry concept will
be based on this.

Structure of this Chapter

Paragraph 2.1 starts with the current Coastal Cruiser 300, followed by the route on which it operates
in paragraph 2.2. The design requirements that follow from this are presented in paragraph 2.3.



Chapter 2

2.1 Case Study Ship: Coastal Cruiser 300

Besides the Coastal Cruiser 300 (CC300), seen in figure 2.1, CoCo Yachts has also designed a smaller
ferry that is currently operational in Shenzhen, namely the Coastal Cruiser 199 (CC199). The CC300
has a 300 passenger capacity and the CC199 has a 199 passenger capacity [15]. The larger vessel is
chosen because of the following two reasons.

It can be expected that a growing city leads to more people using a ferry. Currently over 12 million
people live in Shenzhen, and it is estimated that the population will grow with one million people each
five years [16]. Hence a larger passenger capacity is desirable rather than a smaller capacity.

A larger vehicle is generally more efficient per passenger-mile than a smaller vehicle, e.g. the
CC300 can transport 50% more passengers while it only has 33% more power installed compared to
the CC199 [15]. The less energy per passenger, the better it is for the environment.

It must be mentioned here that in absolute terms, the CC300 has a higher energy consumption than
the CC199. This increases the challenge, as the energy capacity of an electric vehicle is much smaller
than for diesel driven ferries, because the specific energy is much lower: 12 kwWh/kg for diesel fuel [17],
compared to 1.7 kWh/kg for hydrogen [17] (incl. storage system [18]), and only around 0.1 kWh/kg for
batteries [19]. This is one of the reason why up until now only smaller fast electric ferries exist.

RIBAE §

Figure 2.1: the Peng Xing 1, CoCo Yachts’s Coastal Cruiser 300. © Barcaferry.com

Ship Type: Catamaran

The Coastal Cruiser 300 is a catamaran, with a waterline length of 39.5 m and an overall beam of 10.3
m [15]. A catamaran is a ship type that consists of two parallel demi-hulls. Looking at comfort, a
catamaran has a much higher roll stability than a monohull, because of the separation between the two
demi-hulls. Another advantage of this separation is the larger deck area; compared to a monohull, a
catamaran with the same displacement has more space for its passengers. A catamaran is also a
commonly used ship type for fast vessels, because at higher speeds, two slender demi-hulls have a lower
resistance than a single monohull. For these reasons both Coastal Cruisers are catamarans.

The main particulars of the Coastal Cruiser 300 can be seen in table 2.1.

Table 2.1: main particulars of CoCo Yachts’ Coastal Cruiser 300. [15]
Passenger capacity 300 | -
Length x beam x draft 395x10.3x1.3|m
Speed (at full load and 95% MCR) 31 | knots
Engine power 2x 1,440 | kW
Propulsor 2 X waterjet
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2.2 Case Study Crossing: Shekou — Zhuhal

Shenzhen is a city in south China, near Macau and Hong Kong. The area has a humid subtropical
climate; the average temperature ranges from as low as 10°C in the winter, up to 35°C in the summer,
and the humidity lies around 70-80% [20]. Around eight days a year the ferries are not operational due
to bad weather conditions; above seven Beaufort, they are not allowed to sail [21].

Looking at ferry lines in Shenzhen, there are many different crossings. The distance from quay to
guay ranges from 11 NM to 31 NM. The travel times range from 30 minutes to 75 minutes, with the
most crossings taking 60 minutes. [22]

The ferry line that is closest to the average is chosen as the subject of this case study, which is the
ferry line sailing between Shekou Ferry Terminal and Zhuhai Ferry Terminal, a crossing over the Pearl
River Delta between the cities Shenzhen and Zhuhai. This ferry crossing is highlighted in yellow in
figure 2.2. According to the timetable, the crossing takes 60 minutes, in which 25 NM is covered.
Between each crossing, 30 minutes is available for the passengers to disembark, and for new passengers
to get on board. [23]

In case of a battery powered ferry, sufficient time at quay is required in order to have a sufficient
time for recharging. For that purpose Shenzhen-Zhuhai is amongst the better suited ferry lines, as the
time at quay is 30 minutes, where the time for other crossings is limited to only 15 minutes [23].

Each ‘Shekou-Zhuhai-ferry” makes 10 crossing a day, seven days a week. Each year the CC300 is
seven days out of service due to maintenance in a dry dock. This leads to 350 operational days a year,
including the eight days off due to bad weather conditions. [21]

The final thing to mention is the size limitation. The waterline length of the ferry is limited to 46.5
m, as larger vessels do not fit alongside the quay [21].
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Figure 2.2: the ferry lines from and to Shekou Ferry Terminal, Shenzhen, China. The [23]

case study crossing ‘Shekou — Zhuhai’ is highlighted in yellow.
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2.3 Design Requirements

Based on the Coastal Cruiser 300 and the Shekou — Zhuhai ferry crossing, the following design
requirements are set for the emission free fast ferry concept:

The ferry must be capable of transporting 300 passengers with at least the same comfort as the
Coastal Cruiser 300; the superstructure and the interior arrangement will therefore not be
altered;

The design speed is 30 knots, which is required to keep up with the time table of the ferry line;
There should be a 15% margin between the required propulsion power and installed propulsion
power;

The ferry makes 10 crossings a day, 350 days a year, and each 25 NM crossing is done in one
hour, with 30 minutes in between;

The ship type is a catamaran, either with or without hydrofoils;

The desired ship length is 39.5 m, with 46.5 m as the maximum overall length. Besides
limitations at quay, another reason not to make the ship longer than this is course stability and
maneuverability. [21]

The design of the electric ferry must be as close as possible to the original CC300. The overall beam
for example will not change.



Exploration of
Emission Free
Propulsion Methods

Currently most fast ferries operate on internal combustion engines that run on diesel fuel. In order to
operate emission free, another propulsion method has to be installed on the vehicle. The question is:

What are suitable methods of emission free propulsion,
and what is the main problem when implementing them into a ferry?

Research is done on internal combustion engines that run on clean fuels such as hydrogen. The only
emission that results from a reaction between hydrogen and oxygen is clean water [24]. However, due
to the high combustion temperature, some nitrogen in the air is oxidised to harmful NOx emissions,
such as nitrogen dioxide, which is a component of smog [25]. For this reason, the combustion engines
on clean fuels will not be considered in this project.

The other method of operating emission free is by means of implementing electric motors instead
of diesel engines. Hence the terms ‘emission free’ and ‘electric’ are used interchangeably in this thesis.
Storing the required energy for electric propulsion can be done in multiple ways. The four most
implemented methods are:

e Batteries;
e Supercapacitors;
o Flywheels;

e Hydrogen combined with fuel cells.
Flywheels are mostly known for their application in Formula 1 race cars: break energy is recovered and
reused during acceleration. Both the super capacitor and the flywheel are devices that are ideal for short
peak loads, such as breaking and accelerating. So they do not seem suitable for a ferry, yet a
supercapacitor powered vessel is operational.

The other two methods (batteries and hydrogen fuel cells) are better suited for powering an electric
vehicle. Compared to the previous mentioned hydrogen combustion engine, fuel cells do not run on
such high temperatures, so this way the use of hydrogen only results in water and not in NOx.

11
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Structure of this Chapter

Since the emission free ferry has an electric powertrain, an overview of the components of the electric
propulsion system will be first presented in paragraph 3.1. Paragraph 3.2 derives an estimation
equation for the energy consumption of the ferry, as this is an important parameter for determining the
size of the electric power and propulsion system. Batteries will be discussed in paragraph 3.3, which
also contains an explanation why solar cells will not be applied to the concept. Because a supercapacitor
driven ferry does exist, the supercapacitor is discussed in paragraph 3.4. The hydrogen fuel cell is
discussed in paragraph 3.5, followed by the preliminary conclusions in paragraph 3.7.
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3.1 Overview of the Electric Power and
Propulsion System

This paragraph contains an overview of the components of the electric power and propulsion system,
as seen in figure 3.1. Different options are available for the ‘onboard energy storage’-box in the figure,
and these will be discussed in the next three paragraphs.
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Figure 3.1: line diagram of the electric propulsion system,
including the efficiencies of the different components.

Electric Motor

The device that drives the waterjet is the electric motor. Many different types of electric machines exist.
These can be separated into two groups: direct current (DC) machines and alternating current (AC)
machines. It can be noted that the term ‘machine’ is used here instead of ‘motor’, because such a device
can be used as a motor as well as a generator.

DC machines require commutators, such as carbon brushes, to supply electric energy to the rotating
rotor. This result in wear, and thus in maintenance. Furthermore, DC machines are larger and have a
lower efficiency than AC machines [26]. For these reasons they are not used anymore as main
propulsion drivers. So only AC machines will be focused on for the electric ferry.

The two main types of AC machines used for propulsion are the Permanent Magnet Synchronous
Machine (PMSM) and the Induction Machine (IM), also known as asynchronous machine. Looking at
the specifications, these motors are quite similar:

e The speed of both electric motors is controlled by the frequency of the electric current;

e Neither require commutators, so less wear than DC machines;

e Both have very high efficiencies (ngy), in the order of 97% [27] [28];

13
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o Both come in a wide variety of specific powers, while some similar values can be seen, e.g. a
1.4 MW electric motor of 4.4 tonnes in case of both the PMSM [27] and the IM [28].

Propulsion Converter
In order to control the speed of the electric motor, and thus the speed of the vessel, a device is required
that can change the frequency of the alternating current that drives the motor. Furthermore, all methods
of energy storage that will be discussed in this chapter, work on direct current.

So a propulsion converter is required to change the DC power into AC power with variable
frequency. The efficiency of such a device is high: npc = 98% [29].

Switchboard

All power consumers and energy suppliers are connected to each other via a switchboard, also known
as DC-bus, since it only handles direct current in this vessel. Since no conversion takes place within a
switchboard (e.g. DC to AC), no significant energy is lost in this device: the efficiency is 100%, the
same as for the electric cables.

DC-DC Converter
Between the switchboard and the electric energy supplier is a DC-DC converter, which controls the
flow and voltage of the direct current. The efficiency is roughly 98% [29].

Total Electric Powertrain Efficiency
The total efficiency of the electric powertrain is 93%:

For comaprison, the efficiency of the diesel engines in the Coastal Crusier is only around 40%, based
on the fuel consumption [30] and energy content of diesel fuel [17].
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3.2 Energy Consumption

The mass of the energy supply systems is related to the energy consumption, therefore a simplified
version of the operational profile is analysed in this paragraph. For that purpose, the one hour crossing
is divided into three parts: quay, harbour and transit. Table 3.1 shows this simplified operational profile
and the corresponding energy consumption.

Quay
Around three minutes of the travel time is lost at quay due to connecting and disconnecting of the ferry
[21]. During this stage no propulsion power is required:

E = 0.0 MWh

quay

Harbour
Manoeuvring and low speed sailing through the harbour takes around seven minutes each crossing. The
required power during this stage is less than 0.1 MW. [21]

Because the power consumption is low and the time short, this part can be neglected, even when
including the efficiency of the electric drivetrain (ngp = 93% [paragraph 3.1]):

01 [MwW] 7
Enarbour = T% X 50 [hour] = 0.0 MWh

Transit

The largest time is spent at the transit speed of 30 knots. Because the energy consumption in the harbour
is negligibly small, the total propulsion energy consumption is roughly equal to the transit energy
consumption, which is a function of propulsion power (Pp), electric powertrain efficiency and time at
transit (t;):

PP
Etransit = R ( 3.1 )
NEep

The transit time is 50 minutes, during which the full installed power is used at most (P, < P; = 2.9 MW
[15]). This results in an energy consumption of less than 2.6 MWh:

29 [MW] 50
Etransit < T939 X %0 [hour] = 2.6 MWh

Auxiliary Power
Auxiliary power (0.1 MW [21]) has to be supplied throughout the entire one hour crossing. Including
the efficiency of the DC-DC converter (np¢c = 98% [29]) results in the following energy consumption:

0.1 [MW]

0

Total Energy Consumption
The total energy consumption for one crossing (E;.) is the summation of the propulsion energy during
transit and the auxiliary energy consumption:

15
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P
Eic = Etransit T Equx = np "t + Equx with Eqy,, = 0.1 MWh ( 3.2 )
EP

So in case of the Coastal Cruiser 300, the total energy consumption is 2.7 MWh at most, and only
around four percent is supplied to auxiliary systems. Also note that the auxiliary energy consumption
is constant, as it is not influenced by the way the vessel is powered.

Table 3.1: energy consumption of CoCo Yachts’s Coastal Cruiser 300, for one crossing,

based on a simplified operational profile. [15] [21]
Power Time Energy Percentage
Consumer [MW] [minutes] [MWHh] of total
Auxiliary 0.1 60 0.1 4%
Propulsion at quay 0.0 3 0.0 0%
Propulsion in harbour 0.1 7 0.0 0%
Propulsion in transit <29 50 <26 96%
Total 60 <27 100%
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3.3 Batteries

One of the most used energy containers is the battery. A battery contains one or more electrochemical
cells. Each cell consists of a positive and a negative electrode, with a (liquid) electrolyte between them.
The electrolyte allows ions to move between the two electrodes, closing the circuit and allowing
electrons, and thus a current, to flow. Energy can be stored inside a battery by running an electrical
current through the cell, which results in an electrochemical reaction. This is called charging and
discharging is the inverse process.

3.3.1 Battery Powered Ferry: Ampere

The MF Ampere, the first fully electric car ferry in existence, seen in figure 3.2, was taken into service
in Norway in 2015, followed by a second vessel in 2017. The 80 meter long vessel can carry up to 360
passengers and 120 cars [31]. The results were better than predicted, with a reduction in operating costs
by 80% [11]. This reduction is compared to the old ferry, not to a newer more efficient diesel driven
ferry.

Each night, the 1,040 kWh battery system is fully charged. Due to the relatively low specific energy,
it is currently not possible to install enough battery capacity to operate a whole day on a single charge,
therefore the vessel is recharged at quay, during each stop. According to the timetable, each stop takes
10 minutes. Both mooring and connecting the ferry to the charging station happens with automated
systems. Connecting and disconnecting takes around four minutes, so only six minutes is available for
transferring the 150 kWh of energy that is required for each crossing battery pack [32]. To achieve fast
charging, over one megawatt of power is required. Instead of a significant change to the electric grid of
the port, a 410 kWh battery pack is installed on each shore. These are charged when the ferry is on its
way, so they can provide the required power when the vessel has arrived and is connected. [31]

Figure 3.2: the electric ferry Ampere. © Siemens

3.3.2 Energy Storage System

The battery system on board of a vehicle is called the Energy Storage System (ESS). Figure 3.3 shows
the components of an ESS, which is in this case the system of the MF Ampere. Table 3.2 contains the
specifications of these components, which together lead to the total weight of the system.

The energy is stored in battery cells. The Ampere contains 3,840 battery cells with a specific energy
of 163 Wh/kg [33]. The total weight is 6.4 tonnes.

Multiple battery cells are used to create a module, which is basically a box with connectors. A
module also contains some equipment, such as sensors to measure the temperature of the battery cells.
In the Ampere, 24 cells are packed together in a battery module. Because a module adds material and
equipment to the battery cells, the specific energy decreases to 90 Wh/kg [34]. This already almost
doubles the weight; the MF Ampere contains 11.5 tonnes of battery modules.

Multiple modules are stacked together in battery packs and arrays, this way forming the complete
energy storage system. The ESS has controllers that manages the operation of the modules, combining
input data from the vessel and the data from the modules themselves. This again adds material and
equipment to the system. In case of water-cooling, the water adds even more weight to the system. As
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a result, the weight again almost doubles to 20 tonnes [31], and the effective specific energy is further
reduced to 52 Wh/kg. Without water-cooling, the specific energy is 80 Wh/kg [19].

Mass Increase from Battery Cell to Battery System

Battery Manufacturers usually give specifications of battery cells. The mass of the whole battery pack
is roughly double the mass of all the battery cells [35]. This can also be calculated from the known
specific energies (163 Wh/kg for the battery cell [33] and 80 Wh/kg for the battery pack [19]):

163 [Wh/kgcell]
80 [Wh/kgpack]

=20 kgpack/kgcell

Table 3.2: components of the Corvus ESS of the Ampere, ordered from small to large. [31] [33] [34]
Cell Module Complete ESS
Contains 24 cells Contains 160 modules
Voltage 4.2V 504V 1,050 V
Energy capacity 271 Wh 6.5 kWh 1,040 kWh
Weight per unit 1.66 kg 72 kg
Weight of all units 6.4 tonnes 11.5 tonnes 20 tonnes
Specific Energy 163 Wh/kg 90 Wh/kg 52 Wh/kg

& “
b
Cell Module Array
Figure 3.3: components of the Corvus ESS of the Ampere, ordered from small to large. [34]

3.3.3 Main Battery Properties
There are many different properties that can be specified. The following is an overview of the most
important ones.

Battery Type

For this project only current battery technology will be considered, as these are available right away.
New battery technology in laboratories might be better on paper, but because it will probably still take
several years before they can be implemented in a design, they will not be considered. Only
subparagraph 5.3.1 is an exception, which is a future outlook on battery technology.

The most used battery type is the lithium-ion battery. These batteries have lithium (Li) as electrode
material, so lithium ions move through the electrolyte, hence the name Li-ion. Instead of a liquid
electrolyte, a polymer electrolyte can also be used. This battery type is known as a lithium-ion polymer,
or simply as lithium polymer or LiPo.

The main advantages of Li-ion over other battery types is its high specific energy, high energy
density, and low self-discharge [36]. The latter means that the stored energy decreases over time,
without using the battery. The terms ‘specific energy’ and ‘energy density’ are often interchanged with
each other, but the first refers to the amount of energy contained per unit of mass, while the second
refers to the amount of energy contained per unit of volume.
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Specific Energy

A battery driven vehicle has more weight than a comparable fuel driven vehicle, due to the relatively
low specific energy. As mentioned above, the ferry Ampere has an ESS with a specific energy of only
around 0.1 kWh/kg [19], while diesel fuel has a specific energy of around 5 kWh/kg, when a 40% diesel
engine efficiency [30] [17] is included.

Charge C-rate
The electrochemical reaction inside a battery cell also generates heat. The faster a battery is charged or
discharged, the more heat is produced, and the larger the risk of a fire or an explosion. Therefore the
(dis)charge rate, known as C-rate, is limited.

Charging with a rate of 1C means that the battery is fully charged in one hour. Charging with 2C
means that charging happens twice as fast, so a fully charged battery in half an hour.

Depth of Discharge
The percentage of the capacity that is utilized is called the Depth of Discharge (DOD). Suppose the
charge rate is 1C and the available charge time is only half an hour, than half the battery can be charged
each time, and only half the battery capacity should be used between each charge. In other words: the
battery utilizes 50% of its capacity, thus the DOD is 50%.

An example of operating at 50% DOD is to charge the batteries to 80% of their capacity, and then
discharge them during operation until 30%, before charging it again to 80%.

Cycle Lifetime

Charging and discharging a battery once is called a cycle. During every cycle the electrodes are a little
bit damaged by the electrochemical reaction. As a result, the capacity of the battery deteriorates over
time, thus limiting the lifetime of a battery.

The charging rate has an impact on degradation; a higher C-rate decreases the cycle lifetime of the
battery. Another major factor is the Depth of Discharge; the lower the DOD, the longer the battery can
stay operational.

Lifetime of a battery is generally expressed in the number of cycles that it takes for the capacity of
the battery to deteriorate to 80% of its original maximum capacity, specified for a certain C-rate and
DOD.

3.3.4 Battery Charging

The most used way of energy transfer to an electric vehicle is by charging via a connection between the
ship and the shore. The two main requirements for charging an electric ferry is a fast connection between
ship and shore, and sufficient power to transfer enough energy within the available time.

Ship-Shore Connection

Fast and automated systems to connect the charging station to the vessel do already exist. The Ampere
in Norway operates with a system from Cavotec SA, and they claim automated mooring and connection
in less than 30 seconds [37].

For the electric ferry concept in Shenzhen, this would mean that 29 minutes are available during
each 30 minutes stop at quay. Real life conditions might increase the time that it takes to connect and
disconnect. Furthermore, some additional time is required to start and stop the charging process itself.
For these reasons, 25 minutes is assumed to be available for actually charging.

Charging Power Supply
The energy consumption of the Coastal Cruiser 300 is at most 2.7 MW for each crossing as estimated
in subparagraph 3.2. Charging this amount of energy within 25 minutes requires 6.5 MW of power:

2.7 [MWh per crossing]

= 6.5 MW
25/60 [hour charge time]

One way of supplying this amount of power is by installing battery packs on shore. This is also done in
Norway for the Ampere. The battery packs are charged when the ferry is on its way, so they can provide
the required power when the vessel has arrived and is connected.
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Another way is with a sufficiently strong power grid. This method is applied to one of the largest
battery-driven ships in the world: the MF Tycho Brahe. This vessel is charged viaa 10 MW laser guided
robot connection, and the required power is supplied by the 10 kV electrical grid, for which new cables
had to be laid [38].

Since charging with 10 MW is already possible, it is assumed that an electric ferry in Shenzhen can
also be charged with sufficient power, either directly via the grid, or by installing battery packs on shore.

3.3.5 Application of Solar Cells
Solar cells are devices that can transform radiation energy from the sun into electrical energy. Solar
cells can be used to charge batteries, but the following explanation will indicate why they are not
suitable for fast vehicles, which have a relatively high energy consumption compared to their size.

The average daily energy from the sun that reaches the surface of the earth ranges from 3 kWh/m?
in Norway to 6.7 kWh/m? in the Sahara desert [39]. In Shenzhen, China, the Global Horizontal
Irradiance (GHI) is a little over 4 KWh/m?/day [39].

The efficiency of solar cells ranges from around 15% to 22% [40]. So on average the efficiency
(nsolar) is 19%.

The Coastal Cruiser 300 is roughly 40 meters long and 10 m wide, so if the entire ferry would be
covered with solar cells, the area would be 400 square meter:

Agorar = L X B = 40 [m length] X 10 [m beam] = 400 m? (33)
The energy production from this area of solar cells is on average 0.3 MWh/day:
GHI X Ngo1ar X Asorar = 4 [kWh/m?/day] x 19% X 400 [m?] = 0.3 MWh/day ( 3.4 )

The energy consumption for each crossing is in the order of 2.7 MWh [subparagraph 3.2], which
amounts to 27 MWh/day with ten crossings. This means that the solar cells only supply around 1% of
the energy demand:

0.3 [MWh/day, energy supply from solar panels]

=0.01
27 [MWh/day, energy consumptionof the ferry]

This percentage is an average value, during the night-time and on dark cloudy days the energy supply
from the solar cells would be much close enough to zero that their contribution can be neglected.
Furthermore, this approximation assumed an unrealistically large solar panel; in a real ship the area,
and thus the energy production would be even smaller.

From this calculation follows that solar cells are unfit for application on fast electric ferries; they
add weight, complexity and extra costs to the vessel, while their contribution to the energy demand is
negligibly small.

3.3.6 Application of Battery Swapping

Another way of energy transfer is battery swapping, which means that the empty battery is replaced
with a fully charged one. The battery that is taken out is charged on shore, so the charging time is not
limited by the ferry’s time at quay, and thus the ship can operate on a higher DOD.

Using a larger part of the battery’s capacity means less overcapacity is required, i.e. the battery pack
is smaller and has less weight. However, a container like structure is required to be able to swap the
system to and from the vessel. This might render the savings in weight ineffective.

The Dutch company Port-Liner has a concept where their future inland container vessels are fitted
with four 20 foot containers that each contain 1,680 kWh of battery capacity [41]. In case of the concept
ferry, there are two problems that did not apply to the concept of Port-Liner.

First, the ferry is not a container vessel; a significant redesign of the structure is required, as it has
to withstand the additional weight of the battery units. This further reduces the weight advantage the
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battery swap concept. Furthermore, without making the ship longer, it might not even be possible to
place the containers on the ship, without sacrificing space for passengers.

The second problem is the swapping itself. Because the ferry’s quay is not at a container terminal,
there is no crane capacity available. This seems like it can be solved relatively easily, but with
passengers walking around, safety is likely to be an issue, as the containers should not be lifted over the
passengers.

Another problem is the complexity of the system. Tesla shut down its battery swapping program in
favour of fast charging. One of the technical issues was that the car did not recognize the new battery
[42].

So it can be concluded that battery swapping is not suited for fast passenger ferries; not only is the
expected saving in weight limited, the space and logistics are also problematic, and the complexity
makes it susceptible to malfunctions.

3.3.7 Battery Cell Selection

For this project, the size and weight of the battery system is important. Therefore, a battery cell is
selected in this subparagraph, which will form the basis for the estimations. The important battery
properties of different battery cells are listed in table 3.3. These battery cells are from the Xalt Energy.
This company is chosen because they deliver DNVGL type approved products [35].

Table 3.3: Xalt Energy battery cells

Charge  Specific Cyclelifeat Cycle life at

C-rate energy  100% DOD 80% DOD

Cell type [[1 [Wh/kg] [cycles] [cycles]
60 Ah LTO [43] 6 76 > 60,000" >90,000"
75 Ah HP [44] 3 159 > 5,000" > 14,000"
56 Ah HP [45] 2 196 > 4,000" > 5,000"
63 Ah UHE [46] 1 221 > 3,000™ > 4,000™

“1C charge-discharge rate
**0.3C charge-discharge rate

Battery life is an important factor. The system must last at least long enough to be continuously
operational until the maintenance in dry dock. From a financial standpoint, the system must last at least
long enough to earn back the investment. Because the battery cells deteriorate over time, it cannot be
expected that they last as long as the ship itself. Five to ten years seem like a realistic target for the
lifetime of the battery system [47] [48] [49].

According to the operational profile [subparagraph 2.2], the ferry makes 3,500 crossings per year,
thus the battery system goes through 3,500 cycles each year. This amounts to 17.5 to 35 thousand cycles
over a period of five to ten years.

60 Ah LTO Battery Cells
Only one cell type can last the desired cycle life according to the table: the 60 Ah LTO battery cell,
which should last over 60 thousand cycles [43]. However, the specific energy is by far the lowest of the
four different battery cells in the table: 76 Wh/kg [43]. The specific energy of the whole battery system
is only half of this [35], so 38 Wh/kg.

Operating at 100% DOD means that there is no margin, while the engines have margin of 15%. So
running at 80% DOD would be more realistic, which leads to an effective mass/energy-ratio of
33 kg/kWh:

80% [DOD] x 38 [Wh/kg] = 30 Wh/kg — 55

1
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75 Ah HP Battery Cells

The 75 Ah HP batter cell has a much higher specific energy than the 60 Ah LTO battery cell, and a
possible lifetime of over 14 thousand cycles [44]. It can be assumed that the cycle life is inversely
proportional to the depth of discharge [50] [51]. So the cycle life for 50% DOD is expected to be 41
thousand cycles at 1C charge rate, when extrapolated outside the values of table 3.3 [44]:

(100%~1 —50%~1) - 5,000 + (50%~ — 80%~1) - 14,000
100%~1 — 80%1

= 41,000 cycles

The charge rate to reach 50% capacity in the available 25 minutes at quay [subparagraph 3.3.4] is 1.2C:

60 [minutes per hour]

x 509 ity = 1.2C ch t
25 [minutes charging] % capacity chargerate

This is 1.2 times the charge rate for which the cycle life is specified. A third power relation seems a
good way to estimate the cycle life with respect to charge rate [52]. The estimated cycle life following
from this is 24 thousand:

41,000 [cycles at 1C charge rate]
(1.2C [charge rate])?

~ 24,000 cycles

This is an acceptable number that falls well within the five to ten years battery lifespan, with 3.5
thousand cycles per year. The effective mass/energy-ratio of the 75 Ah HP battery cell is slightly lower
than the previously discussed 60 Ah LTO battery cells:

159 [Wh/kg]

50% [DOD] x
2 [kgpack/kgcell]

= 40 Wh/kg ~ 75 =25 kg/kWh

1
(Wh/kg]

Operating at 45% DOD would be sufficient to reach a lifetime of 35,000 cycles (ten years), when
following the same calculation as above. This would however increase the effective mass/capacity-ratio
of the system to 28 kg/kWh. This increase of 3 kg/kWh means an increase of seven tonnes for the
required energy per crossing. 55% DOD would decrease the expected lifetime to below five years, when
using the same calculation as above. Therefore, 50% depth of discharge is deemed to have the best
balance between weight of the system and its service life.

56 Ah HP and 63 Ah UHE Battery Cells

The cycle lives of the 56 Ah HP and 63 Ah UHE battery cells are very low in comparison to the other
two. This requires a very low DOD. Extrapolating is likely not accurate anymore, but the MF Ampere
can be used as an example. This vessel requires around 150 kWh per crossing [32], while the installed
battery capacity is 1,040 kWh [31]. This means that the ferry operates at a DOD of 14%:

150 [kWh per crossing]
1,040 [kWh battery capacity]

= 14% DOD ( 35)

At such a low DOD, the weight of the battery would be much larger than of the other two battery types:

221 [Wh/kg]
2 [kgpack/kgcell]

14% [DOD] x = 15Wh/kg -

1
——— =67 kg/kWh
Whykg] ~ 7 K9/
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Chosen Battery Cells

Based on this analysis, the 75 Ah HP battery cell is chosen to implement in the concept design as it
results in the system with the lowest weight. It can be noted that the specific energy of these cells are
roughly the same for the system in the MF Ampere [19]. However, the cycle life has improved since
2015, so the new electric vessel can operate at a higher DOD, i.e. operate with a relatively smaller
battery system. The mass/capacity-ratio of this system is 12.5 kg/kWh:

159 [Wh/kgcell]
2 [kgpack/kgcell]

= 12.5 kg/kWh

1
=80 [Wh/kgpack] = gotwnrig]

3.3.8 System Size

Each battery pack has a weight of 2,000 kg [35], thus their energy capacity is:

2,000 [kg]
12.5 [kg/kWh]

= 0.16 MWh/pack

Looking at the cross-section of the Coastal Cruiser [53], there is room in each demi-hull for a single
battery array in longitudinal direction [35]. The width of each pack is 1.33 m [35], thus the required
space to house the batteries is 24 m of the length of the vessel:

MWh _
7 [m] /2 [demi-hulls] -

3 X | % 133 [—k]=3x8m
3 [compartments] x 50% [DOD] x 0.16 —pack] pac

Notice in the calculation above that the large brackets are not ordinary square brackets, because they
represent ‘rounding up’. From this follows that the system does fit within each demi-hull, as seen in
figure 3.4, where ‘ESS’ is the battery system. This figure also explains the <3’ in the calculation above,
as the spaces in the demi-hulls are divided by bulkheads.

Figure 3.4 shows how the components might fit within each demi-hull. Some tanks, such as the
sewage tank, have to be relocated for this arrangement. The size of an electric motor (EM) is similar to
the diesel engine [28] [30]. The propulsion converter (PC) required for the electric CC300 would take
less than a meter of space [29]. Direct current switchboards are relatively smaller than AC-
switchboards, so the switchboard (SB) requires less than two meters [29]. The DC-DC converter (DC)
also takes less than a meter of space in each demi-hull [29]. These components are also indicated in
figure 3.4.

The illustrated amount of batteries can contain a little over 1.2 times the energy required by the
current CC300 for each crossing. This means that the energy consumption per crossing cannot be more
than 1.2 times the energy consumption of the current Coastal Cruiser 300.

TEM ﬁ SB EI ESS i ESS i ESS i /

» E4 2 = 2 E 2 A o £ P

7

Figure 3.4: side view of a demi-hull with an overview of the battery powered propulsion system:
electric motor (EM), propulsion converter (PC), switchboard (SB), DC-DC converter (DC)
and energy storage system (ESS).
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Longer Version of the Coastal Cruiser 300
An elongated version will also be considered in the next chapter. This vessel is seven meters longer,
which means that ten additional battery packs can be installed within the demi-hulls:

. 7 [m]
2 [demihulls] x ll 331 = 2 X 5 battery packs

m/pack]

Note that the large brackets are again no ordinary square brackets; this time indicating ‘rounding down’.

With 0.16 MWh per battery pack results in an additional capacity of 0.8 MWh, including the 50%
DOD. This is a total overcapacity of close to 1.6 times the required capacity of each crossing. In case
of the elongated version, more deck-space is available as well. This means that four more rows of five
battery packs can be added to the ship. This brings the total number of battery packs to 66, which can
contain 2.2 times the required energy for one crossing.

3.3.9 Environmental Impact of Batteries

Some people claim that the manufacturing an electric car is way more polluting than using a gasoline
car. If this is true, it might also apply to ferries. This subparagraph will indicate that a battery driven
ferry is more environmentally friendly than a diesel driven ferry, even when taken manufacturing into
account.

The mining facilities, which are required to obtain the important materials from the earth, are
harmful to the landscape and toxic for the environment. Furthermore, a lot of chemicals are required
for the manufacturing process, and this process is also the cause of a lot of pollution. This is true, but
the production of fuel is not clean either; refineries are also a major source of (toxic) pollutants to their
surroundings. More importantly, oil extraction and transport are risky; many oil spills already happened
over the past decades, resulting in major environmental damage. So battery production is harmful, but
only during production, while fuel is harmful during both production and usage in a vehicle.

It can be expected that the mining and production processes will improve as technology advances.
Scientist are also working on methods for recycling batteries, which would be even more
environmentally friendly. So pollution from battery production might decrease in the future, but an
argument in favour of battery driven vehicles, regardless of how polluting manufacturing is, is that
moving emissions away from the city is healthier for the people in that city.

To indicate that battery driven vehicles are more environmentally friendly than diesel driven
vehicles, a comparison must be made between the pollution of battery production with that of
combusting fuel. There are many different pollutants (e.g. CO», NOy), and each has its own impact on
the environment. Expressing the impact on the climate from the different pollutants can be done by
expressing it in the amount of carbon dioxide that would have an equivalent impact. This quantity is
called carbon dioxide equivalent (CO.-eq).

Environmental Impact of a Battery System

According to a 2017 study from the IVL Swedish Environmental Research Institute, the greenhouse gas
emissions of battery production is 120-250 kg CO.-eq/kWh [54]. The required energy capacity of the
battery is 5.4 MWh, based on the required 2.7 MWh for each crossing [paragraph 3.2] and an operational
depth of discharge of 50% [subparagraph 3.3.7]:

2.7 [MWh/crossing]
50% [DOD]

=54 MWh

From this follows that the total pollution from the production of the battery pack is 0.6 thousand to 1.4
thousand tonnes CO--eq.:

5.4 MWh x {120-250} [kg CO,-eq/kWh] = {0.6-1.4} - 10° kg CO,-eq
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Possible pollution from recycling the battery at the end of its lifetime is estimated to be no more than
2.5 kg CO»-eq/kg battery [54]. This is 31 kg CO,-eq/kWh, based on the 80 Wh/kg specific energy of
the battery system:

2.5 [kg CO,-eq/kg battery]
0.08 [kWh/kg battery]

=31kg COy-eq/kWh

From this follows that the total pollution from recycling the battery pack is 0.1 thousand tonnes CO,-
eq.:

5.4 MWh x 31 [kg CO,-eq/kWh] = 0.2 - 10° kg CO,-eq

Environmental Impact of Operating with Green Electricity

The cleanest way of operating an electric ferry is by using green electricity; electricity from renewable
resources. While the energy generation itself is clean, manufacturing and installing of the equipment
has an impact on the environment. The footprint of solar power is estimated to be below 50 g CO»-
eq/kWh, and the footprint of a windfarm over its entire lifetime is estimated to be below 15 g CO-
eq/kWh [55]. So the pollution is effectively 17-57 g CO2-eq/kWh, when including the 93% powertrain
efficiency, and 95% charge-discharge efficiency of the batteries [56]:

{15-50} [g CO,-eq/kWh]
93% % 95% [ef ficiency]

= {17-57} g CO,-eq/kWh

The total energy consumption per year is 9.5 GWh, based on 3,500 crossings per year:

3,500 [crossings/year]| X 2.7 [MWh/crossing] = 9.5 GWh
The equivalent pollution following from this is 0.1-0.5 thousand tonnes per year:

9.5 [GWh/year] x {17-57}- 1073 [kg CO,-eq/kWh] = {0.2-0.5} - 10° kg CO,-eq/year
So the total pollution after the first year is 1.0 to 2.1 thousand tonnes carbon dioxide equivalent:

{0.6-1.4} - 10° [kg CO,-eq from battery production]
+0.2-10° [kg CO,-eq from battery recycling]
+{0.2-0.5} - 10° [kg C0,-eq associated with electricity production]
= {1.0-2.1} - 10°® kg CO,-eq pollution after the first year of operation

Environmental Impact of Operating with Grey Electricity

Globally, around 90% of the electricity is still generated with fossil fuels [57]. So it is a realistic scenario
for an electric vehicle to operate on grey electricity. The corresponding carbon dioxide equivalent
pollution is estimated to be 0.53 kg/kWh [58]. The equivalent pollution following from this is 5.7
thousand tonnes per year:

0.53 [kg CO,-eq/kWh]
93% X 95% [ef ficiency]

9.5 [GWh/year] x =5.7-10° kg CO,-eq/year

So the total pollution after the first year is around seven thousand tonnes carbon dioxide equivalent:
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{0.6-1.4} - 10° [kg CO,-eq from battery production]
+0.2 - 108 [kg CO,-eq from battery recycling]
+ 5.7 - 10° [kg C0O,-eq associated with electricity production]
= {6.5-7.3} - 10° kg C0O,-eq pollution after the first year of operation

Environmental Impact of the Diesel Driven Ferry

The emissions from diesel fuel is roughly 0.3 kg CO2-eq/kWh (83 g CO2-eq/MJ [59]). This is less than
grey energy, but the efficiency of the diesel engine has to be taken into account. As a result the effective
pollution is 0.75 kg COz-eq/kWh:

0.3 [kg CO,-eq/kWh]
40% [engine ef ficiency]

=0.75kg CO,-eq/kWh

This leads to an equivalent pollution of 7.1 thousand tonnes CO--eq. per year:

GWh
year

kg CO,-eq
kWh

9.5 [ ] x 0.75 [ ] =7.1-10° kg CO,-eq/year

This is similar to the battery powered ferry on grey energy after its first year, i.e. after roughly one year,
the battery powered ferry is more environmentally friendly than the diesel ferry. When green electricity
is used, the break-even point of pollution already falls within the first few months of operation:

1.0-2.1}-10° [kg CO,-e ear from electricit months
{ } [kg CO,-eq/year f y] ) [_]:{2_4}months

7.1-10° [kg CO,-eq/year from diesel fuel]

This analysis shows that a battery driven ferry is more environmentally friendly than using a diesel
driven ferry.

3.3.10 Safety of Batteries

Safety is not expected to be an issue; the chosen battery cells are DNVGL type approved [35], and
battery systems are already operational in ferries since 2015. Furthermore, in Shenzhen over 16,000
public busses drive around on batteries [9], so the warm humid climate in Shenzhen also does not seem
to pose a problem for battery safety.

3.3.11 Main Problem of a Battery Powered Propulsion System
The main problem of a battery powered propulsion system is its mass. Storing energy in batteries
requires a much heavier system than storing energy in the form of diesel fuel. This is due to the lower
specific energy.

As a result, the displacement of the ferry increases a lot, which has a huge impact on the resistance.
A higher resistance requires a more powerful propulsion system with a larger energy capacity. Thus the
displacement will increase even further, and so will the resistance and the energy consumption.

A higher energy consumption is not necessarily a problem as the price for electricity is a lot lower
than for diesel fuel. This will be discussed in paragraph 3.6.

3.3.12 Conclusion on Batteries

The battery might be a suitable solution for an electric fast passenger ferry. The technology is already
successfully applied to car ferries, charging the batteries should be possible between each crossing, the
lifetime is expected to be sufficiently long. The impact on the environment is less than that from the
diesel driven ferry, and also safety does not seem to pose a problem.
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The main problem however is the large mass of the battery system (0.1 kWh/kg for batteries [19],
compared to 12 kWh/kg for diesel fuel [17]). Due to this, the displacement of the ferry will be larger,
and thus the resistance and energy consumption will be larger as well. The latter is not necessarily a
problem, as the price for electricity is a lot lower than for diesel fuel, which will be discussed in
paragraph 3.6.
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3.4 Supercapacitors

Another energy container is the supercapacitor, also known as ultracapacitor or double layered
capacitor. A supercapacitor is a device that can store energy by means of a static charge. Because there
is no electrochemical reaction, there is much less heat generation and degradation, compared to
batteries. This means that the lifetime much longer and that (dis)charging can happen much faster,
which results in a much higher power output. This can be seen in the comparison in table 3.4, where
the top three specifications are in favour of supercapacitors, and the bottom three are in favour of
batteries.

The biggest disadvantage of supercapacitors is the much lower specific energy and energy density;
a supercapacitor is both heavier and larger than a battery with the same capacity. Furthermore,
supercapacitors are still much more expensive than batteries. [48] [49]

As mentioned in the beginning of this chapter, both the supercapacitor and the flywheel are ideal
for short power peaks, but not suitable for ferries. Despite this, a ferry in France, the Ar Vag Tredan,
runs on supercapacitors. For this reason it is discussed in this paragraph.

Table 3.4: comparison between Li-ion batteries and supercapacitors. [48] [49]
Li-ion battery | Supercapacitor

Charge time <60 minutes | <10s

Life time > 500 > 500,000 cycles
5-10 10-15 years

Specific power < 3,000 < 30,000 Wi/kg

Specific energy <200 <10 Wh/kg

Energy density < 1,000 <15 KWh/m3

Costs <1 <10 €/Wh

3.4.1 Supercapacitor Powered Ferry: Ar Vag Tredan
The Ar Vag Tredan, seen in figure 3.5, is a small supercapacitor powered ferry that was taken into
service in France in 2013. The vessel is a 22 meter long catamaran with a 113 passenger capacity and a
service speed of 10 knots. The boat has 128 supercapacitors that together weigh of six tonnes, and
charging these happens in only four minutes. The boat makes 28 daily roundtrips during the workweek.
This means 28 cycles a day, totalling around 7,000 cycles a year. [60]

In case of the Ar Vag Tredan, the choice for supercapacitors can be understood; fast charging and
a long lifetime are important factors for this ferry, while the low speed makes the weight of the ESS
less important.

Figure 3.5: the Ar Vag Tredan. [60]

3.4.2 Ar Vag Tredan on Batteries

So at first sight, using batteries in the Ar Vag Tredan would not be a wise choice, based on the limited
available charging time and the short cycle lifetime as listed in table 3.4. However, when taking a closer
look, batteries seem to be the better choice. First of all, fully charging a battery within four minutes is
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still impossible, but only charging a small percentage is easily possible. In this case, that the depth of
discharge is also a few per cent, meaning that the lifetime gets a lot longer than specified by the battery
manufacturer.

The capacity of the MF Ampere is 1,040 kWh [31], and every crossing requires around 150 kWh
of energy [32]. This means that the DOD is only 14%, which should be low enough to reach an
acceptable lifetime, even though the batteries go through 34 cycles a day, as the ferry has 34 crossings
a day [31].

Suppose the same battery modules, as used on the Ampere, would be installed on the Ar Vag
Tredan. With a charging rate of 1.5C [34], 10% of the battery capacity can be charged within four
minutes. Thus the depth of discharge for operating this ferry is only 10%:

4 [minutes charging|
1.5 [C charge rate] x , X 100% = 10% DOD
60 [minutes per hour]

Each roundtrip requires around 20 kWh [61], so a battery capacity of only 250 kWh would already be
sufficient, also taking the limited 80% end-of-life capacity into account:

20 [kWh per roundtrip]

=2
10% [DOD] x 80% [end-of-life capacity] S0 kWh

With a specific energy of 52 Wh/kg [31], the total weight of the ESS would be 4.8 tonnes, which is less
than the six tonnes of supercapacitors that are currently installed on the vessel. The DOD, as well as the
number of cycles a day (10% and 28 cycles respectively), is lower than what the ESS goes through in
the Ampere (14% and 34 cycles respectively [31]). Even though this is favourable for the lifetime of
the batteries, the supercapacitors will probably still outlive them. This does however not weight up
against the huge price difference, as the battery is around ten times less expensive [49].

It must be mentioned that at the time the Ar Vag Tredan was launched in 2013, battery technology
was likely not advanced far enough; at that time the supercapacitor was the right choice. Since that time,
battery technology is advanced further than supercapacitors, so even today, the battery is still the better
choice for the concept ferry.

3.4.3 Conclusion on Supercapacitors

Based on this paragraph, it can be concluded that choosing supercapacitors over batteries leads to a
more expensive ferry with much more weight, while batteries are already a much heavier energy
container than diesel fuel. For these reasons, the supercapacitor is not considered as a main energy
container in the remainder of this project.
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3.5 Hydrogen Fuel Cells

Another way to power a vehicle, without polluting exhaust gasses, is the use of hydrogen fuel cells. A
fuel cell is a device in which an electrochemical reaction takes place; hydrogen reacts with oxygen,
resulting in electricity and water. This means that energy is converted from chemical straight to
electrical. For comparison, diesel-generators use a combustion engine, so the energy conversion goes
from chemical to mechanical via heat, and from mechanical to electrical via magnetic energy. As a
result, the efficiency of a diesel generator is only 35-45%, while the efficiency of a hydrogen fuel cell
is 40-60%. The energy content of hydrogen is also larger than that of diesel fuel, 33 kwWh/kg compared
to 12 kWh/kg. [17]

Fuel cells on other fuels, such as methanol or ammonia, are also possible, but these can be seen as
inferior to hydrogen. First of all, both methanol and ammonia have a lower energy content than
hydrogen (5.5 and 5.2 kWh/kg respectively). Furthermore, methanol fuel cells are less efficient, and
ammonia is toxic. For these reasons, as well as for the technical advancements of hydrogen fuel cells
over the others, only hydrogen fuel cells are considered in this project. [17]

Figure 3.6 shows a render of the SF-BREEZE, a fuel cell powered concept ferry for the San
Francisco Bay. The feasibility of this vessel, capable of transporting 150 passengers with 35 knots, was
analysed by J.W. Pratt and L.E. Klebanoff [13], and they concluded that such a vessel is feasible if the
higher (operational) costs are acceptable.

Figure 3.6: render of the SF-BREEZE, a hydrogen fuel cell [13]
powered ferry in the San Francisco Bay.

3.5.1 Hydrogen Production

Today’s hydrogen is largely produced from fossil fuels. Heat and pressure is used to break natural gas,
oil or coal into hydrogen, but harmful waste products, such as carbon oxides, are also released. Using
hydrogen produced from fossil fuels is thus not much cleaner than using diesel engines. [62]

A sustainable way of producing hydrogen is by means of electrolysis. Globally, only 4% of
hydrogen is produced this way [63]. This method uses electricity to split water into hydrogen and
oxygen. Electrolysis does not result in harmful waste products, but it is 2-5 times as expensive as
producing hydrogen from fossil fuels [64].

The efficiency of a hydrogen production plant is 60-70% [63]. So going from renewable electricity
to hydrogen via electrolysis, and back to electricity via the fuel cell leads to a loss of 58-76% [17] [63],
while the losses in the battery driven ferry can be as low as 9% [56] [65]. On the other hand, hydrogen
can be created by renewable energy, at the moments that the energy demand is lower than the supply;
currently wind turbines stop operating if the energy demand is low, while they could still subtract energy
from the wind to power a hydrogen production plant.

3.5.2 Hydrogen Storage
There are two common ways of storing hydrogen: at low temperature or at high pressure. Hydrogen
storage at low temperatures (-253°C [17]) requires a large amount of energy; when using cryogenic
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tanks, around 30% of the energy content of hydrogen is required to keep the temperature low enough.
Pressurizing hydrogen to 350-700 bar is more efficient, but still requires energy; the efficiency of this
storage method is roughly 85-90%. [64]

A high pressure tank can contain around 5 wt% hydrogen [18]. So in practice, the effective specific
energy is 1.7 kWh/kg, which is much lower than that of diesel fuel (12 kWh/kg [17]). A cryogenic tank
can contain around 25% more hydrogen per unit of system mass [66], but this additional hydrogen is
required to cool the tank [64].

Tank Capacity
An overcapacity is required to at least prevent running out of fuel, but it might also be desirable to make
two crossings between refuelling, so only one refuelling station is required. In this project 2.5 is chosen
as overcapacity factor. This value means that the ferry can make two crossings before refueling,
including a margin. This is in line with the hydrogen fuelled ferry concept SF-BREEZE [13].

The amount of hydrogen to store 2.5 times the 2.7 MWh that is required for each crossing is 400
kg, including the efficiencies:

2.5 X 2.7[MWh/crossing]/93% [powertrain ef ficiency]
55% [fuel cell ef ficiency] X 33 [kWh/kgnyarogen]

=400 kg

Refuelling

Industrial gas companies estimate that the transfer flow rate can be high enough that 1,000 kg of
hydrogen can be transferred to a ship in 20 to 40 minutes [13]. From this can be conculded that a 400
kg hydrogen tank can be easily filled within the thirty minutes that the vessel is at quay.

3.5.3 Fuel Cell Type
Multiple types of fuel cells exist, but this thesis will only focus on the Proton-Exchange Membrane Fuel
Cells (PEMFC), also known as Polymer Electrolyte Membrane Fuel Cells (PEMFC). Other types, such
as phosporic acid fuel cells, molten carbonate fuel cells or solid oxide fuel cells, are in a more limited
development state, resulting in lower power densities, shorter life times and higher costs as compared
to the PEMFC. [17]

The concept ferry will be equiped with Hydrogenics' HyPM-HD 30 Power Modules. These were
also used as the basis of the SF-BREEZE study [13]. The HyPM-HD 30 PEMFC have a specific power
of 0.43 kW/kg, and they can operate at 55% efficiency [67].

Fuel Cell Life Time

Like batteries, a fuel cell has a limited lifespan. The target life of five years is also applied to the fuel
cell system. They are expected to last over 10,000 hours [67], and a service life of over 25,000 hours is
achieved with a fuel cell powered bus [68]. This is in average more than 17.5 thousand hours, which
leads to an expected lifespan of at least five years:

10,000 + 25,000 17.500 17,500 [hours] s
= - =
2 ’ 3,500 [one hour crossings per year] years

3.5.4 Supporting Battery System

During the operation of a vehicle, power demands fluctuate with changes in its speed, as well as with
external load conditions (e.g. wind and waves). Fuel cells are not good at handling fluctuating power
demands, as their response time is generally not fast enough. For this reason, fuel cell driven vehicles
are also equipped with batteries. They can also be equipped with supercapacitors, but this will not be
implemented due to the reasons mentioned in the previous paragraph. J. Bauman and M. Kazerani also
concluded in their study to hydrogen powered vehicles that the combination fuel-cell-supercapacitor is
inferior to the combination fuel-cell-battery [69].
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Mass of the Supporting Battery System

Looking at the operational profile, the largest jump in propulsion power is the moment the ferry leaves
the harbour and starts its high speed transit. At that point the vessel goes from very low power to almost
full power, thus the electric system must be able to provide full power instantly.

In this project, the estimation will be made with the same battery cells as discussed in subparagraph
3.3.7 (the Xalt Energy 75 Ah HP). Looking at the charge and discharge rate of the cells, the battery
system can supply twice the power that it can absorb [44]. Thus before transit, the batteries can be
charged by the fuel cells with 1/3 of their maximum power. At the beginning of the transit, this 1/3
power of the fuel cells goes to the electric motors, and the other 2/3 is supplied by the batteries. So the
power output of the battery system is 2/3 the power output of the fuel cell. This is in line with the fuel-
cell-battery system on-board of the Nemo H2 tour boat in Amsterdam [70].

The 3.7 V battery cells have a 75 Ah capacity and continuous discharge rate of 6C [44]. From this
follows a power output of 1.7 kW per cell:

3.7 [V] x 75 [Ah] X 6 [C discharge rate] = 1.7 kVA

The cell weight is 1.8 kg [44], thus the mass/power-ratio is 2.1 kg/kW , when also taking into account
that the whole battery system is roughly double the weight of only the cells [35]:

1.8 [kg]
2 [kggss/kgceul X T7wW] 2.1kg/kW

From this follows that the required mass, in case of the Coastal Cruiser 300 (2,880 kW installed power
[15]), would be 4.1 tonnes:

2.1 [kg/kW] % 2/3 [kWgss/kWEgc] X 2.88 [MW] = 4.0 tonnes

The effective mass/energy-ratio was determined to be 25 kg/kWh [subparagraph 3.3.7], thus the
usable energy content of the battery system is approximately 0.16 MWh:

4.0 [tonnes] 0.16 MWh
25 [kg/kWh]

The energy consumption of one crossing is less than 2.7 MWh [subparagraph 3.2], which means that
the supporting battery system can supply at least six percent of the required energy for one crossing:

0.16 [MWHh]

0, — /O,
2.7 [MWh] X 100% = 6%

Six percent seems sufficient for the purpose of handling power fluctuations, especially considering that
this not only includes discharging the batteries, but also charging the batteries (if the fuel cell power
supply is larger than the energy demand).

3.5.5 System Size
The hydrogen system has three main components: the fuel cell, the hydrogen storage tank and the
supporting battery pack.

Fuel Cell
The total fuel cell system consists of multiple Hydrogenics HyPM-HD 30 modules. Six can be placed
on top of each other in each demi-hull [67] [71]. The width of such a stack is roughly 0.5 m, and the
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total power output 186 kW [67]. Thus the required space in each demi-hull to deliver 2.88 MW of
propulsion power is less than five meters:

2.88 [MW/93% [drive train ef ficienc
[ [MW1/93% [ I Y] X 0.5[m]=4.5m

2 [demi-hulls] x 186 [kW]

Note that the large square brackets indicate ‘rounding up’.

Hydrogen Storage
In subparagraph 3.5.2, the tank capacity was determined to be 400 kg of hydrogen. The design of the
SF-BREEZE has a 1,200 kg hydrogen tank on its top deck [13], so it should be no problem to place a
400 kg tank on the top deck of the concept ferry.

Another option might be to place a hydrogen tank in each demi-hull. The volumetric capcity of a
hydrogen tank is roughly 0.035 kgn/Lsysem [18]. So the size of the tank would be around 6 cubic meter,
which easily fits within the vessel, as seen in figure 3.7:

400 [kgy] / 0.035 [kgy /L] / 1,000 [L/m3] / 2 [demi-hulls] = 13 m3

Battery
Only one battery pack is required in each demi-hull to support the fuel cell system:

0.16 [MWh]
50% [DOD] x 2 [demi-hulls] x 0.16 [MWh/pack]

= 1 battery pack

Total System Size in each Demi-Hull
In total, only 6.5 m is required for the fuel-cell-battery system [35], which easily fits within each demi-
hull:

5 [m fuel cells] + 1 [battery pack] x 1.33 [m/battery pack] =~ 6.5m

This can also be seen in figure 3.7, which shows how the components might fit within each demi-hull.
The size of the other components is the same as for the battery powered vessel; the size of an electric
motor is similar to the diesel engine [28] [30], and the size of the converters and switchboard is less
than one and two meter respectively, in each demi-hull [29]. The hydrogen storage tank (HS) can be
placed on the top deck [13], but it is added to the figure to illustrate that it also fits within the demi-
hulls. If the energy consumption goes up, the size of the system increases, but as seen in the figure,
there is a sufficient margin that it is safe to say that the available space is not a limiting factor.

EM  PC! SB_DC! ESS | FC i 5 /

i

Figure 3.7: side view of a demi-hull with an overview of the hydrogen fuel-cell-battery powered
propulsion system: electric motor (EM), propulsion converter (PC), switchboard (SB),
DC-DC converter (DC), fuel cell system (FC), battery system (ESS) and hydrogen
storage tank (HS).
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3.5.6 Safety of Hydrogen

Some concerns exist surrounding the safety of hydrogen, but it is not expected to be a problem. Multiple
vehicles already operate on hydrogen, such as the Honda Clarity, a fuel cell powered car that saw its
first delivery back in 2008 [72]. So the technology is already successfully applied in vehicles, and also
the industry uses hydrogen for decades; ways to safely handle hydrogen are therefore well developed
[73].

A well-known disaster is the Hindenburg in 1937. In case of that fatal accident, the skin of the
airship ignited due to an electrical discharge. This caused the incident, not the hydrogen within the ship.
The diesel fuel kept burning for multiple hours after the ignition, while the hydrogen in the ship burned
quickly and relatively safe, as it produces much less radiant heat and hot ash than diesel fuel. [73]

Refuelling hydrogen is also expected to be safer than diesel fuel. In case of a leakage, hydrogen
will disperse quickly, as it is the lightest known element. Diesel fuel, on the other hand, will get into
the water in case of a leakage, with the risk of fire and environmental damage.

The humid climate of Shenzhen also does not seem to be a problem. High relative humidity might
even have a positive effect on the efficiency of the fuel cell [74]. So it can be assumed that safe operation
on hydrogen is possible.

So it can be concluded that it is possible to operate safely with a hydrogen powered passenger ferry.
The same conclusion was drawn for the feasibility study of the SF-BREEZE concept [13].

3.5.7 Main Problem of a Hydrogen Powered Propulsion System

The main problem of a hydrogen fuel cell powered system is the high price of the fuel, which will be
discussed in the next paragraph. A higher fuel price is not necessarily a problem, as long as the fuel
consumption is low enough. So like the battery powered concept, the main problem is related to the
energy consumption.

3.5.8 Conclusion on Hydrogen Fuel Cells
The hydrogen fuel cell might be another suitable emission free propulsion method. In such a fuel cell,
electricity is generated by combining hydrogen and oxygen, and the only waste product is water.
Because the specific energy of hydrogen is much higher than of battery systems (1.7 kWh/kg [17]
including its storage tank [18], and around 0.1 kWh/kg for batteries [19]), it does not have the same
problem as the battery powered vessel: a hydrogen system is neither too heavy nor too large to fit within
the vessel. Furthermore, safely operating with hydrogen should also be possible.

Instead of a large increase in weight, a hydrogen powered ferry suffers from a large increase in fuel
costs, as hydrogen is much more expensive than diesel fuel (21 c€/kWh compared to 12 c€/kWh on
average, which will be discussed in the next paragraph).
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3.6 Financial Side of electric Propulsion:
Cost Exploration and Design Target

First of all, costs is not the most important aspect for renewable energy projects and emission free
vehicles. Money is only one way of valuing something, emission is another way of valuing something.
Furthermore, a lot of indirect costs are related to pollution, e.g. related to deaths and hospitalizations
due to bad air quality. The costs of global pollution are estimated to be well over four trillion euro per
year [7] [75]. So the indirect costs are high, but they are difficult to estimate, especially when related to
only a single vessel.

It must be mentioned that this analysis compares a new electric vessel with a new diesel powered
vessel. If a currently operating diesel powered ferry would be replaced by a new electric ferry, before
the end of its lifetime, the investment costs are much higher, as it would also include the vessel as a
whole, not only the components that are related to propulsion. Furthermore, this thesis is focused on the
ship itself, so only direct costs of the vessel are taken into account, not the additional costs of changes
to quay. These changes are also difficult to estimate, primarily because they heavily depend on the
existing infrastructure of the harbour.

This thesis will only present an indication of the difference in costs, which can be used to compare
the different concepts. Ideally, an emission free ferry is not more expensive than a diesel powered ferry.
This will be the target for the concept, and it can be achieved if the energy consumption is sufficiently
low. In that case, the operational costs are lower than the diesel ferry’s operational costs, and the
additional investment can be earned back.

3.6.1 Investment Costs for the Propulsion System

In this initial estimation, the investment costs are limited to the main components of the powertrain, for
which the price ratios of table 3.5 are used. This table is based on a five year period, which is the minimal
life expectancy of the electric systems [subparagraph 3.3.7 and 3.5.3]. The real investment costs might
deviate from the values in the table, but this is not taken into account. A range will be used for the
operational costs, so a range is also included in the total costs, i.e. the end results do include margins.

Since come other systems have a longer life expectancy, the investment costs have to be corrected for
this. Based on 3,500 one hour crossings a year, a lifetime of ten years is assumed for the diesel engine
[76]. Because this is twice the target lifetime, the investment costs are divided by two. The electric motor
is expected to last at least 15 years under the same operational conditions [77]. The same lifespan is
assumed for the power electronics. So the investment costs for electric motor and power electronics is
divided by three to take their expected lifespan into account.

Another remark has to be made on the investment costs of the fuel cell system. The indicated price of
400 euro per KW might be an optimistic value, as the estimations range from 200 euro [78] to above 1,800
euro [79] [80] per kW.

Investment costs of the powertrain are estimated as a function of installed power and energy
consumption per crossing. An expression for the energy consumption per crossing (E;.) as a function
of installed power (P;) was derived in appendix B.4.4:

E;. ~ 0.8 [kWh/KW] X P; Ref. ( B.39 )

Diesel Powered Ferry
The only main component in the diesel powered ferry’s powertrain is the diesel engine, which results
in the following expression for the investment costs:

€, = 0.3 [k€/kW] x P, ( 3.6)
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Table 3.5: overview of price ratios of different components of the powertrain,
based on an expected minimum of five operational years.

Diesel engine 0.3" k€/kw  [29] [81]
Electric motor 01"  ke/kW  [29][76]
Power electronics 03"  ke/kW  [29][80]
Fuel cell system 0.4 k€/kW  [29] [82]
Battery system 0.5 k€/kWh  [82] [78]
Hydrogen storage system 0.0™ k€/kWh [13][78]

* 10 year lifespan [76], so investement cost is devided by 2.
15 year lifespan [77], so investement cost is devided by 3.
“ based on 33 kWh/kgh, the estimated value is only

20 €/kWh [13] [78], which is neglectably small.

Battery Powered Ferry

The main components of the battery powered ferry’s powertrain are the electric motor (0.1 k€/kW), the
power electronics (0.3 k€/kW), and the battery system (0.5 k€/kWh). The depth of discharge of the
battery system was detemined to be 50% [subparagraph 3.3.7]. From this follows the following
expression for the investment costs:

— Elc

= 1.2 [k€/KW] X P;

Hydrogen Powered Ferry

The main components in case of the hydrogen fuel-cell-battery powered ferry are the electric motor (0.1
k€/kW), the power electronics (0.3 k€/kW), the fuel cell system (0.4 k€/kW), and hydrogen and energy
storage system (0.0 k€/kWh). From this follows the following expression for the investment costs:

€, = (0.1+ 0.3 + 0.4) [KE/KW] X P; + (0.0) [k€/kWh] X E; (38)
= 0.8 [k€/kW] x P,

3.6.2 Operational Costs Related to the Propulsion System

The operation costs are limited to fuel costs and electricity costs; both are a function of total energy
consumption over the period of five years, which can be expressed as follows, with 3,500 crossings per
year [21]:

Etotar = 5 [years] x 3,500 [crossings/year] X E;. (39)
~ 14-103 [kWh/kW] X P;

Maintenance is not taken into account, as it is expected that this does not severely change the outcome.
The maintenance costs of diesel engines is estimated to be less than 5 euro per kW per year [76]. This
amounts to less than 0.03 k€ per kW of installed power over a five year period, which is small enough
that it can be neglected. Furthermore, it is not expected that the maintenance of electric propulsion is
significantly higher, and also the maintenance costs of fuel cells can be comparable to diesel engines [83].
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Diesel Powered Ferry

Diesel fuel has an energy content of 12 kWh/kg [17], and the price over the past year ranges between
44 and 66 c€/kg (~490-740 USD/tonne [84]). From this follows an average price of 12 euro cent per
kwh, including the efficiency of the engine (40% [30] [17]):

{0.44-0.66} [€/ke]
12 [kWh/kg] x 40% [engine ef ficiency]

= {0.09-0.14} €/kWhgftective

Combining this with equation 3.9 leads to the following expression for the total operational costs:

€op = £0.09-0.14} [€/KkWh] X Eroray (3.10)
= {1.3-2.0} [k€/kW] X P,

Battery Powered Ferry

The price for electricity from renewable resources ranges from around 2 c€/kWh [85] to 5 c€/kWh (0.06
USD/kWh [86]). The charge-discharge efficiency of a battery system is approximately 95% [56]. From
this follows an average effective price of 4 c€/kWh, which is 1/3 the average price of diesel fuel:

{0.02-0.05} [€/kWh]
95% [charge-discharge ef ficiency]

= {0.02-0.05} €/kWhegfective

The corresponding expression for the operational costs is the following:

Copss = 10.02-0.05} [€/kWh] X Eyypqr (3.11)
= {0.3-0.7} [k€/kW] X P;

Hydrogen Powered Ferry

The price for hydrogen from renewable recourses ranges from around 2 €/kg [85] to 5 €/kg (6 USD/kg
[63]). The energy content of hydrogen is 33 kWh/kg, and the efficiency of a fuel cell is roughly 55%
[67]. The power train is efficiency is 93% [paragraph 3.1]. This results in an average effective price of
21 c€/kWh, almost twice the average price for diesel fuel:

{2-5} [€/kg]
33 [kWh/kg] x 55% [fuel cell ef ficiency]

= {0.12-0.30} €/kWhegtective

The following expression follows from this:

Cope = {0.12-0.30} [€/KWh] X E¢ory (312)
= {1.7-4.2} [k€/kKW] X P;

3.6.3 Total Propulsion Costs and Target Energy Consumption

The total propulsion costs is simply the sum of the investment costs (£;) and the operational costs (¢,).
This results in the following expressions, for respectively the diesel, battery and hydrogen powered
ferry:
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Cp = €iy + €0, = (0.3 +{1.3-2.0}) [kE€/kW] X P; = {1.6-2.3} [kE€/KW] X P; (3.13)
Cess = Cipq + Copgs = (1.2 +{0.3-0.7}) [k€/KW] x P; = {1.5-1.9} [k€/kW] x P, ( 3.14 )
Crc = Cipp + Cope = (0.8 +{1.7-4.2}) [k€/KW] X P; = {2.5-5.0} [k€/kW] x P, ( 3.15)

The target is a concept ferry with a sufficiently low energy consumption that the total costs over the
five year period is not higher than that of the diesel driven ferry, i.e. lower than around 5.3 M€:

¢p = {1.5-2.2} [k€/kW] X 2,880 [kW] = {4.3-6.3} M€ (3.16 )

The energy consumption of the ferry is roughly proportional to the installed power and resistance of the
ferry (E ~ P; ~ R). This results in the following ratios, for respectively the battery and hydrogen
powered ferry:

E P, 1.6-2.3} [k€/kW
@< 1.0 > —255 o _LESS <{ ) [kE/LW] _ {0.8-1.5} (3.17)
Cp Ecczoo  Picczoo  {1.5-1.9} [k€/kW]
¢ E P, 1.6-2.3} [k€/kW
bre yg Bre [ Pire 1 ) [/ ]={0.3-0.9} (3.18)
¢D ECC300 Pi,CC300 {25_50} [k€/kW]

These ratios mean the following for the concept ferry in order to be financially feasible:
o the battery powered ferry should have a resistance that is below 0.8-1.5 times the resistance of
the Coastal Cruiser 300;
e the hydrogen powered ferry should have a resistance that is at most 30% to 90% that of the
Coastal Cruiser 300.
A remark must be made that these ratios are purely based on costs. In case of the battery powered ferry,
without making the ferry longer, the upper limit is 1.2 instead of 1.5, because a larger energy capacity
does not fit within the ship. This was discussed in subparagraph 3.3.8. For the hydrogen powered ferry,
no limitation is applied to the ratio, as size does not pose a problem.

The ratios also depend on fuel and electricity prices, e.g. if the diesel price is low and electricity
price high, than a 20% reduction in energy consumption is desirable, but if the diesel price is high and
the electricity price low, than the energy consumption can be 50% higher than the current Coastal
Cruiser 300.
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3.7 Conclusions on Emission Free
Propulsion Systems

Because there is a desire to replace polluting diesel engines with a propulsion method that is emission
free, the following question was written at the beginning of this chapter:

What are suitable methods of emission free propulsion,
and what is the main problem when implementing them into a ferry?

Two suitable methods follow from this chapter, so there are two answers:

A battery powered system might be a suitable method for emission free propulsion,
but the main problem is its much larger weight.

A hydrogen fuel cell powered system might be a suitable method for emission free propulsion,
but the main problem is the higher (operational) costs.

3.7.1 Electric Powertrain

Using an internal combustion engine with a clean fuel is a possibility, but because that still results in
harmful exhaust gasses, this option is not further considered. Therefore the emission free ferry will be
an electric ferry, where the energy is supplied by batteries or by hydrogen fuel cells.

An overview of the components of the electric propulsion system can be seen in figure 3.8 on the
next page. The two most important quantities are the mass of the system, which is discussed in appendix
A.1, and the efficiency of the system, which is 93% for the electric motor, propulsion converter and
DC-DC converter together. In case of a hydrogen powered ferry, a 55% fuel cell efficiency must also
be taken into account.

Operating on supercapacitors is similar to operating on batteries, but because they lead to a larger
and more expensive ferry, supercapacitors are not chosen as an option. Solar cells will also not be
implemented in the concept design, as their contribution is negligibly small.

The cost estimations in this thesis is used for determining the target, as well as to compare the
different concepts. It is important to keep in mind that an increase in costs should not necessarily be a
deal breaker, as it must be weighed against the improvements for society. Furthermore, sailing emission
free results in a reduction of indirect costs, e.g. less health problems occur related to pollution.

3.7.2 Battery Powered Catamaran

Paragraph 3.3 indicated that the battery might be a suitable solution for an electric fast passenger ferry.
The technology is already successfully applied to car ferries, charging the batteries should be possible
between each crossing, the lifetime is expected to be sufficiently long, and the impact on the
environment is less than that from the diesel driven ferry. Furthermore, safety should also no be a
problem, as multiple battery powered vessels are already operational, and also the public busses in
Shenzhen operate safely on batteries.

The main problem however is the large mass of the battery system (0.1 kWh/kg for batteries [19],
compared to 12 kWh/kg for diesel fuel [17]). Due to this, the displacement of the ferry will be larger,
and so will the resistance and energy consumption. The latter is not necessarily a problem, as the price
for electricity is a lot lower than for diesel fuel, which is roughly three times more expensive per unit
of energy. Based on the difference in costs, the following energy consumption target ratio was
determined in paragraph 3.6:

E
—E85 < {0.8-1.5} Ref. ( 3.17 )
ECC300
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This means that a battery powered system is financially feasible if the energy consumption is below
80%-150% of that of the current Coastal Cruiser 300, depending on the price difference between
electricity and diesel fuel.

Besides this target ratio, there is also a maximum ratio, which is determined by the limited space
that is available onboard of the vessel. In case of 39.5 m long vessel it is 1.2, and for the elongated
version it is 2.2.

: Battery System Fuel Cell System Enerflgy:
: hydrogen SupPly :
: e H [|storage I
I
i : |
! I
| A fuel cell |
-I- I
: FC shore :
! Nrc=55% | —/— |
ey peps———— ——

— DC-DC —_

iy converter |*"/

Noc= 98% ks
DC-bus
1= 100%
propulsion[
converter rx';
auxiliar
Y Nrec=98%
systems
electric
motor
Nem=97%

Figure 3.8: line diagram of the electric propulsion system, both
battery powered and fuel-cell-battery powered,
including the efficiencies of the different components.

3.7.3 Hydrogen Fuel Cell Powered Catamaran

The other emission free propulsion method that might be suitable is the hydrogen fuel cell, which was
discussed in paragraph 3.5. In such a fuel cell, electricity is generated by combining hydrogen and
oxygen, and the only by-product is water. Because the specific energy of hydrogen is much higher than
of battery systems (1.7 kWh/kg [17] including its storage tank [18], and 0.1 kWh/kg for batteries [19]),
it does not have the same problem as the battery powered vessel: a hydrogen fuel cell system is neither
too heavy nor too large to fit within the vessel. Also safety does not seem to pose a problem, based on
the properties of hydrogen and the already existing vehicles that are powered by hydrogen.

Instead of a large increase in weight, a hydrogen powered ferry suffers from a large increase in
costs, as hydrogen is much more expensive than diesel fuel (21 c€/kWh compared to 12 c€/kWh on
average [subparagraph 3.6.2]). Based on the difference in costs, the following energy consumption
target ratio was determined in paragraph 3.6:
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EFC

< {0.3-0.9} Ref. ( 3.18 )
ECC300

This ratio means that the energy consumption must be reduced to 30% to 90% of that of the current
Coastal Cruiser 300, in order to be financially feasible. But again the remainder: it should not all be
about money.
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Implementing the
Electric Propulsion
Systems into the Design

As mentioned in the introduction, this project will be a case study for a fast ferry line in Shenzhen,
China. The current diesel driven passenger ferry is an aluminium catamaran, so this chapter presents
the analysis on the feasibility of an electric version of such an aluminium catamaran.

The previous chapter indicated that the energy consumption has to be sufficiently low, for the
electric ferry to be (financially) feasible. So the question is:

What is the impact on energy consumption,
when implementing the emission free propulsion systems
into the design of the Coastal Cruiser 300,
and how does that impact the costs?

Structure of this Chapter

Paragraph 4.1 starts with an overview of the resistance estimation method. Implementing the battery
and fuel cell powered powertrain in the current design is done in paragraph 4.2. The preliminary
conclusions can be found in paragraph 4.3.
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4.1 Overview of the Estimation Method

The main focus point is energy consumption, as this is related to the size of the system, as well as to the
operational costs. It is mainly determined by the resistance of the ferry, which is largely influenced by
the displacement of the vessel.

4.1.1 Mass and Displacement

The displacement of a ship can be split into lightship and deadweight. Lightship is constant for a vessel,
and deadweight varies with different load conditions. This thesis looks at the ship in design condition,
which means that the deadweight is constant as well in this analysis. Therefore, the displacement of the
catamaran (A.4:) is not split into lightship and deadweight, but instead into the following three
components:

Acgt= Mg + Mpp + My 44 Ref. ( Al)
With:

e Ms, structural mass (hull and superstructure);

e Mpp, mass of the power and propulsion system;

o M,,4, additional mass.

Additional Mass

The additional mass contains everything that is not related to the way the ship is powered. It is partly
lightship (e.g. interior arrangement and radar equipment) and partly deadweight (e.g. passengers and
luggage). Since these components are not related to the way the ship is powered, nor to the displacement
of the vessel, the additional mass is held constant in this analysis; it is the same as for the Coastal Cruiser
300.

Mass of the Power and Propulsion System
The components within the power and propulsion system are also partly lightship (e.g. diesel engines
or electric motors) and partly deadweight (e.g. diesel fuel or hydrogen). The mass of the different
components in this system are mainly depend on the propulsion power that they have to provide, and
the energy capacity that is required to make each crossing. The following components were taken into
account, most of them seen in figure 3.8 on page 40:

o Waterjet;

e Electric motor;

e Propulsion converter;

e Switchboard,;

e DC-DC converter;

e Energy storage system;

o Fuel cell system;

e Hydrogen storage system;

o Electric cable and shore supply.
How the mass of these components are estimated is explained in appendix A.1. From this estimation
follows that the electric power and propulsion system is heavier that the diesel powered system. Thus
the initial displacement of the electric ferry will be larger.

Structural Mass

The structural mass (hull and superstructure) is purely lightship and it is mainly dependent on the size
of the vessel. The displacement of the vessel influences the size, and thus the mass of the structure. This
is indicated in figure 4.1 with a red arrow. So an increase in displacement results in an increase in
structural mass, which means an increase in displacement. In other words: it is an iterative process.
Because the influence on each other is relatively small, a break-even point can be easily found,
especially with the use of a computer.
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Estimating the structural mass is done with equation A.31. The derivation of this equation can be
found in appendix A.2.

Mg=1L-B,,- (H+Z-[L'T)- M ]+[M”] Ref. ( A3L)
s oa L L v 1 IL-Byy-DI" L By, o
This equation contains the following constants:
e [ =39.5m][15];
e By, =10.3m][15];
e H=210m][15];
7] xm
%
Mpyu | _ 3.
[L-Boa-D] =Xkg/m*;
Mss | _ 2
[L'Boa] =Xkg/m~.
The only variable in this equation is the displacement of the catamaran (V = A.,:/p/2).
input structural mass displacement
Ms |
5 B Acar
Mpp g

Figure 4.1: overview of the components that influence the displacement.

Displacement Error Margin

Because this method is an estimation, error margins should be included. The displacement in this
estimation is a function of three components (as seen in equation A.1). The first two components are
approximations, thus subjected to errors. The last is assumed to be constant, but it might as well deviate
from the assumed value. Therefore a 5% margin is included in the calculations. Five percent is chosen
as the error margin, as the estimation is deemed accurate enough that a larger margin is not required.

4.1.2 Resistance and Energy Consumption
Because the main dimensions of the ship, as well as the design velocity remain constant (30 knots), the
resistance is only influenced by the displacement, as illustrated in figure 4.2.

displacement resistance

A 4
=

Acat

Figure 4.2: overview of the components that influence the resistance.

In this thesis, the following equations are used for estimating the resistance of the catamaran ferry:

R = (Cp+ Cg) " 3pV% S + Rair Ref. ( B.34 )
With:
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c 0.075
o FT 2 Ref.( B.4 )
14
(logo (5 1) - 2)

Log—L) Crr+(L—Ly;)-C

. CR — ( 0.8 ) R.7 ( 0.7) R.8 Ref ( B.27 )
L0.8 - L0.7
o Cr7 1,000 = 0.43 + 115 - exp(—0.48 - L/V1/3) Ref. ( B.23)
o Crg-1,000=0.26+90-exp(—0.47 - L/V1/3) Ref. ( B.24)
e $=0.78-L-V/3 48217323 Ref. ( B.33)
V [knots] 2

* Rar= Rair30 knots (30 [leOtS]) Ref. ( B.35)

These equations contain the following constants:

e [ =395m][15];

e p=1,025kg/m?

e V=30-1852/3,600m/s;

e v=12-10"°m?/s;

e Ly, =496m,

o Log=379m;

° Rair30 knots XkN.

The only variable in these equations is the displacement of the catamaran (V = A.q¢/p/2).

The estimation of the residual resistance coefficient (Cy) is based on Froude number (Fn, equation
B.5). Because the velocity is fixed at 30 knots, the Froude number is only a function of the length of
the vessel. This means that the residual resistance coefficient can be estimated for Ly, = 49.6 m when
Fn = 0.7, and Lyg = 37.9 m when Fn = 0.8. In order to estimate the Cz-value for L = 39.5 m,
linear interpolation is used (equation B.27).

Fn =

\/% Ref. ( B.5 )

The derivations of the estimation equations can be found in appendix B, in which also is explained how
the required propulsion power (Pp) and installed propulsion power (P;) is related to the resistance:

Pr=X-R-X Ref. ( B.37 )

P; =115 X Pp Ref. ( B.38 )

The energy consumption of the ferry was discussed in subparagraph 3.2, where the following relation
was derived for the energy consumption of one crossing (E;.):

E —i-t +E Ref. ( 3.2
1c — t aux e-( ' )
Nep

With:
o ngp = 93%, efficiency of the electric drivetrain [paragraph 3.1];
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o t. =50/60 hour, time at transit speed [21];
o E .. =0.1MWh, auxiliary energy consumption [21].

Resistance Error Margin

The estimation method is based on curves that are fitted through the three lowest data points. Assuming
that the real resistance is lower than this is therefore considered to be too optimistic. It can however be
expected that the real resistance might be a bit higher. Therefore only a positive margin is added to the
estimation. The resistance estimation is also deemed accurate enough that an error margin of five
percent is sufficient.

4.1.3 Complete Overview of the Estimation Method

Combining figures 4.1 and 4.2 results in figure 4.3. The large red arrow at the bottom indicates the large
iterative process: the installed power and energy consumption determine the mass of the power and
propulsion system, which ultimately determines the installed power and energy consumption, as
explained above.

input structural mass displacement resistance
M Ll
5 < Acat > R
M
PP < Pi Elc

Figure 4.3: overview of the resistance estimation method. The arrows indicate how
the components are related to each other.

4.1.4 Target Energy Consumption

The target energy consumption was determined in the previous chapter:

E
—ES5 < {0.81.5} Ref. ( 3.17 )
ECCSOO
Erc
< {0.3-0.9} Ref. ( 3.18)
CC300

The limited space onboard the ship results in the following limitation for the battery powered ferry
[subparagraph 3.3.8]:

E
—ESS 1.2

ECC300
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4.2 Estimation Results

This paragraph presents an analysis of converting the design of the Coastal Cruiser 300 into a battery
powered concept ferry, without changing any other major characteristic. The only input variable is the
mass of the power and propulsion system (Mpp).

4.2.1 Battery Powered Coastal Cruiser 300
In case of the battery powered concept, the mass of the power and propulsion system results in an initial
increase of the displacement of around 40%, when the error margins are not included. As a result, the
resistance without error margins increases with roughly 50%. This means that the concept requires a
more powerful propulsion system, in order to cope with the higher resistance. As a result, Mpp is larger,
thus A.,; is larger, and thus the resistance increases even further. Because the weight increase is so
large, the process diverges and no feasible break-even point is found.

So in case of the battery powered ferry, a reduction in energy consumption is required to make the
ship even technically feasible.

4.2.2 Hydrogen Powered Coastal Cruiser 300

The weight increase of the hydrogen fuel cell powered ferry is smaller. The initial displacement
increases with a little over 10%, and as a result, the resistance also increases with a little over 10%,
when the error margins are not included.

This time a break-even point does exist, with the results as seen in table 4.1. At the top of the table,
the error margins can be seen. The main part of the table has three rows: displacement ratio, resistance
of energy consumption ratio, and the cost ratio.

In the middle column, it can be seen that the initial displacement and resistance increase of around
10%, has grown to 20% over multiple iterations.

The current hydrogen energy consumption ratio ranges from 1.1 to 1.5, while the target is 0.3-0.9.
Because the energy consumption is higher than the target, the costs are also higher. Thus the hydrogen
powered concept is feasible, but a reduction in energy consumption is desirable in order to reduce the
costs.

Table 4.1: comparison between the Coastal Cruiser 300 and the
hydrogen fuel-cell-battery powered ferry (L = Lecsoo =

39.5 m).
Displacement margin -5% +5%
Resistance margin +5%
A
—catFe | q1 12 1.4
Acat,CC300
Rpc Erc
= 1.1 1.2 1.5
RCC300 ECC300
. (CFrc
Costsratlo(a—) 1237 1441 1751
D
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4.3 Preliminary Conclusions

This chapter analysed the effect of implementing the electric propulsion systems into the design of the
Coastal Cruiser 300. This way the following question can be answered:

What is the impact on energy consumption,
when implementing the emission free propulsion systems
into the design of the Coastal Cruiser 300,
and how does that impact the costs?

The short answers are:
A battery powered version is not feasible.

The hydrogen powered version is feasible, but much more expensive.

4.3.1 Battery Powered Catamaran
The required amount of batteries is simply too large for the concept to be feasible. So a reduction in
energy consumption is required to make the concept even feasible.

4.3.2 Hydrogen Powered Catamaran

A hydrogen version of the Coastal Cruiser is feasible, but energy consumption will go up with around
10% to 50%. This means a significant increase in costs, making a reduction in energy consumption
desirable.
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Analysis of Ways to
Reduce the Energy
Consumption

From the previous chapter follows that a battery powered Coastal Cruiser 300 is not feasible, if the
energy consumption is not reduced. A hydrogen powered version is feasible, but much more expensive.
So a reduction in energy consumption is required in order to reduce the costs. Thus the question is:

How can the energy consumption of the electric concept ferry be reduced,
and what is the effect on the feasibility?

One way of reducing energy consumption is by reducing the resistance of the ferry. This can be done
be elongating the hull. Another way of reducing the resistance is by making the ship lighter, which can
be done by replacing the aluminium structure with a carbon composite structure. A more extreme
reduction in resistance is possible with hydrofoils, but because that would change the ship type, it will
be discussed in chapter 6. The final design related topic that will be discussed in this chapter is the
future outlook: the energy consumption will go down as a result of improved performance of the electric
power and propulsion system in the future.

Besides changes to the design, operational changes can also result in a lower energy consumption.
Reducing the design speed leads to a reduction in resistance, and operating on a shorter crossing has a
positive effect on the energy consumption.

Structure of this Chapter

The first three paragraphs of this chapter are related to the design of the ferry. An analysing of the effect
of elongating the hull can be found in paragraph 5.1. The effect of replacing the aluminium structure
with a carbon composite structure is analysed in paragraph 5.2. The future outlook can be found in
paragraph 5.3.

The next two paragraphs are related to operational profile of the ferry. Sailing at lower velocities is
discussed in paragraph 5.4, followed by an analysis of operating on a shorter crossing in paragraph
5.5.

Paragraph 5.6 contains the preliminary conclusions on these emission free concept ferries.
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5.1 Electric Catamaran with an Elongated
Hull

Reducing the resistance of the ferry can be done by making the vessel longer. The longer the ship, the
higher the slenderness ratio, but also the heavier the structure. The first is positive for resistance, the
second negative. This can be seen in figure 5.1, where the optimum lies well beyond the 50 m. The red
dash-dotted line indicates the length at Froude number 0.7, the upper limit in this analysis. The total
resistance for longer ship lengths (the dotted part of the black curve) is the result of extrapolation, and
thus subjected to larger errors. Due to operational limitations, the maximum overall length is 46.5 m,
as discussed in paragraph 2.3, which is indicated with a blue dashed line in figure 5.1. A final remark
on this figure is that the black curve is the first iteration, meaning that the mass of the power and
propulsion system is constant, and thus it is not adjusted to the resistance of the concept.

resistance

-------- extrapolated resistance

— — maximum waterline length (L = 46.5m)
—-—-L=49.6m, length at Fn = 0.70

total resistance [kN]

55 60 65 70
waterline length [m]

Figure 5.1: resistance plotted against ship length (first iteration). The blue dashed line
indicates the maximum operational length (L = 46.5 m), and the red dash-
dotted line indicates the length at Froude number 0.70 (L = 49.6 m).

5.1.1 Estimation Method

The estimation method used for this paragraph is similar to the one as explained in paragraph 4.1. The
only addition is the inclusion of waterline length (L, blue in paragraph 4.1). An overview of the complete
estimation method is seen in figure 5.2.

input structural mass displacement resistance
L - R >
Ms |« Bcat R
Mer e P Ey

Figure 5.2: overview of the resistance estimation method. The arrows indicate how
the components are related to each other.

There are now two input variables, waterline length (L) and the mass of the power and propulsion
system (Mpp, appendix A.1). The structural mass (Ms) is influenced by the length of the vessel, as well
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as by the displacement of the vessel (A.4:), as explained in appendix A.2. The displacement is
determined by the structural mass and the mass of the power and propulsion system.

Together with the length of the vessel, the displacement leads to the resistance of the ferry (R), from
which the installed power (P;) and energy consumption per crossing (E;.) follow. This is explained in
appendix B.

The residual resistance coefficient (Cz) can be estimated for Ly, = 49.6 m when the Froude
number is 0.7, and Lyg = 37.9 m when the Froude number is 0.8. Linear interpolation was used
(equation B.27) to estimate the Cg-value for L = 39.5 m. Because the elongated hull length of 46.5 m
also falls between L, > and L, g, the same linear interpolation method can be used here as well.

Co = (Log— L) Cr7+ (L —Loy) Crsg

. Ref. ( B.27 )

L0.8 - L0.7

5.1.2 Additional Cost Estimation and Target Energy Consumption

With the use of the method from appendix A.2, the structural mass increase is estimated to be six tonnes,
when the ship is elongated from 39.5 to 46.5 m. Based on the aluminium price (13 $/kg [87]), the labour
costs (38 $/man-hour in Europe [88] and 0.5 man-hour/kg [87]), and the exchange rate (0.89 €/$ [89]),
the aluminium price is approximately 28 €/kg:

0.89 [€/$] x (13 [$/kg] + 38 [$/h] x 0.5 [h/kg]) = 28 €/kg

The lifetime of the vessel is at least 20 years, four times longer than the minimal target lifetime of the
electric propulsion system. So the relative additional investment is only 42 thousand euro:

28 |€/kg]| X 6 |[tonnes weight increase
[€/kg]l x 6| g ]:42 e

4 [ship-life/electric-system-life]

This is negligibly small compared to the total costs of around 5.3 million euro that is the target for
electric ferry, as calculated in subparagraph 3.6.3. Thus the target ratios remain the same:

E
ESS < {0.8-1.5} Ref. ( 3.17 )
ECCSOO
Erc
< {0.3-0.9} Ref. ( 3.18)
CC300

The hard limit for the battery powered elongated ferry, based on the available space on board, is the
following [subparagraph 3.3.8]:

E
ESS <99

ECC300

5.1.3 Battery Powered Catamaran

Making the battery powered concept longer results in an increase in displacement of around 3%, but a
reduction in resistance of around 11%, when the margins are not included. However, compared to the
Coastal Cruiser 300, it is still an increase of around 50% and 30% respectively. This resistance increase
is small enough that the iterative process converges and a break-even point can be found, as seen in
table 5.1.
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However, the break-even point is not a certainty, as including positive margins does not lead to a
feasible concept. This can be seen by the infinity symbols () in the table, which indicate that the
process diverges. Furthermore, without margins, the result is an energy consumption that is close to the
limit (Egss/Eccsoo = 2.2), meaning that fitting the system onboard might become an issue.

Table 5.1: comparison between the Coastal Cruiser 300 and the
battery powered ferry with a longer hull (L = 46.5 m).
For financial feasibility, the cost ratio should be smaller

than 1.0.
Displacement margin -5% +5%
Resistance margin +5%
A
—CALES 119 2.3 o
ACat,CCSOO
R E
ESS o ESS 17 2.2 0
RCC300 ECCBOO
Costs ratio (zbﬁ) 1.1-21  1.4-2.7 %0
¢p

5.1.4 Hydrogen Powered Catamaran

In case of the hydrogen fuel-cell-battery powered catamaran, without margins, a resistance reduction of
8% can be achieved by stretching the length of the ferry to 46.5 m, which is only 4% more than the
CC300, while the displacement is 16% higher.

Because the resistance is only four percent higher, the propulsion system only requires a few percent
more power. After multiple iterations, the resistance converges to 6% more than the Coastal Cruiser
300, when the margins are not included.

The result of the elongated hydrogen powered ferry can be seen in table 5.2, which also contains
the result of the previous chapter. The estimation again shows that a hydrogen powered ferry is feasible,
but more expensive than the diesel powered ferry. It can also be seen that the difference in cost ratios
is relatively small, when comparing the two lengths with each other.

Table 5.2: comparison between the Coastal Cruiser 300 and the hydrogen fuel-cell-battery powered ferry
with equal hull length and a longer hull. For financial feasibility, the cost ratio should be
smaller than 1.0.

L = Lcc300 = 395 m L = 4’65 m
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_—catFe 1 91 12 1.4 1.1 1.2 13
Acat:,CC300
R E
FC ~ _EC 1.1 1.2 15 1.0 1.1 1.2
RCC300 ECC300
Costs ratio (“aﬂ) 12-37 1441 1751 | 1133 1235 1.4-42
D

5.1.5 Conclusion of the Elongated Hull Concepts
This analysis shows that the reduction for the battery powered concept is quite significant, changing the
infeasible concept into a possibly feasible concept. The effect for the hydrogen powered ferry is less
severe, the only effect is a small reduction in energy consumption.
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When comparing both elongated concepts, it can be seen that the costs are similar (a cost ratio of
1.1-3.5 compared to 1.1-2.7, without positive margins). So if the electricity price is high and hydrogen
price low, it might be less expensive to operate on hydrogen, while it was previously expected that
hydrogen would be more expensive.
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5.2 Reducing Weight by Implementing a
Carbon Composite Structure

Reducing the weight of the vessel is another way of reducing the resistance. Using carbon composite
materials for the structure instead of aluminium is a way of saving weight. Already in 2003, a composite
ferry was launched in Norway, which had a 70 passenger capacity [90]. Since then larger vessels were
made from composite materials, such as the Zhong Shan 6, seen in figure 5.3, a 44 m long catamaran
that can transport 300 passengers with a speed of 40 knots [91]. This example shows that a composite
version of the Coastal Cruiser 300 is possible.

Figure 5.3: the Zhong Shan 6, a 44 m long carbon composite catamaran that can [91]
transport 300 passengers with a speed of 40 knots.

5.2.1 Basics of Composites and the Reduction in Weight

A composite material is a material that is composed of two or more significantly different base
materials. A well-known example is reinforced concrete, a combination of steel and concrete. Generally
when people talk about composite materials, they mean fibre reinforced polymers, such as Carbon Fibre
Reinforced Polymers (CFRB).

Two other fibres that are often used in composite materials are glass and aramid (e.g. Kevlar). The
first has a lower strength/weight-ratio and a lower stiffness than CFRP. The second is generally less
strong than carbon composites, but it is tougher, which means it can absorb more energy without
breaking. This makes Kevlar especially good with impact forces, therefore suited for bulletproof
armour. In this thesis, the application of composite materials will be limited to CFRP, as this material
has the best suited properties, e.g. relatively high strength/weight-ratio, high stiffness, and high
corrosion resistance. [92]

Fibre reinforced polymers consist of two main components: fibres and a resin. The main strength
of the material comes from the fibres, and the main function of the resin is to keep the fibres in their
place. The strength of the fibres in longitudinal direction is much higher than the strength in transverse
direction. This means that composite materials are nonhomogeneous. Metals on the other hand are
homogeneous materials, which means that they have the same material properties in every direction.
The fibre orientation in each structural component can be optimized for the load in that component,
which is an advantage of the nonhomogeneous property of the material. This also means that the
strength/weight-ratio for each component is different. Due to this, estimating the reduction in weight
based on only the material properties is very difficult for composite materials.

In order to determine the savings in weight, the structure must be analysed as a whole. This is done
in multiple studies, such as the one of J. Kuzjatkin, who investigated the weight reduction of a fast ferry
with similar particulars as the Coastal Cruiser 300, e.g. 40 length, 10 m beam, 160 tonnes displacement
and 30 knots service speed [93]. This study, amongst others, indicate that if the structure of a ship is
built with CFRP instead of aluminium, a weight reduction of 35% can be achieved [93] [94]. It must be
mentioned here that the 35% weight reduction applies to only the structural mass. Looking at the total
displacement, the weight reduction is close to only 10%.
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5.2.2 Estimation Method

The 35% weight reduction can be easily implemented in the previously used estimation method, by
adding the following calculation step to the structural mass estimation:

Ms cprp = (100% — 35% [weight reduction]) X Ms qiuminium (51)

In this equation, Mg 4,minium 1S the structural mass as calculated in appendix A.2. The new structural
mass (Ms crrp) is used to estimate the displacement:

Acqt= Mpp + Mg cprp + Myqq (52)

5.2.3 Additional Cost Estimation and Revised Target Energy Consumption
Based on the material price (61 $/kg [87]), the labour costs (38 $/man-hour in Europe [88] and 1.1 man-
hour/kg [87]), and the exchange rate (0.89 €/$ [89]), the carbon composite price is estimated to be 91
€/kg:

0.89 [€/$] x (61 [$/kg] + 38 [$/h] x 1.1 [h/kg]) = 91 €/kg

Looking at price per kilogram, CFRP is 51 euro more expensive than aluminium (28 €/kg.u.)-
However, the mass of the structure is 35% lower, so effectively, the price difference is 31 €/kg, an
increase of 150%:

(100% — 35% [weight reduction]) X 91 [€/kg] — 28 [€/kgan] = 31 €/kgaiuferry

For the total vessel, this amounts to 1.3 M€ for the original length, and 1.5 M€ for the elongated vessel.
The design lifetime of the vessel is four times longer than the target lifetime of the electrical system, so
the effective additional investment for CFRP is little less than 0.4 M€ in for both vessel lengths. The
total target costs for the electric ferry is roughly 5.3 M€, as calculated in subparagraph 3.6.3. This
slightly affects the target ratios of the battery powered and hydrogen powered ferry respectively:

Egss < 5.3 [M€]
<
53]

e+ 04 [M€]> x {0.8-1.5} = {0.7-1.4} (53)

ECCSOO

Erc

ECC300

5.3 [M€]
< < S3THe 4 04 [M€]> x {0.3-0.9} = {0.3-0.8} ( 54)

The hard limits for the battery powered ferry are not affected. Based on the available space onboard,
they are, for the “normal” and elongated version respectively [subparagraph 3.3.8]:

( Egss ) <12
ECC300 39.5m N

( Egss ) <29
ECC300 46.5m N
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5.2.4 Battery Powered Catamaran
The results of all four battery powered concepts can be seen in table 5.3. Due to the diverging iterative
process, not all concepts result in a feasible solution, as indicated by the infinity symbols ().

Without an elongated hull, no break-even point exists, not for the aluminium version, nor for the
carbon composite version. In case of the CFRP elongated version, a break-even point is found, this time
also when including positive margins. However, the energy consumption ratio is 2.7, which is higher
than the limit of 2.2, i.e. the required battery capacity does not fit within the hull. This is indicated in
the table by the crossed-out values.

Though the total reduction in displacement due to the lighter structure is only around 10%, the
effect can be quite large. Without margins, the reduction in energy consumption is close to 30%.

The most optimistic estimation shows that the CFRP elongated version of the battery powered ferry
might be cost competitive with the diesel powered ferry (€zss/€p = 1.0). When comparing both
structural materials, it can be seen that the impact of CFRP is small, in case of the battery powered
concept.

A larger reduction in energy consumption is still required in order to increase feasibility and further
reduce the costs.

Table 5.3: comparison between the Coastal Cruiser 300 and the battery powered ferry with an aluminium
structure, a CFRP structure, equal hull length and a longer hull length. For technical feasibility,
the energy consumption ratio must be below 2.2, and for financial feasibility, the cost ratio
should be smaller than 1.0.

L = Lcc300 = 39.5 m L = 4’6.5 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_—catESS o0 s o0 1.9 23 0
AC(Zt,CC3OO
R E
ESS ~ ESS 00 o0 o0 1.7 2.2 o0
RCC300 ECC300
. (CEss . .
Costs ratio (—) 00 o0 00 1.1-2.1 1.4-2.7 00
Zp
L = Lcc300 = 39.5 m L = 4’6.5 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_CatBss 0 %0 0 15 1.8 27
Acat,CC300
R E
ESS o ESS 0 0 0 1.3 1.6 27
RCC300 ECCSOO
Costs ratio ((Z(‘Z‘ﬁ) o0 o0 o0 1.0-1.7 1.1-20 20-34
D

5.2.5 Hydrogen Powered Catamaran

Table 5.4 contains the results for a carbon composite hydrogen powered catamaran, for 39.5 and 46.5
m ship length respectively. The table also contains the previous results for the aluminium structure. The
table clearly shows that, in case of the hydrogen powered concept, the effect of CFRP is larger than the
effect of elongating the hull.
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Because the displacement of the hydrogen powered ferry is lower than that of the battery powered
ferry, the effect of the lighter structure is also smaller. The reduction in energy consumption is roughly
twice the reduction in displacement due to the CFRP structure.

Three optimistic estimations result in a costs-ratio of 1.0, meaning that the total costs are equal to
that of the Coastal Cruiser 300 over the five year period. But because this is only the case for the most
optimistic estimations, a further reduction in energy consumption is still desirable.

Table 5.4: comparison between the Coastal Cruiser 300 and the hydrogen fuel-cell-battery powered ferry
with an aluminium structure, a CFRP structure, equal hull length and a longer hull length. For
financial feasibility, the cost ratio should be smaller than 1.0.

L == Lcc300 - 39.5 m L - 46.5 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
—catft | 11 12 1.4 11 12 13
Acat‘,CC300
R E
Fe Fe 11 1.2 15 1.0 11 1.2

RCC300 ECC300

Costsratio(%) 1237 1441 1751 | 1133 1235 1442

L = Lccsoo = 39.5 m L = 46.5 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A

——catFc | 09 1.0 1.2 0.9 1.0 1.1

Acat:,CC300

R E

Fe o K¢ 0.9 1.0 13 0.9 0.9 1.1

RCC300 ECC300

Costsratio (%) | 1031 1235 1442 | 1029 1031 1235

D

5.2.6 Conclusion of the Carbon Composite Concepts

This paragraph shows that a lighter structure can result in a large reduction in energy consumption in
case of the battery powered concept. It does however not result in a fully feasible concept, as the
inclusion of positive margins results in a concept where the batteries do not fit within the vessel
anymore.

The hydrogen powered ferry was already feasible, but a carbon composite structure can reduce the
operational costs; in three optimistic cases, the hydrogen ferry is even cost competitive with the diesel
powered ferry.

So the battery powered concept requires a larger reduction in energy consumption to lead to a fully
feasible concept, and the hydrogen powered concept would also benefits from a further reduction in
energy consumption.
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5.3 Future Outlook: Effect of Improved
Performance of the Electric Propulsion
System

In the future, the energy consumption will go down as a result of improved performance of the electric
power and propulsion system. This will increase the feasibility of the concept ferry.

5.3.1 Battery Powered Catamaran

Up until now, a specific energy of 159 Wh/kg was used for the battery cells, which was based on an
existing cell from XALT [44]. It can be expected that in the future, the energy capacity of batteries
increases.

Innolith, the Switzerland-based company with labs in Germany, claims that it is on a path to 1,000
Wh/kg. They already achieved a few breakthroughs and expect that the new batteries could be ready
within 3-5 years. [95]

Another development in battery technology is the solid-state battery. As the name suggests, this
battery type has no liquid electrolyte, as is the case with Li-ion batteries. Because there is no electro
chemical reaction, there is less degradation, i.e. the cycle life is much longer than that of current Li-ion
batteries. Therefore, a higher depth of discharge can be used. Currently, the energy density is 200 Wh/L
[96], with a recent (June 2019) breakthrough of 400 Wh/L and a charge rate of 0.5 C [97]. For
comparison, the battery cells used in this thesis (XALT 75 Ah HP) have an energy density of around
300 Wh/L and a continuous charge rate of 3.0 C [44]. Imec’s target for 2024 is Solid-state batteries with
a 1,000 Wh/L energy density and a charge rate of 3C [97]. The corresponding specific energy is around
400 Wh/kg [98], which is lower than the effective specific energy of the future Li-ion batteries:

1,000 [Wh/kg] x 50% [DOD] = 500 Wh/kg

If the battery cells would have a specific energy of 1,000 Wh/kg, the weight of the battery system would
be reduced with 84%:

159 [Wh/k
B [Wh/kg] _ 0.84
1,000 [Wh/kg]

This improved battery performance not only means that the system has less weight, but also that it is
smaller, i.e. the available space is no longer a limiting factor.

Discussion of the Results
If the same estimation method is used as before, the result is a feasible concept in all cases, as seen in
table 5.5. It is even fully financially feasible in the most optimistic estimation, which is indicated in
green. The range of all other price ratios also lie around 1.0. This suggest that a battery powered ferry
is cost competitive with the diesel powered version in the future.

The most optimistic estimation for the 39.5 m aluminium catamaran concept, indicated in blue, has
a similar displacement as the current Coastal Cruiser 300. This suggest that in the future, it might be
possible to convert existing vessels into battery powered ferries.

For comparison, the previous results (table 5.3) are presented below table 5.5.
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5.3.2 Hydrogen Powered Catamaran
The effect of two changes is analysed in this subparagraph:
o Decrease in weight, by:
o Operating without batteries;
o Fuel cells with a higher specific power.
e Increase in efficiency.

Operating Without Batteries
In the first four paragraphs of this chapter, the fuel cell system also contained multiple battery packs,
which were required to handle fluctuating powers. This need might disappear in the future as the
response time of fuel cells improve. Hydrogenics already claims a response time from idle to full power
in less than three seconds [67].

In the feasibility study of the fuel cell powered ferry for the San Francisco Bay, it was also assumed
that the fuel cells can operate without support from a large battery system. Only some batteries are
present for the stability of the electrical system, and as a back-up for the navigational and emergency
systems. They are not capable of providing enough energy to drive the motors for a significant length
of time. Furthermore, the report states a fuel cell response time of less than a second to go from low
power to full power, which is superior to the response time of a diesel engine. [13]

In this subparagraph, it is assumed that the supporting battery system is small enough that its weight
can be neglected. As a result the mass/power-ratio goes from 4.2 kg/kW for the fuel-cell-battery system
to 2.6 kg/kW for the fully fuel cell system [appendix A.1.7].

Higher Specific Power
For the fuel cell modules, a specific power of 431 W/kg was used [67]. A specific power of 650 W/kg
expected to be possible [99], which is a weight reduction of 34%:

431 [W/kg]
650 [W/kg] 0.34

Thus the mass/power-ratio decreases further, from 2.6 to 1.7 kg/kW:

(1 —0.34) x 2.6 [kg/kW] = 1.7 kg /kW

Operating at a Higher Efficiency
Up until now, a 55% efficiency was assumed, as this is a representative value [67]. Efficiencies of fuel
cells can go up to 60% [17], and it is expected that in the future, 70% will be reached [99].

Discussion of the Results

Using the lighter weight system with 70% efficiency results in the values as seen in table 5.6, which is
estimated with the previously used methods. Indicated in the orange box is the only result where the
costs might be lower than that of the current diesel powered ferry. All other results are at least equally
expensive as the diesel powered ferry (€gc/€p = 1.0).

When compared to the battery powered concept (table 5.5), it can be seen that the cost ratios are
much higher, while the previous results (table 5.3 and 5.4) were more similar. From this can be
concluded that the technical improvements of battery technology will be more significant than that of
hydrogen fuel cells.

The result that is indicated in blue in table 5.6 suggests that in the future, it might also be possible
to convert existing vessels into hydrogen fuel cell powered ferries. This is because the displacement is
similar to that of the current Coastal Cruiser 300.
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Table 5.5: comparison between the Coastal Cruiser 300 and the battery powered ferry with an aluminium
structure, a CFRP structure, equal hull length and a longer hull length. For financial feasibility,
the cost ratio should be smaller than 1.0. These results are for a battery system with 1,000
W/kg specific energy.
L = Lcc300 = 39.5 m L = 46.5 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
B 10 1.1 13 1.0 1.1 1.2
Acat,CC300
R E
ESS ~ ESS 10
RCC300 ECC300
- (CLEss
Costs ratio (E) 0.7-1.3
L = Lcc300 = 39.5 m L = 4’6.5 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
—EE 0.9 1.0 1.1 0.9 1.0 1.0
Acat,CCSOO
R E
ESS ~ ESS 08
RCC300 ECC300
io (CEss
Costs ratio ( i ) 0.6-1.0
Ref. table 5.3 L = Lcc300 = 39.5 m L = 465 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_catkss 0 o0 00 1.9 2.3 o0
Acat,CC3OO
R E
ESS o ESS o0 © o0 1.7 2.2 o0
RCC300 ECC3OO
Costs ratio (@) 0 o 00 1.1-2.1 1.4-2.7 00
Zp
L = Lcc300 = 39.5 m L = 465 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_—catBss 0 o 0 15 1.8 27
Acat,CC300
R E
ESS o ESS o o0 %0 1.3 1.6 2.7
Reczoo  Eccsoo
Costs ratio (@) oo © o0 1.0-1.7 11-20 20-34

¢p
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Table 5.6: comparison between the Coastal Cruiser 300 and the hydrogen fuel-cell-battery powered ferry
with an aluminium structure, a CFRP structure, equal hull length and a longer hull length. For
financial feasibility, the cost ratio should be smaller than 1.0. These results are for a fuel cell
system with a higher efficiency and a higher specific power that operates without batteries.

L == Lcc300 - 39.5 m L - 46.5 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
Aca
_eatfe 110 1.1 1.2 1.0 1.1 1.2
Acat,CC300
R E
e~ 10 1.1 1.3 0.9 1.0 1.1
RCC300 ECC300
Costsratio (7€) | 1.1-33 | 12-36 1443 | 10-31 1133 1237
L = Lcc300 = 39.5 m L = 4’6.5 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
<t |09 0.9 1.0 0.9 0.9 1.0
Acat,CCSOO
R E
e~ | 09 0.9 1.1 0.9 1.0
RCCSOO ECCSOO
Costs ratio (‘Z;—D‘f) 1029 1031 12-36 1.02.9 1.1-3.2
Ref. table 5.4 L = Lcc300 = 39.5 m L = 465 m
Aluminium structure Aluminium structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
—_canfe 1.1 1.2 1.4 1.1 1.2 1.3
Acat,CC300
R E
S IO 1.1 1.2 1.5 1.0 1.1 1.2
RCC300 ECC3OO
Costs ratio (fZLDC) 1.2-37 14-41 1751 | 1133 1235 1442
L = LCC3OO = 39.5 m L = 465 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
—<atfe 1 09 1.0 1.2 0.9 1.0 1.1
Acat,CC300
R E
e~ * 0.9 1.0 1.3 0.9 0.9 1.1
RCC300 ECC300
Costs ratio (%C) 1.0-31 1.2-35 1.4-42 | 1.029 1031 1235
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5.3.3 Conclusion on Expected Future Improvements
In the four tables on page 62 and 63, it can be seen that the expected future improvements of battery
systems has much more impact on the feasibility of the electric ferry, than future improvements of fuel
cell systems have on the hydrogen powered concept. It is expected that in the future, a battery powered
ferry will be cost competitive with a diesel powered ferry. Future fuel cell technology also reduces the
energy consumption, but the effect is smaller and the hydrogen powered concept is still not cost
competitive with the diesel powered version.

In the future, it might be possible to convert existing ferries into electric versions. In that case, both
the battery and the fuel system might be feasible.

So future technology drastically improves feasibility, but since it is not yet available, some other
measures are analysed in the next two chapters.
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5.4 Effect of Lowering the Design Speed

Sailing at a lower speed might be an alternative solution for lowering the energy consumption, as a
lower velocity leads to a lower resistance.

5.4.1 Estimation Method

In order to analyse the effect of varying speed, the estimation method from subparagraph 5.1.1 is slightly
altered, as seen in figure 5.4. The main difference is that this time the length of the vessel is fixed (at
39.5 and 46.5 m) and the speed is a variable (V). So instead of linear interpolation over length,
extrapolation over speed is used:

_ VogB —V728) Cry + (V28 = V528) - Crg

Cr
-2.8 -2.8
Vos™ — Vo7

Ref. ( B.29 )

The velocity values (V, ; and V, g) are listed in table B.8. It can be noted that equation B.29 is not linear
extrapolation, but to the power ‘-2.8”. This value is chosen as it results in the best fit for the Coastal
Cruiser 300, as explained in appendix B.2.7. The negative power indicates that the residual resistance
coefficient goes down if the speed goes up. This is valid for velocities above the “hump speed”, roughly
above Froude number 0.5, which corresponds to a speed of around 20 knots. This can also be seen in
figure B.18 on the next page.

Ref. table B.8: speed of the vessel as a function of waterline length
(L) and Froude number (Fn).
L 39.5 46.5 m
Fn=10.7 Vor 26.8 29.1 knots
Fn=0.8 Vos 30.6 33.2 knots

input structural mass displacement resistance
L »
M | g >
= Acar d R
Mpp
N P; Eic
14 B>

Figure 5.4: overview of the resistance estimation method for varying speed.
The arrows indicate how the components are related to each other.

Because the ferry operates well above the “hump speed”, the residual resistance coefficient only goes
up if the speed decreases, and thus the total resistance only slightly goes down if the speed is decreased.
At the same time, the travel time gets longer, so the energy consumption does not go down much by
decreasing the velocity.

The energy consumption can be calculated in the same way as before (equation 3.2, see next page),
but the travel time at transit speed (t;) is no longer a constant, as it changes with the velocity of the
vessel:

_ 25[NM]

- - Ref. ( B.40
fe V [knots] ef. )
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Pp
Ejo=—2t, +Epyp Ref. ( 3.2 )
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0.1 0.2 0.3 0.4 0.5 0.6
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07 0.8 0.9 1.1

Ref. figure B.18: residual resistance coefficient of model 4b of
the systematic demi-hull series of Molland et al.

[100]

5.4.2 Battery Powered Concept

From estimating the energy consumption of the 39.5 m long battery powered ferry follows that not the
high speed, but the distance is the problem. This true for both the aluminium version and the CFRP
version. Even if the design speed is decreased to 20 knots, a feasible option does not exist.

The lowest resistance can be achieved in case of an elongated hull with a carbon composite
structure. The result for that concept can be seen in figure 5.5 and 5.6. The first figure shows that the
resistance goes only slightly down, up to a little over 30% for velocities close to 20 knots. At this speed
however, the travel time is 50% longer. So the overall reduction in energy consumption is small, as
illustrated in the latter figure.

The figures also clearly show that a small change can have a large effect. Compared to the optimistic
estimation (dash-dotted curve), if the displacement and the resistance estimation is 5% higher, the result
is a total resistance and energy consumption that is over 30% higher (dashed curve). If another 5% is
added to the displacement and the resistance estimation, the effect is another increase of over 50% (solid
curve).

The largest reduction in energy consumption is roughly 10%, at a transit speed of 24 knots. This
might seem like much, but it is not a feasible concept, as the lower speeds impacts the available charging
time, if the departure times are not altered in the timetable. The travel time is increased by 12.5 minutes:

25 [NM] 60 [minutes] 62.5 minut

—— X —| = 62.
24 [knots] hour inutes
This means that the time at quay, and thus the available time for charging, is also reduced by 12.5
minutes. In subparagraph 3.3.4, it was assumed that 25 minutes is available for charging. Thus the
energy consumption goes down with 10%, while the available charging time goes down with 50%. This
means that there is not enough time available to properly charge the batteries.

It can be concluded that sailing at lower speeds is not the solution for the battery powered concept.
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resistance-ratio [kW/kWCC300]

estimated resistance, including a +5% margin on displacement and resistance
— — estimated resistance without margins

—-—- estimated resistance, including a -5% margin on displacement and resistance
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Figure 5.5: estimated resistance of the 46.5 m long carbon composite battery powered concept ferry plotted
against design velocity. The resistance is normalized with the resistance of the CC300 at 30 knots.

N
T

-
T

estimated energy consumption, including a +5% margin on displacement and resistance

— — estimated energy consumption without margins

—-—- estimated energy consumption, including a -5% margin on displacement and resistance

-------- target energy consumption

0 | I | I I I I | I |
20 21 22 23 24 25 26 27 28 29 30

velocity [knots]

energy-consumption-ratio [kWh/kWh ]

Figure 5.6: estimated energy consumption of the 46.5 m long carbon composite battery powered concept ferry
plotted against design velocity. The energy consumption is normalized with the energy
consumption of the CC300 at 30 knots.

5.4.3 Hydrogen Powered Concept

The result for the hydrogen powered ferry is similar to the battery powered ferry: nothing large is won
by decreasing the speed of the ferry. This can be seen in figure 5.7 and 5.8. The first figure shows that
the resistance at 30 knots is roughly 60% higher than the resistance at 20 knots. But the travel time at
20 knots is 50% higher than at 30 knots. So the combined result, the energy consumption, is not so
much lower, as seen in the latter figure.

By decreasing the speed, the energy consumption can be lowered from around 8% lower than that
the current CC300 to 18% lower. Based on the difference in costs, a reduction of 10% to 70% is
required, so even at a lower speed, the costs might still be higher. Charging this to the passengers would
not be welcome, because in this case the higher price would be accompanied with a significantly longer
travel time.
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So this analysis also shows that the speed is not the real problem, as the impact on energy
consumption is only minor.

resistance-ratio [kW/kWCC3OO]

estimated resistance, including a +5% margin on displacement and resistance
— — estimated resistance without margins

—-—- estimated resistance, including a -5% margin on displacement and resistance

0 | I | I | I I I I |
20 21 22 23 24 25 26 27 28 29 30

velocity [knots]

Figure 5.7: estimated resistance of the 46.5 m long carbon composite hydrogen powered concept ferry plotted
against design velocity. The resistance is normalized with the resistance of the CC300 at 30 knots.

-
T

estimated energy consumption, including a +5% margin on displacement and resistance
— — estimated energy consumption without margins

—-—- estimated energy consumption, including a -5% margin on displacement and resistance
-------- target energy consumption

0 I I I I I I I I I |
20 21 22 23 24 25 26 27 28 29 30

velocity [knots]

energy-consumption-ratio [kWh/kWh ., ]

Figure 5.8: estimated energy consumption of the 46.5 m long carbon composite hydrogen powered concept
ferry plotted against design velocity. The energy consumption is normalized with the energy
consumption of the CC300 at 30 knots.

5.4.4 Conclusion on a Lower Design Speed

If the design transit speed is lowered, the reduction in resistance in roughly proportional to the increase
in travel time. Therefore, sailing at a lower speed is not the solution.
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5.5 Effect of Operating on a Shorter
Crossing

The previous paragraph showed that a lower velocity does not improve the feasibility much, but a
shorter crossing might be an improvement. This paragraph will therefore analyse the effect of the
crossing distance on the feasibility of the battery powered ferry.

The hydrogen concept will not be analysed in this paragraph, because it is already feasible. It is still
desirable to lower the costs of this concept, but because these are mainly related to the difference in fuel
price, it does not change much with a varying crossing distance.

Up until now, the analyses were focused on the 25 NM crossing that is highlighted yellow in figure
5.9. A shorter crossing, Shekou — Hong Kong Airport, is indicated in green. It is a 30 minute crossing
over a distance of 11 NM, which the ferry makes 14 times per day [101]. Assuming the same time in
the harbour (10 minutes [subparagraph 3.2]), leaves 20 minutes to make the crossing, which requires a
speed of 33 knots:

11 [NM]
20 [minutes]

minutes
/60 [ ] = 33 knots
hour

BT High-tich Park  Exhibiion Center % Yl shon Zhen /r
e y " o e -\-,N\/-—\‘J\FJRTM
Pearl River Mouth ek b e Nasn
Shenzhen Bay Border
) U718
: e Sea World indh
BhEE O~ Hong Kong '\
Shekou ferry terminal Yoen Long \ \
\ /
(] \ /

Tuen Mun

Bty W
Zhuhai Hong Kong

Int'l Airport v Hong Kong
7 b SR Disneylandlpq - D sy
L'atll > ?
ok Chai W
ﬁigi Lantau Island Central o g™
0] Tung Chung Hong Kong Island
Macau
Figure 5.9: the ferry lines from and to Shekou Ferry Terminal, Shenzhen, China. [23]

The case study route ‘Shekou — Zhuhai’ is highlighted in yellow, and
the shorter route ‘Shekou — Hong Kong Airport’ is indicated in Green.

5.5.1 Estimation Method

Because the speed is slightly higher, the resistance will be slightly higher as well. Estimating this can
be done in the same way as was done in the previous paragraph, but instead of varying the speed between
20 and 30 knots, it is fixed at 33 knots. The travel time is also constant (20 minutes: t, = 1/3 hour).

5.5.2 Target Energy Consumption Ratio
The target energy consumption ratio might change, as the way it is determined in paragraph 3.6 is valid
for the 50 minute crossing, for which the following relation was used:
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P; < 50 [minutes]

~ 115 % 93% * \ 80 minutes /hour]> = 0.8 [kWh/kW] x P, Ref. ( B.39 )

E&c

In the expression above, it can be seen that energy consumption is directly proportional to travel time,
thus the following expression can be used:

P; 20 [minutes]
E&c 60

~ 115 x 93% % [minutes/hour]) = 03 [kWh/KW] x P, (55)

This means that the investment costs of the battery powered vessel (€;,..) is lower, while the cost for
the diesel powered vessel (€;,) remain the same:

¢;, = 0.2 [k€/kW] x P; Ref. ( 3.6 )

D

— E&c
(ZiEss = (0.1 + 0.3) [k€/kW] x P; + 0.5 [k€/kWh] x 50% [DOD] Ref. ( 3.7 )
= 0.7 [k€/kW] X P

It also means that the operational costs are different, because the total energy consumption over the five
year period is different (it was ‘14 - 103 [kWh/kW] X P;” in paragraph 3.6):

Eiorar = 5 [years] x 14 [crossings/day] x 350 [day/year] X E; (56)
~ 7.4-103 [kWh/kW] x P,

The total energy consumption changes the operational costs over the five year period, for diesel powered
and battery powered vessel respectively:

Cop =1{0.09-0.14} [€/kWh] X E4) Ref. ( 3.10 )
= {0.7-1.0} [k€/KW] x P;
Cogss = 10.02-0.06} [€/KWh] X Etota Ref. ( 3.11)
= {0.1-0.4} [k€/KW] X P,

As a result the total costs are different as well, for diesel powered and battery powered vessel
respectively:

o = iy + Cop = (0.2 + {0.7-1.0}) [k€/KW] X P; = {0.9-1.2} [k€/KW] X P, (57)

Cess = Cipge T Copge = (0.7 +{0.1-0.4}) [k€/kW] X P; = {0.8-1.1} [k€/KW] X P; ( 5.8 )
The new target ratio turns out to be the same as the original ratio:

Cess Egss Pipss {0.9-1.2} [k€/kW]
—<10- ~ <
Cp Ecczoo  Picczoo  {0.8-1.1} [k€/kW]

= {0.8-1.5} (59)
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For the 25 NM crossing, the maximum energy consumption ratio was determined to be 1.2, based on
available space in the hull of the 39.5 m version of the concept. At the shorter distance, the energy

consumption is lower, thus the ratio is higher:

E
_ESS 95

CC300

5.5.3 Analysis of the Battery Powered Ferry on the Crossing Shekou —
Hong Kong Airport

The result of the estimation for the ‘Shekou — Hong Kong Airport’-crossing can be seen in table 5.7.
The largest difference with the estimation for the 25 NM crossing is that this time, all estimations did
converge to a result. Furthermore, there are now multiple possible financially feasible solutions, as
indicated in the table in orange.

One option, the aluminium version with 39.5 m length, has crossed-out values. This is because the
energy consumption is slightly too high, i.e. the battery system does not fit within the hull of the vessel.

So in case of the battery powered concept, an 11 NM crossing at a 33 knots speed has a higher
feasibility than a 25 NM crossing at a 30 knots speed. This shows that not the speed, but the distance is

the main problem for a battery powered fast ferry.

Table 5.7: comparison between the Coastal Cruiser 300 and the battery powered ferry with an aluminium
structure, a CFRP structure, equal hull length and a longer hull. For financial feasibility, the
cost ratio should be smaller than 1.0. The results are for the shorter route (Shekou — Hong
Kong Airport, 30 minutes, 11 NM [101]).

L = Lcc300 = 39.5 m
Aluminium structure

L = 465m
Aluminium structure

Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
_CatBSs |\ 14 1.6 21 1.3 1.4 1.7
Acar:,CCSOO
R E
ESS o B 1.6 1.8 25 1.4 1.7
RCC300 ECC300
Costs ratio (ﬁj—;S) 11-19 1323 1832 1.0-1.7  1.2-2.1
L = Lcc300 = 395 m L = 465 m
CFRP structure CFRP structure
Displacement margin -5% +5% -5% +5%
Resistance margin +5% +5%
A
B |12 1.3 1.6 1.1 1.2 1.4
Acat,CC300
RESS EESS
&~ 1.5 1.9
RCC300 ECC300
Costs ratio (@) 1.0-1.8 1.3-2.4

¢p
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5.5.4 Analysing Varying Distance at the Design Speed
Energy consumption can be plotted against crossing distance, which is done in figures 5.10 to 5.13 for
the design speed of 30 knots. The graphs are created using the previously discussed estimation methods.

The blue energy consumption curves are in line with what is expected. A shorter distance requires
less energy, thus a smaller battery system, which results in a lighter ship with less resistance, which
further reduces the energy consumption.

The blue curves also clearly show where the process diverges, as the energy consumption goes up
almost vertically at some point. For the 39.5 m long aluminium catamaran, the maximum distance that
the vessel can operate on is somewhere between 16 and 23 NM. Using CFRP as construction material
shifts this limit to somewhere between 18 and 25 NM. The figures also show that elongating the hull
has more effect than making the structure lighter, as the divergence distance of the 46.5 m long
aluminium catamaran lies beyond 23 NM.

The available space onboard of the vessel limits the available energy capacity of the battery system.
This is indicated by the red dotted curve in the figures. Note that the y-axis of the figures is a ratio: the
energy consumption of the electric ferry is normalized with the energy consumption of the diesel
powered ferry sailing the same distance. The available energy capacity of the vessel is thus also
normalized with the diesel energy consumption. Therefore the red dotted curve goes down if the
crossing distance increases, e.g. at 31 NM distance, the battery capacity equals the diesel energy
consumption, thus the red dotted curve is 1.0 at that point. In case of the elongated version, more space
is available, thus the red dotted curve is shifted upwards. The available space limits the crossing distance
on which the battery powered ferry can operate. This can be seen in the figures at the locations where
the red dotted curve intersects a blue curve.

The figures also show that for crossings shorter than 13 NM, every concept is feasible when the
design speed is 30 knots. In case of the carbon composite ferry with elongated hull, every crossing
shorter than 24 NM is possible at 30 knots. Comparing the blue curves with the black dotted lines also
gives an indication if the electric version is cost competitive with the diesel powered version.

The figures also explain the previous results. The 25 NM crossing can only be reached with the
elongated hull, as the resistance of the “normal” version increases too fast with a growing design
distance. In case of the elongated carbon composite version, it can be seen in figure 5.13 that with
positive margins (the solid blue curve), the required energy at 25 NM is larger than what fits in the
vessel (red dotted curve). This was already seen in table 5.3 (page 58, subparagraph 5.2.4), where the
values where crossed-out.

(&
]

| I I
estimation, including a +5% margin on displacement and resistance
— — estimation without margins
—-—- estimation, including a -5% margin on displacement
-------- maximum battery capacity that fits within the vessel
-------- target energy consumption
distance between Shekou and Hong Kong Airport
distance between Shekou and Zhuhai

~
I

energy-consumption-ratio [kWh/kthc300]

0 | | | | 1 } | | | | 1 1 | | | | 1 1 | L | | | 1 | | | | | |
5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
crossing distance [NM]

Figure 5.10: estimated energy consumption of the 39.5 m long aluminium battery powered concept ferry
plotted against design crossing distance. The energy consumption is normalized with the energy
consumption of the CC300 sailing that same distance. The design speed is 30 knots.
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estimation, including a +5% margin on displacement and resistance
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—-—- estimation, including a -5% margin on displacement
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Figure 5.11: estimated energy consumption of the 39.5 m long carbon composite battery powered concept
ferry plotted against design crossing distance. The energy consumption is normalized with the
energy consumption of the CC300 sailing that same distance. The design speed is 30 knots.
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Figure 5.12: estimated energy consumption of the 46.5 m long aluminium battery powered concept ferry
plotted against design crossing distance. The energy consumption is normalized with the energy
consumption of the CC300 sailing that same distance. The design speed is 30 knots.
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energy-consumption-ratio [kWh/kthc3OO]

Figure 5.13:

estimation, including a +5% margin on displacement and resistance

— — estimation without margins
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maximum battery capacity that fits within the vessel
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estimated energy consumption of the 46.5 m long carbon composite battery powered concept
ferry plotted against design crossing distance. The energy consumption is normalized with the
energy consumption of the CC300 sailing that same distance. The design speed is 30 knots.

5.5.5 Conclusion on Operation on a Shorter Crossing
The shorter the crossing, the higher the feasibility of the battery powered ferry, as a shorter distance
requires less energy, thus a smaller battery system, which results in a lighter ship with less resistance,
which further reduces the energy consumption.

The available space onboard limits the operational distance, but because of the uncertainties, there
is no hard limit, as seen by the three blue curves with different margins. It can be said that the 25 NM
crossing is on the edge of feasibility in case of the battery powered concept, in other words: for short
crossings, roughly below 25 NM, the battery powered ferry can be a feasible concept.
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5.6 Preliminary Conclusions

In this chapter, different ways of reducing the energy consumption where analysed, in order to answer
the following question:

How can the energy consumption of the electric concept ferry be reduced,
and what is the effect on the feasibility?

The short answer is, when looking at changes to the design:

Feasibility can be increased by elongating the concept vessel and by reducing the structural weight.
In case of the battery powered concept, feasibility can only be achieved with an elongated hull, and
future improvements will significantly improve its feasibility.

The short answer is, when looking at changes to the operational profile:

Reducing the design speed has little effect on the energy consumption,
but reducing the crossing s distance significantly increases the feasibility.

5.6.1 Battery Powered Catamaran

Reaching the other side of the 25 NM crossing is only possible with an elongated hull, in case of the
battery powered catamaran. For the original hull length, the iteration process diverges and no feasible
solution exists, independent of the structural material. Looking at costs, the battery powered ferry is
likely to be more expensive than the diesel powered ferry, but this depends on the electricity price and
diesel fuel price.

If the battery performance improves in the future, the feasibility increases. If battery cells would
have a specific energy of 1,000 Wh/kg, feasibility exists for all estimations, with a strong indication
that operating on batteries is cost competitive with operating on diesel fuel. Furthermore, it might even
be possible to convert existing vessels to battery powered ferries in the future.

Decreasing the design speed does not significantly reduce energy consumption, as the reduction in
resistance is roughly proportional to the increase in travel time. Furthermore, without changing the
timetable, the charging time at quay gets smaller if the travel time increases, making this option not
feasible.

Operating on a shorter distance increases the feasibility. It can be advised to consider a battery
powered ferry for short crossings, roughly shorter than 25 NM.

5.6.2 Hydrogen Powered Catamaran
For the hydrogen powered ferry, all analysed concepts are feasible, but all are more expensive than the
diesel powered ferry. The same is true in the future, when the fuel cell performance has improved.

Lowering the design speed also has little effect on the costs of the hydrogen powered ferry, for the
same reason as it has little effect for the battery powered ferry.

Changing the design crossing’s distance also does not have any significant impact on the total costs
of the hydrogen powered ferry in comparison to the diesel powered ferry.

For the case study crossing of 25 NM, the hydrogen powered version is likely to be the better choice,
as the battery powered version is on the edge of feasibility. So it can be advised to consider a hydrogen
fuel cell powered ferry for long crossings, roughly longer than 25 NM.

As mentioned before, costs is not the most important aspect of this analysis. The reduction in
pollution, and all other negative effects of emissions, might be worth the extra costs. Because the costs
of the hydrogen powered ferry are likely to be higher than that of the battery powered version, it makes
sense to only consider hydrogen for distances beyond 25 NM, which cannot be reached by the battery
powered version.
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Supported Concept
Catamaran

From the previous chapter follows that on the 25 NM crossing, a battery powered catamaran is on the
edge of feasibility, i.e. it might not be feasible. So a more extreme reduction in resistance is required.
The hydrogen powered ferry is feasible, but due to the cost increase, it would also benefit from a more
severe resistance reduction.

Looking at fast ferries, multiple vessels operate on hydrofoils, because these underwater wings can
result in a significantly lower resistance. The Norwegian start-up company Flying Foil also plans to
have its first battery powered ferry operational in 2022, and it will be a hydrofoil supported catamaran
that can reach 35 knots [14]. This raises the following question:

How much can a hydrofoil system reduce the resistance
and energy consumption of the electric concept ferry?

Structure of this Chapter
Paragraph 6.1 will first explain the basics of hydrofoils. The concept design of the hydrofoil system
can be found in paragraph 6.2. The estimated resistance and energy consumption is discussed in
paragraph 6.3, in which the estimation method is explained first. Paragraph 6.4 contains the
conclusions on hydrofoils.
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6.1 Basics of Hydrofoils

A hydrofoil is an underwater wing that generates lift when it moves through the water. The faster it
goes, the higher the lift, and a larger part of the vessel rises above the water. If the hull of the vessel is
completely out of the water, the vessel is fully foilborne. If the hull is no longer in the water, the
resistance is much lower. Besides lowering the resistance, foilborne vessels can also have better
seakeeping characteristics, create a smaller wash, and experience less speed variations due to incident
waves [100].

An example of a hydrofoil catamaran is the Foilcat, which is seen in fully foilborne condition in
figure 6.1. The 35 m long Foilcat has a 378 passenger capacity and a maximum speed of 45 knots [102].
One of the advantages of a catamaran over a monohull, in case of hydrofoil vessels, is the absence of
the resistance hump [100], which is illustrated by Van Walree in figure 6.2.

An important reason hydrofoil vessels are not dominating the maritime world, are the higher costs
associated with these ships. The complexity of the system increases the initial investment. Furthermore,
frequent maintenance is required, in order to keep the hydrofoil surfaces smooth enough, which is
important when looking at lift, drag and cavitation [100].

Figure 6.1: Foilcat, a hydrofoil catamaran, in fully foilborne [102]

condition.
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Figure 6.2: illustration of the resistance hump of a [100]

monohull hydrofoil vessel.

6.1.1 Hydrofoil System Configuration

In general, a hydrofoil system consists of two or more hydrofoils, each connected to the hull by one or
more struts. The hydrofoils can be either free-surface piercing or fully submerged. This is illustrated in
figure 6.3.
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Free-surface piercing systems are self-stabilizing with respect to vertical position, heel and trim
[100]. A fully submerged hydrofoil systems require active control mechanisms to keep the vessel in
balance, but they are more efficient. Controlling fully submerged hydrofoils is possible with flaps,
similar to how airplanes are controlled. The Foilcat is also equipped with fully submerged hydrofoils,
as seen in figure 6.1.

Figure 6.3: illustration of the two main hydrofoil © R. Pioch, Popular

types, free-surface piercing (on the left) Science, vol. 202,
and fully submerged (on the right). nr. 4,1973

6.1.2 Main Particulars of a Hydrofoil

A rectangular foil has three main dimensions: span (s), chord length (c) and thickness (t). These
dimensions can be seen in figure 6.4. The planform area (A4) is the projected area of a wing, which is
the span times the chord length, in case of a rectangular shaped foil:

A=s-c (61)

The aspect ratio (AR) can be seen as the slenderness ratio of a foil. It is in this case the span divided by
the chord length:

AR =2 6.2
-: (62)

Figure 6.4: illustration of the main dimensions of a hydrofoil.
Indicated are the chord length (c), span (s),
thickness (t) and planform area (A).

6.1.3 Lift and Drag Characteristics of a Hydrofoil

A hydrofoil generates a force when it is subjected to a fluid flow. This force can be split into lift
(perpendicular to the free-stream flow), and drag (parallel to the flow). This is illustrated in figure 6.5.
The letters L and D are used to indicate lift and drag respectively, but because these letters are also used
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to indicate the length and draft of the ship, F; and F will be used in the remainder of this thesis to
indicate lift and drag.

The equations for lift and drag are similar to each other; both are a function of a coefficient (C; and
Cp respectively), the fluid density (p), the velocity of the vessel (V), and the planform area of the foil
or wing (A):

F,=C, %pV?-A (63)
Fp=Cp-YapV?-A (64)

,.:lllll’l[..-'

Figure 6.5: foil-profile with chord length ¢, positioned [100]
in a fluid flow with velocity U, under an
angle of attack a. As a result, a force (F) is
generated, which can be split into lift (L)
and drag (D).

Figure 6.6 shows the typical characterises of a wing: lift coefficient (C,), drag coefficient (C) and their
ratio (L /D), as function of angle of attack (a, indicated in figure 6.5).

It is desirable to have a lift coefficient that is as high as possible, while at the same time the drag
coefficient should be as low as possible. In other words: the lift/drag-ratio should be as high as possible,
e.g. in figure 6.6, the optimum is L/D = 32, at an angle of attack close to zero degrees.

The highest achievable lift for the wing of figure 6.6 is more than 1.6, for an angle of attack of
slightly above 16 degrees. This is however the start of stalling and this point should be avoided. Stalling
is a condition where separation occurs in the flow around the foil. As a result the lift drops and the
resistance increases.

Cavitation

Cavitation can occur because the working of a foil is based on a pressure difference, similar to the
blades of a propeller. Water vapor is created in a region where the pressure is lower than the vapor
pressure. If these vapor bubbles get into a region with a higher pressure, they collapse. The creation and
collapsing of these vapor bubbles is called cavitation. The negative effects of this phenomenon are
noise, vibrations and damage, as well as a lower efficiency of the hydrofoil.

Cavitation limits the speed of a hydrofoil vessel to around 50 knots, and above this speed
supercavitating hydrofoils must be used to prevent cavitation damage [100]. According to Hoerner et
al., cavitation becomes a problem for speeds in excess of 35 knots [103]. Because the design speed of
the electric ferry is lower (30 knots), it is assumed that cavitation is not a problem.

3D and Interference Effects
Each foil-profile has its own characteristics, similar to the one as seen in figure 6.6. These coefficients
are the free-stream characteristics of a two-dimensional foil, meaning: a foil with an infinite span placed
in an empty infinite fluid. These values are not representative for a real hydrofoil. This is due to 3D and
interference effects. In general, the larger the hydrofoil, the larger these effects. The three main factors
that influence lift are the following:

e Finite aspect ratio;
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e Presence of the water surface;

o Disturbance to the inflow of the aft foil, due to the presence forward foil.
The specified drag coefficient is only the parasitic drag coefficient, which is related to the pressure
distribution over the foil. There are more components that have to be take into account:

e Friction drag;

e Induced drag;

o Wave making drag;

o Interference drag;

e Spray drag.
Appendix C.2 describes how the magnitude of the lift is determined, and appendix C.3 contains
information on the determination of the drag of the hydrofoil system.
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Figure 6.6: typical characteristics of a wing. [104]
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6.2 Concept Design of the Hydrofoil System

Before estimating the resistance of the electric hydrofoil vessel, a concept design has to be made.
Especially the size of the system is important for determining the resistance.

6.2.1 Hydrofoil Type, Foil Submergence and Strut Height

The concept will be equipped with fully submerged hydrofoils, because they have a higher efficiency
than surface piercing foils. The system consists of two foils, a forward foil and aft foil, and each carries
50% of the weight.

For a higher efficiency, the foil submergence should be as large as possible. However, a larger
submergence does require larger struts, which has a negative effect on the resistance, as well as on the
weight of the system. Furthermore, the submergence might be limited by other factors, such as the water
depth. For the concept ferry, a hydrofoil submergence in fully foilborne condition of 2.5 m is chosen,
which is based on the Foilcat [102].

The hull of the vessel will be lifted to 0.9 m above the waterline, which leads to a total hydrofoil
system height of 3.4 m. The hull draft of the Coastal Cruiser 300 is 1.3 m [15], so the total hull borne
draft would be 4.7 m, the same hull borne draft as the Foilcat [102]:

1.3 [m hull draft] + 3.4 [m hydrofoil system height] = 4.7 m

6.2.2 Hydrofoil Span, Chord Length and Thickness

Because a higher aspect ratio leads to a higher efficiency, the span must be as large as possible, but not
wider than the overall beam of the vessel: s < B,, = 10 m. The effective span is lower, as no lift is
generated at the strut-foil connection points. Therefore a span of 9 m is assumed. Because the span is
fixed, the chord length can be directly related to the planform area:

A
c== with s =9m Ref. ( C.16 )

The chord length cannot be determined beforehand, as the required planform area is determined by the
lift that the foils have to generate, the speed at which they operate, and the lift coefficient, as seen in
equation C.4.

P Ref. ( C.4

= vV ef.(C4)
The free-stream lift coefficient is a property of the foil profile. NACA profiles are commonly used for
hydrofoils [100], as these profiles are extensively tested. Looking at the characteristics of different
profiles [105], a lift and drag coefficient of respectively 0.8 and 0.01 are common numbers. A lift
coefficient of 1.0 is achievable, but around 20% has to be reserved in order to control trim for example
[100].

According to Faltinsen [100], the pressure distribution over a hydrofoil should be relatively flat, as
large suction peaks increase the risk of cavitation. An example of such a foil is the NACA 64 series
[100]. The NACA 64:-212 is one of the profiles in this series, and it has, at an angle of attack of around
6°, the same characteristics as mentioned above: a lift and drag coefficient of respectively 0.8 and 0.01
[105].

The thickness of the hydrofoil has a fixed ratio with its chord length. The ratio is determined by the
foil profile, and in case of the NACA 641-212 the thickness is 12% of the chord length: t/c = 0.12.
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6.2.3 Propulsion System

Many hydrofoil vessels use waterjet propulsion. Like the Coastal Cruiser 300, the Foilcat is a catamaran
with waterjet propulsion. Operating on hydrofoils has an impact on the performance of the propulsion
system. This subparagraph discusses how that is taken into account.

Waterjet

When the vessel is fully foilborne, the hull is no longer in contact with the water. This means that the
inlet duct of the waterjet has to be altered. In general, the inlet is located at the same depth as the
hydrofoils, and the inlet duct goes through a strut. This means that the waterjet system becomes less
efficient, as more energy is required to get water into the pump section of the waterjet. An illustration
of the situation can be seen in figure 6.7.

&C
Figure 6.7: illustration of a waterjet system in a hydrofoil

vessel. The inlet duct now consists of two 90°
bends and a vertical part in between.

The required amount of additional power can be estimated by looking at the theory for pipe flow
systems, where the required pump power is a function of pressure difference and volume flow [106]:

P=Ap-Q ( 65 )

Pressure difference (Ap) is in this case is the loss in the intake of the waterjet. The two main components
of the pressure difference are the height difference (Az) and the two 90 degree bends:

Aploss = Aploss,hel‘ght +2 X Aploss,bend ( 6.6 )
The pressure difference due to the height can be calculated with the following formula [106]:
Aploss,height = pgAz (67)

As mentioned in subparagraph 6.2.1, the foil system height is 3.4 m, so the pressure difference due to
height is 34 kPa:

APiossheigen = pgAz = 1,025+ 9.81 - 3.4 = 34 kPa
The pressure loss in a bend can be calculated with the following formula [106]:

Aploss,bend =d- 1/2sz ( 6.8 )

The resistance factor (¢) of a 90 degree bend is roughly 0.4 [106]. Based on the available data [107],
the volume flow (Q) is estimated to be 5 m3/s. Combined with an inlet duct diameter of 0.75 m [108]
results in a flow velocity (V) of 11 m/s:
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5
=7 :%_0752 =11m/s ( 69)

The pressure loss that follows from this is 25 kPa:
Apiosspena = ¢ " ¥opV? = 0.4 X %+ 1,025 112 = 25 kPa

So the total pressure loss is estimated to be 84 kPa (as calculated with equation 6.6):
Apioss = DPiossheight T 2 X APiosspena = 34 [kPa] + 2 x 25 [kPa] = 84 kPa

The additional required power that follows from this pressure loss is 420 kW (as calculated with
equation 6.5):

Ploss = APioss - @ = 84 [kPa] - 5 [mB/S] =420 kW
This means that the engines need to deliver roughly 30% more power to overcome the losses [15]:

1,440 + 420 [kW]

= 1.
1440 [kW] 3

The efficiency of the waterjet is in the order of 70% [107]. This efficiency drops to around 54% in case
of a fully foilborne ship:

70% [hull borne ef ficiency]

. — — 540
Mwater jet 1.3 ["power ratio"] %

This low propulsion efficiency makes the waterjet not the best option for the hydrofoil powered
catamaran. Another drawback related to this is the strut size; in order to house the inlet duct, larger
struts are required, which also increase the resistance.

For higher speeds, e.g. 45 knots instead of 30 knots, the required propulsion power is much higher,
while the required power to move the water through the suction line is not significantly higher [107].
Thus the efficiency goes up if the speed increases. At these higher speeds, a waterjet is generally also
more efficient than a propeller. Therefore a waterjet is suitable for faster hydrofoil vessels such as the
Foilcat, but not for the electric version of the Coastal Cruiser 300.

Propeller

In this thesis, the hydrofoil concept will be propelled by propellers instead of waterjets. Their efficiency
at 30 knots is in the order of 65% [103], which is much higher than that of the waterjet. Johnston also
states that below 40 knots, the sub-cavitating propeller is by far the most efficient device for producing
thrust, with efficiencies up to 0.8 [109]. An example of a hydrofoil propelled catamaran is the Foilcat
2900, a vessel with a 140 passenger capacity and a service speed of 45 knots [110]. Be aware that this
Foilcat 2900 is a different vessel than the Foilcat (without 2900°) as mentioned before.

The high propeller efficiency applies to hydrofoil vessels, where propellers operate close to open
water conditions, as they are not located in the wake of the ship. Furthermore, because the hydrofoil
struts act as rudders, no additional appendages are required that would decrease the overall efficiency
of a propeller propelled ship. Compared to a waterjet propelled hydrofoil vessel, the struts can even be
smaller, because the propeller drive shaft diameter is a lot smaller than the waterjet inlet duct diameter.
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This means that the resistance is also slightly lower, when comparing the propeller vessel with the
waterjet vessel.

The shaft will go vertical through the strut, while the propeller shaft is orientated horizontally. So
a gear is required, which means some additional losses have to be taken into account. Therefore, 60%
propulsion efficiency can be assumed, which is still higher than the efficiency of the waterjet.

A disadvantage of propeller propulsion in a hydrofoil system, is the risk it brings with it. Both
hydrofoil system and propulsion system are susceptible for critical failure due to a collision, for example
with debris.

6.2.4 Number of Struts and Strut Dimensions

When looking at resistance, the number of struts should be as small as possible. When looking at struts
from a structural point of view, the number might be higher. Taking both into account has led to three
struts per foil. A similar design can be seen in figure 6.8, which shows the aft hydrofoil system of the
Jetfoil, a hydrofoil supported monohull from the airplane manufacturer Boeing. This figure shows that
the outward struts have a similar size as the hydrofoil, but the middle strut is a lot larger to support the
waterjet intake.

© R. Pioch, Popular Science,
Figure 6.8: aft hydrofoil system of the Boeing Jetfoil. ~ vol. 202, nr. 4, 1973

For the concept ferry, the chord length and thickness of the struts is equal to the hydrofoil that they
support, as this is in line with existing hydrofoil vessels such as the Boeing Jetfoil from figure 6.8.

The two struts that also support the propulsion system might be larger, because their thickness
should at least be thick enough to support the drive shaft of the propeller. The shaft that drives the
waterjet in the Coastal Cruiser 300 has a diameter of 130 mm [108]. Doubling this value, to take the
shaft bearings into account, as well as a margin, results in 0.3 m. Thus the strut thickness of the propeller
supporting aft struts (ts;yue,, ft) is equal to the foil thickness (t), but not smaller than 0.3 m:

Cstrutgs = max{t, 0.3 [m]} (6.10)

The propulsor supporting struts not only have a minimum thickness, but also a minimum chord length.
In this thesis it is 1.2 m, which is four times the minimum thickness. This ratio of four is based on the
NACA 2424 airfoil, which has a chord length of four times the thickness, while the parasitic drag
coefficient is still similar to that of the hydrofoil and other struts (Cp o = 0.01) [104]. Thus the chord
length of the propeller supporting aft struts (cstrutm) is equal to the foil chord length (c), but not

smaller than 1.2 m:

Cstrutqpe = max{c, 1.2 [m]} (6.11)
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If instead the same t/c-ratio of 0.12 is used as for the hydrofoil and the other struts, the minimal chord
length would be 2.5 m, which is the same as the hydrofoil submergence:

03 _ .
012 ™

6.2.5 Overview of the Concept Hydrofoil System
Figure 6.9 shows an illustration of the hydrofoil system. The two main components are the (horizontal)
hydrofoils and the (vertical) struts.

Hydrofoils
The concept has two hydrofoils in tandem configuration, each carrying half the weight of the vessel.
The main parameters of each hydrofoil are the following:

e (;, = 0.8, free stream lift coefficient;

e (Cp, = 0.01, parasitic drag coefficient;
e h = 2.5m, hydrofoil submergence;
e s =9m,span,
e, chord length;
o t=/[t/c]"c,thickness (t/c = 0.12);
Struts
Each hydrofoil is supported by three struts. Each strut has the same chord length and thickness as the

hydrofoil, except for the two propulsor supporting struts, which have a minimum chord length and
thickness of 1.2 m and 0.3 m respectively.

h e { —fl- teruldq
Y Y
A
» b ]
S
- >

Figure 6.9: front view of the concept hydrofoil system, with
the forward foil on the left and aft foil on the right.



Analysis of a Hydrofoil Supported Concept Catamaran

6.3 Resistance Estimation of the Hydrofoll
Supported Electric Concept Ferry

Compared to existing hydrofoil vessels, two major differences can be mentioned for the hydrofoil
supported version of the electric ferry concept:

o Relatively larger weight;

o Relatively lower speed.
Both these differences require a larger hydrofoil system, which follows from the equation for the lift
(equation 6.3):

PR A =
C,-%pV2 V2

(6.12)

So the hydrofoil system is relatively large, and a larger hydrofoil system has two consequences:
e Larger 3D and interference effects;
e Larger resistance [equation 6.6].

Fp=Cp-YpV?-A Ref. ( 6.6 )

Especially the larger 3D and interference effects pose a problem, because they decrease the effective
lift coefficient. This means that an even larger hydrofoil is required which also increases the magnitude
of the interference effects. This cycle can be repeated until a break-even point is found, but when the
mass is too larger, the process diverges and no feasible solution exists.

6.3.1 Estimation Method

Figure 6.10 presents an overview of the estimation method for determining the drag of the hydrofaoil
system.

input hydrofoil mass hydrofoil size resistance
Acar d Mf " ¢
ol
c »| 3D and
. inter- q
g _| ference " Fo
V effects

Figure 6.10: overview of the resistance estimation method for the hydrofoil supported
ferry. The arrows indicate how the components are related to each other.

Hydrofoil Mass and Displacement
The first step is estimating the mass of the hydrofoil system (M,;;). In this thesis it is estimated based

on the displacement of the catamaran (A.,;), according to equation C.1 [111] from appendix C.1. This
is an iterative process, as the mass of the foil system increases the displacement of the vessel.

,A
Moy = | 0.020 + 0.031 %‘5 “Acat Ref.( C.1)
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Hydrofoil Size and Effective Lift Coefficient

The weight of the ferry is in balance with the lift (F;) of the hydrofoil system. This required lift,
combined with the velocity of the ship (V) determines the size of the hydrofoil system, which is only
determined by the chord length (c), as the span (s) is fixed:

A
c=;, withs =9m Ref. ( C.16)

With:

Fy Acat
A=—1tt ith: F, =
c, vepvz ~VHEIRLTT

g Ref.( C.4 )

Note in equation C.4 that the displacement of the catamaran is divided by two, as each foil carries half
the weight.

3D and interference effects influence the lift coefficient of the hydrofoil, and thus the size of the
hydrofoil system. The size of the hydrofoil determines the magnitude of the effective lift coefficient,
and the effective lift coefficient determines the size of the hydrofoil. Thus determining the size of the
hydrofoil system is also an iterative process, as indicated by the red arrow in figure 6.10.

The following equations, derived in appendix C.2, are used to estimate the effective lift coefficient:

. [ C,
CL,forward = min {(CLO ' C_ )v CL,max,forward} Ref. ( C.17 )
L~Lo water-surface
. C | CL
CL,aft = min CLO . C_ . C_ ) CL,max,aft Ref ( C.18 )
LO-water—surface Lo foil-foil
With:
e (,=08
(¢, ] Fry\/®
o |— =exp(—=0.2-¢)- (—) Ref.( C.9 )
CL, 2
- ‘water-surface
]
. C—L =0.75 Ref.( C.7 )
Lol poir Foil
F
o Crmax = ——— Ref. ( C.15 )
max YapV? - Apin
o Amin =S Cmin Ref. ( C.14 )
-3/2
o 19z o t/c Ref. ( C.13 )

Cmin = b f (_FL 7s

It can be noted that the result of equation C.17 and C.18 is the minimum value of two options. That is
because the maximum lift coefficient is limited: if it would be too large, the foil size would be too small,
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and a too small hydrofoil is not strong enough to carry the weight of the vessel. This is explained in
Appendix C.2.4.

Resistance of the Hydrofoil System
The final step is determining the total resistance of the hydrofoil system (Fp), which consists of the
following components:

e Friction drag (Fp friction):

e Parasitic drag (Fp parasitic);

e Induced drag (Fp ingucea):;

e Wave making drag (Fp yaves);

e Interference drag (Fp interference);

b Spray drag (FD,spray)-

The total drag (Fp) can be calculated with the following equations, which follow from appendix C.3:

FD = (FDf"”)forward + (FDf"”)aft + FD,interference + FD,spray Ref. ( C.35 )
With:
hd FDfm-l = FD,friction + FD,parasitic + FD,induced + FD,waves Ref. ( C.36 )
With:
© Fp friction = Cr " ¥2pV? * Arotar Ref. ( C.22)
. Cr = 0.075 Ref.( B.2 )
F™ (log,o Rn — 2)? ' '
V-
« pRpn=_°S Ref. ( C.21)
v
" Atotalforward =(s+3xh)- Cforward Ref. ( C.19)
= Arotalyy, = (SH1IXH) ¢+ (2Xh) " Cotrueyy, Ref. ( C.20 )
* Cstrutepe = max{c, 1.2 [m]} Ref. ( 6.11 )
o FD,parasitic = CDO ’ 1/2pV2 *Atotalr with: CDO = 0.01 Ref. ( C.23)
O Fpinducea = Cpi- ¥%2pV?- A Ref. ( C.24)
. g, = Gk [4R th |2 |06  Ref.(C26)
" A=s-c Ref. ( 6.1 )
o Fpwaves = Cpw * YopV? - A Ref. ( C.27 )
c C? -2
" CDW_OSEF_,fexp<F_n,21> Ref(C28)
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° FD,interference = Z CDt : 1/2sz ' tz Ref. ( C.29 )
struts
o Cpe =17 (t/c)? —0.05 Ref. ( C.30 )
° FD,spray = Z CDspray ) tsztrut ’ 1/2sz ’ with CDspray =0.24 Ref. ( C.31 )
struts
o Ustrut =t

o In case of the propeller supporting aft struts:

tstrutaft = max{t, 0.3 [m]} Ref. ( 6.10 )

6.3.2 Battery Powered Ferry on Hydrofoils

The method that is described above can be used to estimate the resistance and energy consumption of
the battery powered concept ferry, with a power and propulsion system mass as estimated in appendix
A.1.10. The result is the blue solid curve that can be seen in figure 6.11 and 6.12. The two additional
blue curves in these figures are from the estimation with a 10% margin on lift coefficient and the
resistance (blue dashed curve), and with a 20% margin on the lift coefficient and the resistance (blue
dash-dotted curve). A 10% or 20% higher lift coefficient can also be interpreted as a 10% or 20% lower
total mass of the vessel.

3

N

-
T

resistance-ratio [kW/chcsoo]

------- estimated conventional catamaran resistance
estimated hydrofoil vessel drag without margins
— — estimated hydrofoil vessel drag with 10% margins
—-—- estimated hydrofoil vessel drag with 20% margins

0 ! L ! ! I
25 30 35 40 45 50

velocity [knots]

Figure 6.11: resistance estimation of the 39.5 m long battery powered carbon composite ferry (red dotted
curve) and its hydrofoil version (blue curves), plotted against velocity. The resistance is
normalized to the resistance of the CC300 at 30 knots. The margins are included as positive
margins on the lift coefficient (higher C;) and as negative margins on the resistance (lower
Fp).

Resistance
Figure 6.11 shows that only the hydrofoil system with a 20% higher lift coefficient leads to a feasible
result at a speed of 30 knots. The other two hydrofoils are too large, with too large 3D and interference
effects that a feasible vessel does not exist at the design speed.

The resistance of the catamaran concept without hydrofoils is also plotted in the figure (red dotted
curve), and it is estimated based on the method as described in the previous chapter (subparagraph
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5.4.1). The result clearly shows that at a speed of around 45 knots, the design speed of many existing
hydrofoil vessels [102] [110], the resistance of the hydrofoil vessel is around 40% lower than that of
the 39.5 m long carbon composite catamaran. Another way to look at it is that the resistance of the
hydrofoil vessel at 45 knots is roughly the same as that of the traditional catamaran at 32 knots. This
shows that hydrofoils are more suited for speeds in excess of 40 knots.

Energy Consumption

Figure 6.12 shows the energy consumption of the hydrofoil vessel (blue curves), as well as of the
comparable catamaran without hydrofoils (red dotted curve). In this figure it can be seen that the energy
consumption at 45 knots of the hydrofoil ferry is around 30% lower than of the traditional catamaran.
This difference is smaller than the difference in resistance, which is due to the difference in propulsor
efficiency (around 17% [equation C.33]).

The target energy consumption (equation 5.3, see below) is also included in the figure (black dotted
lines). The energy consumption falls well within the target region, which makes it look like this is might
also be financially feasible. This is however not the case. First of all the target ratio is not really
representative as it does not take the extra costs of the hydrofoil system into account. But more
importantly, because the resistance ratio is higher than 1.0, as seen in figure 6.11, the electrical
propulsion system must be more powerful, which means that the mass increases, thus the cycle starts
all over again. Because the estimation diverges, no feasible solution exists for the battery powered ferry
on hydrofoils.
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-

------- estimated conventional catamaran energy consumption
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— — estimated hydrofoil vessel energy consumption with 10% margins
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Figure 6.12: energy consumption estimation of the 39.5 m long battery powered carbon composite
ferry (red dotted curve) and its hydrofoil version (blue curves), plotted against velocity.
The energy consumption is normalized to the energy consumption of the CC300 at 30
knots, and the target energy consumption is included as well (black dotted lines). The
margins are included as positive margins on the lift coefficient (higher C,) and as
negative margins on the resistance (lower Fp).

6.3.3 Hydrogen Powered Ferry on Hydrofoils

For the hydrogen powered version of the hydrofoil catamaran, a break-even point does exist. This means
that the estimation method from figure 6.10 can be expanded to the method as seen in figure 6.13. It
can be seen that the varying mass of the power and propulsion system (Mpp) leads to an additional
iterative process.
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Resistance

Figure 6.14 shows that at 30 knots, a feasible solution only exists if the lift coefficient is 20% higher
(blue dash-dotted curve) than what is used in the estimation method (blue solid curve). It can also be
seen that for higher speeds the resistance of the hydrofoil ferry is much lower than the catamaran without
hydrofoils. For a design speed of 45 knots, the resistance of the hydrofoil ferry is around 60% lower
than that of the traditional catamaran, but at 30 knots, the resistances are similar, when the 20%
resistance margin is included.

input variable  hydrofoil mass hydrofoil size resistance
Acat Mo 1
c » 3D and
N inter-
ference Fp
4 effects
< P;
MPP E1L
C

Figure 6.13: overview of the resistance estimation method for the hydrofoil supported ferry. The
arrows indicate how the components are related to each other.
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Figure 6.14: resistance estimation of the 39.5 m long hydrogen fuel cell powered carbon composite ferry
(red dotted curve) and its hydrofoil version (blue curves), plotted against velocity. The
resistance is normalized to the resistance of the CC300 at 30 knots. The margins are included
as positive margins on the lift coefficient (higher C;) and as negative margins on the resistance
(lower Fp).

Energy Consumption

Figure 6.15 shows the energy consumption of the hydrofoil catamaran is barely below the target, which
is indicated by the black dotted lines (equation 5.4 on the next page). Because the target is likely to
move down to take the costs of the hydrofoil system into account, it can be concluded that a hydrofaoil
version of the hydrogen powered catamaran is also not a feasible solution.
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Figure 6.15: energy consumption estimation of the 39.5 m long hydrogen fuel cell powered carbon
composite ferry (red dotted curve) and its hydrofoil version (blue curves), plotted against
velocity. The energy consumption is normalized to the energy consumption of the CC300
at 30 knots, and the target energy consumption is included as well (black dotted lines).
The margins are included as positive margins on the lift coefficient (higher C,) and as
negative margins on the resistance (lower Fp).
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6.4 Conclusions on Hydrofoils

A severe reduction in resistance is desirable for both the battery powered and hydrogen powered
concepts. Multiple fast ferries operate on hydrofoils, because such a ship type has a lower resistance at
the design speed than a comparable ship without hydrofoils. Therefore, the following question was
written at the beginning of this chapter:

How much can a hydrofoil system reduce the resistance
and energy consumption of the electric concept ferry?

The short answer is:

A hydrofoil system cannot reduce the resistance of the electric concept
ferry at 30 knots, nor does it reduce the energy consumption.

The large weight of the electric vessel requires a large hydrofoil system. Large hydrofoils suffer from
large 3D and interference effects, which lower the effective lift coefficient. Because the effective lift
coefficient is lower, the required size of the hydrofoil should be larger. If the size of the hydrofoil
increases, the 3D and interference effects increase as well. This process can be repeated, but because it
diverges, no feasible solution is found. Only the result with a 20% margin on the lift coefficient
converges to a break-even point, but the resistance at this point is still higher than of the vessel without
hydrofoils, despite the 20% resistance margin that is included as well.

Because it is not even close to a feasible option, it can be safely assumed that another ship type with
hydrofoils, such as a monohull, is not an option either, if the displacement of the vessel is not
significantly lower.

This chapter did show that at higher speeds, e.g. 45 knots, the resistance of a hydrofoil system is
much lower than that of a similar vessel without hydrofoils. The relative resistance at higher speeds is
much lower, but in absolute terms not so much. As a result, the energy consumption at higher speeds is
also not much lower, compared to a conventional catamaran at 30 knots. Therefore, it can be concluded
that hydrofoils are not suited for the electric concept ferry of this thesis.
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Decreasing emissions has a positive effect on the global climate, as well as on the local air quality.
Therefore, more and more vehicles are replaced by emission free electric vehicles. This transit to electric
transportation also takes place in Shenzhen, a city in China where more than 12 million people live
[16]. In 2018, Shenzhen became the first city in the world to have a 100% fully electric public bus fleet;
with support from the government, they replaced all 16 thousand busses in a timespan of only eight
years [9].

In the surrounding waters of Shenzhen, there are also many fast passenger ferries operational, such
as CoCo Yacht’s Coastal Cruiser 300. Because Shenzhen is motivated to go all-electric, it is desirable
to replace these polluting diesel powered ferries with emission free versions.

This project is a case study for an emission free replacement for the Coastal Cruiser 300, operating
between Shekou and Zhuhai, a crossing distance of 25 NM. The concept ferry is a catamaran that is
capable of transporting 300 passengers with a speed of 30 knots.

Structure of this Chapter

The conclusion that can be drawn from this study can be found in paragraph 7.1, which also contains
the main research question and its answer. This paragraph contains an overview of all conclusions from
the previous chapters, followed by an overall conclusion in subparagraph 7.1.5. The final topic of this
report is the recommendations, which can be found in paragraph 7.2.
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7.1 Conclusions

During this thesis, the feasibility of an emission free replacement ferry for the Coastal Cruiser 300 was
analysed. The main research question is the following:

How feasible is an emission free catamaran as a
replacement for the Coastal Cruiser 300, operating
as a fast passenger ferry in Shenzhen, China?

The short answer for the current situation, regarding the case study ferry crossing of 25 NM, is:

The hydrogen powered version is likely to be the better choice,
as the battery powered version is on the edge of feasibility.

The short answer for the expected future situation is:

The battery powered version is likely to be the better choice,
as al conventional concepts are feasible, but the costs are
possibly lower than that of the hydrogen powered ferry.

The general short answer for a fast ferry (30 knots, 300 passenger) is the following:

The battery powered concept ferry is feasible for shorter crossings (< 25 NM),
and the hydrogen powered concept is feasible under all analysed conditions.

7.1.1 Exploration of Emission Free Propulsion Methods
Currently most fast ferries operate on internal combustion engines that run on diesel fuel. In order to
operate emission free, another propulsion method has to be installed on the vessel. The question is:

What are suitable methods of emission free propulsion,
and what is the main problem when implementing them into a ferry?

Two options remained after analysing different methods for emission free propulsion: battery powered
and hydrogen fuel cell powered. Operating on supercapacitors is similar to operating on batteries, but
because they are heavier and more expensive than batteries, supercapacitors were not chosen as an
option. Solar cells were also not be implemented in the concept design, as their contribution is negligibly
small.

The main problem of batteries is its large mass, and the hydrogen powered ferry suffers from a large
increase in fuel costs, as hydrogen is much more expensive than diesel fuel. So in both cases, the energy
consumption must be sufficiently low.

Costs related to the power and propulsion system were also analysed. It is however important to
keep in mind that costs is not the most important aspect of the emission free ferry. The reduction in
emissions might be worth the additional costs. Furthermore, it might lead to a reduction in indirect costs
related to pollution.

7.1.2 Implementing the Electric Propulsion Systems into the Design
The next step was to combine the two electric propulsion systems with the design of the current Coastal
Cruiser 300. Because energy consumption is an important aspect, the following question was raised:

What is the impact on energy consumption,
when implementing the emission free propulsion systems
into the design of the Coastal Cruiser 300,
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and how does that impact the total costs?

A Dbattery powered version is not feasible, because the weight of the vessel is too large, resulting in a
too large increase in resistance and energy consumption. Thus a reduction in energy consumption is
desirable to achieve a feasible battery powered fast ferry.

The hydrogen powered ferry is feasible, but the higher costs make a reduction in energy
consumption desirable.

7.1.3 Analysis of Ways to Reduce the Energy Consumption
The desire to reduce the energy consumption has led to the following question:

How can the energy consumption of the electric concept ferry be reduced,
and what is the effect on the feasibility?

Energy consumption can be influenced by changes in design (i.e. elongated hull, lighter structure and
improved system performance in the future), as well as by changes in the operational profile (i.e. sailing
at a lower speed and operating on a shorter distance). The effect of changing these parameters was
analysed for both the battery and hydrogen powered ferry.

Battery Powered Concept Ferry

In case of the battery powered catamaran, operating on the 25 NM crossing is only possible with an
elongated hull. A lighter structure improves the feasibility of the elongated version, but it has no effect
on the concept with the original length. Looking at costs, the battery powered ferry is likely to be more
expensive than the diesel powered ferry, but this depends on the electricity price and diesel fuel price.

If the battery performance improves in the future, the feasibility increases. With 1,000 Wh/kg
batteries, feasibility exists for all estimations, with a strong indication that operating on batteries is cost
competitive with operating on diesel fuel.

Decreasing the design speed does not significantly reduce energy consumption, as the reduction in
resistance is roughly proportional to the increase in travel time. Furthermore, without changing the
timetable, the charging time at quay gets smaller if the travel time increases, making this option not
feasible.

Operating on a shorter distance increases the feasibility. It can be advised to consider a battery
powered ferry for short crossings, roughly shorter than 25 NM.

Hydrogen Powered Ferry
For the hydrogen powered ferry, all analysed concepts are feasible, but all are more expensive than the
diesel powered ferry. The same is true in the future, when the fuel cell performance has improved.

Lowering the design speed also has little effect on the costs of the hydrogen powered ferry, for the
same reason as it has little effect for the battery powered ferry.

Changing the design crossing’s distance also does not have any significant impact on the total costs
of the hydrogen powered ferry in comparison to the diesel powered ferry.

For the case study crossing of 25 NM, the hydrogen powered version is likely to be the better choice,
as the battery powered version is on the edge of feasibility. So it can be advised to consider a hydrogen
fuel cell powered ferry for long crossings, roughly longer than 25 NM.

As mentioned before, costs is not the most important aspect of this analysis. The reduction in
pollution, and all other negative effects of emissions, might be worth the extra costs. Because the costs
of the hydrogen powered ferry are likely to be higher than that of the battery powered version, it makes
sense to only consider hydrogen for distances beyond 25 NM, which cannot be reached by the battery
powered version.

7.1.4 Analysis of a Hydrofoil Supported Concept Catamaran

The final topic that was analysed in this project is the hydrofoil supported concept, because a more
severe reduction in energy consumption is still desirable. Multiple fast ferries operate on hydrofoils,
because these underwater wings can significantly lower the resistance. This raises the following
guestion:
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How much can a hydrofoil system reduce the resistance
and energy consumption of the electric concept ferry?

Compared to the existing hydrofoil vessels, there are two major differences: the electric concept ship
has relatively more weight, and the design speed is lower. Both these differences require larger
hydrofoils, which suffer from stronger 3D and interference effects. As a result, the effective lift
coefficient goes down and no feasible solution exists.

The study shows that only at higher speeds, the hydrofoil has a positive impact on the resistance.
But in absolute terms, this does not improve the energy consumption with respect to the electric version
of the Coastal Cruiser 300 at 30 knots. It can therefore be concluded that hydrofoils are not suited for
the electric concept ferry.

7.1.5 Overall Conclusion

This project was a case study for a 300 passenger ferry on a 25 NM crossings, operating at 30 knots.
The results show that the battery powered concept is on the edge of feasibility, but for shorter crossings,
the feasibility is higher. In general, a battery powered ferry, when feasible, is less expensive than a
hydrogen powered ferry, but the latter is feasible over a larger range of distances.

So fast electric passenger ferries are feasible, but the direct costs are currently higher than for a
comparable diesel powered ferry. The higher price can be seen as an investment, because it will improve
the liveability on this planet, as well as limit the increase of the indirect costs of pollution, which is
estimated to be over four trillion euro globally, each year. This shows that we have to pay the price
either way. So the remaining question is:

Do we want to invest now, or pay for the damage afterwards?
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7.2 Recommendations

This last paragraph before the appendices contains the recommendations that follow from this project.

7.2.1 Other Ferries, Other Routes

This thesis was a case study for a ferry route in Shenzhen, China. Though the results might also apply
to other ferries on different locations around the world, it would be interesting to expand the analysis,
e.g. combine varying speed with varying distances.

Looking at different passenger capacities would also be an interesting. In paragraph 2.1, the Coastal
Cruiser 300 was chosen over the smaller Coastal Cruiser 199, but the same analysis can be done for the
smaller ferry. This does however require some changes to the estimation, as it currently does not
represent the CC199 with sufficient accuracy.

It would also be interesting to look at other ship types, as not all ferries are catamarans. Paragraph
5.3 indicated that it might be possible in the future to convert existing catamarans into electric ferries,
this might also apply to existing monohulls for example.

7.2.2 Harbour Infrastructure

This thesis was mainly focussed on the ship itself; the quay was only looked at to see if it is possible to
keep an electric ferry operational. Required adjustments must be identified, especially when there are
plans to actually realize an electric ferry. The adjustments are likely to differ from quay to quay,
depending on the already existing infrastructure in the harbour.

7.2.3 Lower Emission Fuels

This thesis was limited to a “zero emission” ferry. This is however not possible, as everything that
humans do is accompanied with emissions, albeit indirectly. Though the pollution from battery
production and recycling is relatively small, it is still there. Furthermore, if grey electricity or hydrogen
is used that is created from fossil fuels, it might not reduce the overall pollution at all. So it might be
interesting to make a comparison with clean fuels.

Internal combustion engines on hydrogen were already mentioned, but other options also exist, such
as GTL (Gas to Liquid) and HVO (Hydrated Vegetable Oil), two EN 15940-norm fuels that are gaining
popularity [112]. Because these fuels still have polluting exhaust gasses, it does not seem like a long-
term solution. It might however be suited as a temporary solution, especially if they can be used with
the currently installed diesel engines.

7.2.4 Future Propulsion Systems

In paragraph 5.3, the effect of the expected performance of future systems was analysed, but there might
be other developments or breakthroughs that might be interesting to look at. Graphene for example is a
material that is expected to significantly improve the performance of batteries.

7.2.5 Expended Financial Analysis

In this thesis, the costs were limited to the costs that are directly related to the propulsion system, both
investment and operational costs, as explained in paragraph 3.6. This is however only a small part of
the total costs of a ferry. It is sufficient for the purpose of comparing different concepts, but if such a
vessel is really to be build, costs are important, as enough money has to be available.

Because the total cost of ownership is only known to the ferry operator, an extended financial
analysis is not included in this report. But if it would be included, it would not significantly change the
outcome of this study, it would only reduce the range of the cost ratios in the tables.

Costs related to changes to the harbour were also not taken into account, because this project was
mainly focused on the ship itself. For the complete overview, it should be taken into account.

Also not taken into account are taxes, such as the carbon tax. If companies have to pay for the CO,
they expel, it is likely to change the financial balance of the electric ferry.
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A range of fuel and electricity prices was used in this report, which represents the current expected
prices. The actual price differs from location to location, and it is also likely that prices will change in
the future. These differences might fall within the price range of this report, but they might as well fall
outside it; only an extended financial analysis can clarify this unknown.

7.2.6 Air Supported Vessel

A hydrofoil supported vessel was analysed in chapter 6, as these ship types were expected to result in a
lower resistance. It turned out that this was not the solution for reducing the energy consumption, but
there are other “exotic” ship types to look into.

The AiriEl, BB Green’s fully electric demonstrator vessel, is an air supported vessel. They claim
that the vessel requires 40% less power than a traditional catamaran, because the vessel runs on an air
cushion. [12]

Another option is the surface effect ship, a vessel where the weight is also largely supported by an
air cushion. An example is the Norwegian Skjold-class corvettes, which are 47 m long vessels with a
274 tonnes displacement that can reach speeds of over 60 knots [113].

It is however expected that the result is the same as for the hydrofoils: this ship type is suited for
much higher speeds, but not for the design speed of 30 knots. The reason for this is the power required
be the lift fans. In case of the Skjold-class corvettes [113], 1,400 kW is installed for the fans. This is
small compared to the propulsion power of 12,000 kW that is required to reach the high speeds. But
compared to the required power for a speed of only 30 knots, the difference is not so large, e.g. if the
required propulsion power reduction is 40%, but the additional fan power is also 40%, the total result
is no improvement at all.

Though it is not expected to improve much, a detailed estimation is required to confirm this.

7.2.7 Rules and Regulations

In this report it is mentioned that rules do not seem like a problem, but rules and regulations are an
important factor for every new ship. Especially with new technology, it is an important point of
attention. Depending on the location, rules and regulations might be different. So it is important to work
with the local government regarding the rules and regulations.

7.2.8 Verification and Validation
All results in this report are estimation results. In order to check the accuracy and to verify the results,
more detailed calculations have to be made.

It starts with the weight of all the components, better estimations can be made in collaboration with
the manufacturers of these components. The actual structural weight can be better approximated with
the use of computer software, e.g. FEM (Finite Element Method).

The actual resistance can be determined with CFD (Computational Fluid Dynamics) or physical
model tests; this way verifying the estimation results from this project.

So some additional steps are required to verify the results from this report, but in order to fully
validate the concept, a real vessel has to be build.



Mass and
Displacement
Approximation

The displacement of a ship can be split into lightship and deadweight. Lightship is constant for a vessel,
and deadweight varies with different load conditions. This thesis looks at the ship in design condition,
which means that the deadweight is constant as well in this analysis. Therefore, the displacement of the
catamaran (A.q:) is not split into lightship and deadweight, but instead into the following three
components:

Acqt= Mg + Mpp + Myqq ( Al )

With:

e Ms, structural mass (hull and superstructure);

e Mpp, mass of the power and propulsion system;

o  M,,4, additional mass.

If the size of the vessel grows, the size of the structure grows as well. This means that the weight of the
structure also increases.

In general, if the displacement of the ship design grows, the resistance grows as well. This means
that components of the propulsion system, e.g. waterjet and engine, will increase in weight as well. In
case of the electric ferry, the weight of the power and propulsion system also increases if the amount of
batteries or hydrogen increases.

The additional mass takes all other mass components into account, such as interior arrangement,
navigational equipment and the passengers on board. This mass component is constant in this analysis,
as it is related to the mission of the vessel, which does not change in case of electric propulsion.

Structure of this Appendix
Appendix A.1 contains the mass approximation of the power and propulsion system, and the structural
mass approximation is explained in appendix A.2.
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A.1 Mass Approximation of the Power and
Propulsion System

The components of the power and propulsion system of the electric ferry were discussed in chapter 3,
and an overview can be seen in figure 3.8 below. This paragraph contains the weight estimation of each
component, either as a function of installed power (P;, equation B.38), or energy consumption of one
crossing (E;., equation 3.2). These two variables are indicated in red to distinguish them from the
constants that are used in this approximation. Furthermore, both are related to the resistance of the ferry
(R), of which the estimation method will be discussed in appendix B.
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Ref. figure 3.8: line diagram of the electric propulsion system, both battery powered
and fuel-cell-battery powered, including the efficiencies of the
different components.
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A.1.1 Waterjet Mass Approximation

More resistance requires more thrust and thus a larger waterjet system. The following relation is derived
based on the installed power (P;) in the Coastal Cruiser 199 and 300 [15], and the weight of the waterjets
(M,,;) [114]:

M., -
M, =P, [P”ff]—ijo (A2)
l
With:
Mwjl _ .
. [P—] = Xkg/kW;

° ijo = X tonnes.
Note that this expression contains a minus, which would mean that a low power waterjet could have a
negative weight. The reason for this is that on a larger scale, the weight/power-ratio shows a more
exponential relation [115]. For the power range used in this thesis, a linear relation is deemed accurate
enough, based on the data from different manufacturers [115] [116].

A.1.2 Electric Motor Mass Approximation
The following ratio is used to estimate the weight of the electric motor, which is based on data of electric
motor manufacturers [28] [27]:

MEM]

MEM:Pi'[ P.
l

M
with [ EM
i

5 ]: 3.5 kg/kW (A3)

A.1.3 Propulsion Converter Mass Approximation
For estimating the weight, the following ratio is used [29]:

Mpc
P;
In this equation, losses in the electric motor are neglected, as these are small enough that they do not

affect the ratio.

M
Mp¢ :Pi'[TP-C ., with [ ]=ng/kW (A4)
2

A.1.4 Switchboard Mass Approximation
Since only direct current runs through the main switchboards, it is also known as DC-bus. The following
ratio is used for estimating the weight of this component [29]:

[@] = Xkg/kW ( A5 )

The power (P) in this ratio is a function of installed propulsion power, auxiliary power (P,,,) and the
efficiency of the electric motor (ngy = 97% [27] [28]) and the propulsion converter (np = 98% [29]):

P—( i Lp )—(Z'Q[MW]+01MW)—11><P ( A6 )
- \nemcmpe . M) \0.97-098 MW])=11xh ‘

Battery Powered Ferry
The largest power that the DC-bus in the battery powered ferry has to handle occurs during charging.
Fast charging requires 6.5 MW [subparagraph 3.3.4], which is over twice the installed power [15]:
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Pcharge _ 6.5 [MW]
P; 2.9 [MW]

= Penarge = 2.2 X P (A7)

Since the DC-bus of the battery powered ferry has to handle over twice the installed power, the
mass/power-ratio will also be over twice as large as well:

M
Mgp = P; [;B] ( A8)
L “ESS
With:
M
[ SB] =22x1.1xX[kg/kW]
P; ESS

Fuel-Cell-Battery Powered Ferry
Batteries are added to the fuel cell system to handle fluctuating powers. They have 2/3 the power output
of the fuel cell [subparagraph 3.5.4]. So the power that the DC-bus has to handle is (1+2/3) times P:

M
MSB:PL"[ ;B] ( A9 )
L “FC
With:
M
[ SB] =(1+2/3) x 1.1 XX [kg/kW]
P; FC

A.1.5 DC-DC Converter Mass Approximation
The mass/power-ratio of the DC-DC converter is roughly the same as for the switchboard [29], thus the
ratios are equal to the ones above:

M M
Mpcgss = P; - [ DC] ,  with [ DC] =Xkg/kW (A10)
P; ESS i JESS
M M
Mocre =P [=25| o with [226| = Xug/iw (A1)
P; FC P; FC

A.1.6 Energy Storage System Mass Approximation
The mass of battery system, known as the Energy Storage Systems (ESS), is approximated as a function
of its energy capacity (E;./DOD):

(A12)

E; Mgss
Mggss = - [ ]

poD | E,
With:
e DOD = 50%, operational depth of discharge of the battery system [subparagraph 3.3.7];
. [—Mg”] = 12.5 kg/kWh, mass/capacity-ratio of the ESS [subparagraph 3.3.7].
C

A.1.7 Fuel-Cell-Battery Mass Approximation
A fuel cell system contains of multiple modules, similar to a battery system. The mass of a fuel cell
module ranges from 1 to 5 kg/kW [17] [70]. A mass/power-ratio of 2.3 kg/kW is used for the fuel cell
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modules, which is based on the Hydrogenics’ HyPM-HD 30 Power Module [67], the same modules that
were used as the basis SF-BREEZE feasibility study [13].

The weight of the total system is larger than of the weight of the modules alone. In case of battery
systems, going from a battery module (90 Wh/kg [34]) to a battery pack (80 Wh/kg [19]) is a mass
increase of 13%:

90 [Wh/kg] _
80 [Wh/kg] 113

Using the same ratio for the fuel cell system results in a mass/power-ratio of
1.13 x 2.3 [kg/kW] = 2.6 kg /kW

The battery system has a mass/power ratio of 2.1 kg/kW, and it has 2/3 the power of the fuel cell
[subparagraph 3.5.4]. To include the pipe system through which the hydrogen flows, a 5% margin is
added to the weight, resulting in the following ratio:

M
%] =1.05x (2.6 +2/3 x 2.1) = 4.2 kg/kW (A13)

From this follows the following estimation equation for the weight of the fuel cell system (Mg¢):

MFC] (A14)

Mg = ( Bop ) [
FC r’ED aux P
With:
o nEp = 93%, electric powertrain efficiency [paragraph 3.1];
o P = 0.1 MW, auxiliary power consumption [21];

|“2<] = 4.2 kg/ikw.
A.1.8 Hydrogen Storage System Mass Approximation

The specific energy of hydrogen is 33 kWh/kg [17], and a hydrogen tank can contain around 5 wt%
hydrogen [18]. So the specific energy of a hydrogen tank is:

[i] —33%0.05 = 1.7 kWh/kg — [M”S - — 0.6 kg/kWh
My E. |~ 17

[kWh/kg]

An overcapacity is required to at least prevent running out of fuel, but it might also be desirable to make
two crossings between refuelling, so only one refuelling station is required. In this project 2.5 is chosen
as overcapacity factor, which is in line with the hydrogen fuelled ferry concept SF-BREEZE [13]. This
overcapacity is inclueded in the equation by nys. The final thing to include is the efficiency of the fuel
cell, which is 55% [67]. Based on this, the following expression is derived for the mass of the hydrogen
storage (Mys):

Eic [%] (A15)

Mus = nas Nre L Ec
With:

o nyg = 2.5, energy capacity expressed in the number of crossings;

o npc = 55%, efficiency of the fuel cell [67];
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[ME—T] = 0.6 kg/kWh [17] [18].

A.1.9 Electric Cable and Shore Supply Mass Approximation
Energy is transferred in an electric propulsion system via electric cables. Due to the amount of power
that is transferred between the components, large cables are required. As a result, the weight of the
cables is too large to neglect.

Looking at the specifications of a DNV approved marine power cable, a single core cable with a
300 mm? cross sectional area has a weight of around 4 kg/m [117]. The current that this cable can handle
is 600 amps [117], which is 360 kW at 600 volts:

P=UXI=600x600=360kVA
So the density of a cable line (pcqpie) 1S 0.022 kg /kW /m:

_ 2 [cables] x 4 [kg/m/cable]
Peable = 360 [kW /cable]

= 0.022 kg/kW /m

Note that a two is added above, as there are two cables required to close the electrical circuit. The total
mass of the cables (M,,p;e) is a function of this density, the power that it has to handle (P.qp;.) and the
length of the cables (L.qpe), as seen in A.16.

In this thesis the connection point that is required to charge the vessel at quay is also considered
part of the electric cable system. It is included in the equation With psp,ore connection, Which is X kg/kW,
based on both Coastal Cruisers [114]. This leads to the following expression:

Mcapie = (Pcabie * Leabie T+ Pshore connection) * Peable (Al16)

Battery Powered Ferry
Charging the batteries happens with roughly twice the installed propulsion power [subparagraph A.1.4],
thus with one times the propulsion power per demi-hull:

Peapie = 2.2 X P; / 2 [demi-hulls] = 1.1 X P,

The length of the complete electric propulsion system is roughly 30 m, as seen in figure 3.4 from
subparagraph 3.3.8 (also seen in the next page). An additional ten meters is required cross the overall
beam of the ferry, thus the total cable length is 70 m:

Leapie = 30 [m/demi-hull] X 2 [demi-hulls] + 10 [m] = 70 m
From this follows the weight of the electric cables, in case of the battery powered ferry:

Meapiess = (0.022 [kg/kW /m] x 70 [m] + X [kg/kW]) x P; (A17)
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Ref. figure 3.4: side view of a demi-hull with an overview of the battery powered propulsion
system: electric motor (EM), propulsion converter (PC), switchboard (SB),
DC-DC converter (DC) and energy storage system (ESS).

Hydrogen Fuel-Cell-Battery Powered Ferry

Since the battery system is a lot smaller compared to the fully battery powered ferry, the power required
to charge the batteries is a lot smaller than the installed propulsion power. So the power that the cables
have to handle is the installed power divided by two, as there are two demi-hulls:

Pcable = Pi / 2 [demi—hulls] =15 Pi

The length over which the cables have to run is also smaller; roughly 20 m, as seen in figure 3.7 below.
The ten additional meters to cross the overall beam of the ferry is again required for charging at quay,
thus the total length is 50 m:

Leapie = 20 [m/demi-hull] X 2 [demi-hulls] + 10 [m] = 50 m
From this follows the weight of the electric cables, in case of the hydrogen fuel cell powered ferry:

Meapie e = (0.022 [kg/kW /m] x 50 [m] + X [kg/kW]) X % - P; (A18)

TEM ’p_cl SB 3_c| £S5 ! FC ; ; /

x z :4 2 2 0 2 H B B «

Ref. figure 3.7: side view of a demi-hull with an overview of the hydrogen fuel-cell-battery
powered propulsion system: electric motor (EM), propulsion converter (PC),
switchboard (SB), DC-DC converter (DC), fuel cell system (FC), battery
system (ESS) and hydrogen storage tank (HS).

A.1.10 Total Mass of the Power and Propulsion System

The total mass of the power and propulsion system is simply the summation of all its individual
components. Since only the main components are discussed above, five percent is added to account for
additional components, such as foundations [114].
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A.2 Structural Mass Approximation

In this paragraph, the estimation method is derived for the structural mass, which consists of the hull
and the superstructure of the vessel.

A.2.1 Structural Mass of the Enlarged Ship Concept Designs
For the study on the Enlarged Ship Concept, the resistance was measured for three different ship lengths
[118]. Length and displacement of these three ships is seen in table A.1. Design 2600 is the “base boat”,
and the other designs have an elongated hull, while keeping the beam and depth of the ship constant.
All other components in the design remained constant as well, thus the weight of the superstructure also
remains constant.

This means that only the weight of the hull changed, and thus the displacement of the vessel (A)
can be split into two parts: the mass of the hull (M},,,;;), and additional mass (M, ;) that accounts for
all other components on board:

A= Mpun +Maaa (A19)

Table A.1: waterline length (L) and displacement (A) of the different

designs of the Enlarged Ship Concept study. [118]
design 2600 3500 4100
L 234 31.6 36.9 m
A 970 1058 1115 kN

Because the only parameter that changes between the three designs is the length of the boat, it makes
sense to look at the displacement in relation to the length of the vessel (L). From this follows a constant
ratio (the largest difference is only 0.2%):

A4-100 - A3500 ~ A4-100 - A2600 ~ A3500 - A2600

=10.7 kN/m (A20)

L4-100 - L3500 L4-100 - L2600 L3500 - L2600

This result suggests that the mass of the hull is only a function of the length of the vessel, with the ratio
as derived in equation A.20:

M
hull] ’ (A21)

M
Mpuy =L [ with [%] =10.7 kN/m

Using equations A.19 and A.21 leads to the results as seen in table A.2, which also shows that the ratio
between the hull mass and the displacement decreases as the ship size grows, i.e. the hull mass is
stronger related to size than to displacement.

Table A.2: displacement (A) [118], hull mass (M;,,;;), additional
mass (M,,4) and hull mass — displacement ratio of the
different designs of the Enlarged Ship Concept study.

design 2600 3500 4100
A 970 1058 1115 kN
My 250 338 395 kN
Maaq 720 720 720 kN

Myt /A 26% 24% 22%
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A.2.2 Structural Mass of the Coastal Cruiser 199 and 300

In case of the Coastal Cruiser 199 and 300, both the hull mass and superstructure mass are different.

Hull Mass

The hull depth (D) of the Coastal Cruiser 199 and 300 is the same, but the length and overall beam
(B,) are different [53] [71]. When all three main dimensions are included, equation A.21 expands into
the following expression:

M] (A22)

Myt = L+ Boa D - |75
oa

The hull-mass/main-dimensions-ratio is the roughly the same for both Coastal Cruisers (the difference
is 1.2%) [114] [53] [71]:

My ]

Mpun _ 3
m = [—] = ng/m ( A.23 )

cc199 L Boa Dliesgg

The hull mass of the Coastal Cruiser 199 is 20% of its displacement [114], while the hull mass of the
CC300 is 18% [114] of its displacements. So the ratio between the hull mass and the displacement also
decreases as the ship size grows. This is in line with the findings of the enlarged ship concept
[subparagraph B.1.1]. It also confirms that the hull mass is related stronger to size rather than
displacement.

Superstructure Mass

Both the Coastal Cruiser 199 and Coastal Cruiser 300 have two passenger decks, thus the construction

height is similar. The superstructure is as wide as the overall beam of the vessel, thus the CC300 has a

wider superstructure than the CC199. The length of the CC300’s superstructure (Lg) is also much

longer than that of the CC199, which is required as it can carry a hundred more passengers. [53] [71]
The ratio between the mass of the superstructure (M) and its dimensions differs 4% between the

two Coastal Cruisers [114] [53] [71]:

]
Lss * Boalccqgg

~ MSS _ 2
~ =Xkg/m (A24)
Lss * Boal 300

Total Structural Mass
Combining equations A.22 and A.25 results in an expression for estimating the total structural weight

(Ms):

My
L B,y D

Mss ] (A25)

M¢=L-B,, D -
s o4 [ Lgs " Boqg

]+Lss'Boa'[

Using this equation to estimate the total structural weight of the Coastal Cruiser 199 leads to an
overestimation of only 0.3%, and for the Coastal Cruiser 300 the error with this estimation method is
0.6%. [114]

Due to this small error, this method is deemed accurate enough for the estimation purposes in this
thesis.

A.2.3 Structural Mass Estimation of the Electric Catamaran
The estimation method for estimating the mass of the hull is already derived (equation A.22). Estimating
the weight of the superstructure has yet to be determined though.
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The size of a ferry’s superstructure is mainly dependent on the mission requirements, €.g. in order
to carry a hundred more passengers, the Coastal Cruiser 300 has a larger superstructure than the Coastal
Cruiser 199. Since the electric ferry has the same passenger capacity as the CC300, the size of the
superstructure does not need to change. However, the superstructure also contributes to the structural
strength of the ferry. For that reason, if the length of the ferry increases, the length of the superstructure
has to increase as well, in order to cope with the additional loads. For that reason it is assumed that the
length of the superstructure changes with the same rate as the length of the ferry (L;s~L).

With this assumption, equation A.25 simplifies to the following expression:

_ Mhull Mss )
Ms =L+ Boa (D L-Boa-D]+[L-Boa] (A26)

With [71] [114]:

Mhull] Mss
M| e, [ ] g
[L-Boa-D g/m LBy, g/m

The overall beam stays constant as there is no need to change it, because the hull separation does not
significantly affect the resistance according to appendix B.4.2.

Hull Depth Estimation
A few additional assumptions must be made in order to estimate the structural weight.

The freeboard of the ferry remains constant, as the current freeboard is already optimized for its
operation. That means that the hull depth only increases if the draft increases, which happens if the main
dimensions of the ferry remain constant, while the displacement increases. This means that the draft has
to be linked to the displacement of the ferry.

The displacement of a demi-hull () is equal to the product of the block coefficient (Cy), the length
(L), the beam (B) and the draft (T') of that demi-hull:

V=Cy-L-B-T (A27)

From appendix B.2.2 will follow that the block coefficient (Cz) and beam/draft-ratio (B/T) have a
minimal influence on the resistance. It can therefore be assumed that the block coefficient and demi-
hull beam are constant. This leads to the following relation between demi-hull displacement, length and
draft:

V=Cg-L-B-T
Cp = constant }V~L -T (A28)
B = constant

This relation can be used to derive the following expression in which the draft is a function of
displacement, length and the length-draft/displacement-ratio:

(A29)

L-T V [L-T
L E )
L-T L |4

N <

The depth of the hull is the draft plus the freeboard height (H). Using this results in the following
expression:
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V [L-T
- — . A.30
D=H+T=H+7 [ - ] ( )
With [71] [114]:
H=X L-T X
= Am, [? m-

Complete Structural Mass Estimation
Substituting equation A.30 into equation A.26 leads to the following estimation equation for the
structural weight of the ferry:

V IL-T My ] [Mss]
Ms=1L By |(H+—" : A31
5 oa (( T [\7 ) LB,y D * L-B,, ( )

This equation contains the following constants:
e By, =10.3m][15];
e H=21m][15];

[ xm

+ [T5s] = Xkg/m?:

[ Mss ] X kg/m?.

The two varlables in the equation are indicated in red:
e [, waterline length of the vessel;
e V7, displacement of the catamaran (V = A.q¢/p/2);
Because structural mass is dependent on the displacement, and vice versa, this method is an iterative

process. The influence on each other small though, so a few iterations will already lead to a balance
between structural weight and displacement.
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Derivation of the
Equations for the
Catamaran Resistance
Estimation

The weight of the electric powered system is larger than the diesel powered system [appendix A.1.10],
thus the displacement of the vessel is larger as well. A larger hull does have an impact on resistance, so
a relation has to be derived that relates resistance to displacement of the ferry. In this thesis, the
following equation is used to estimate the hull resistance (Ry,,;;) of the electric ferry:

Rt = (Cr + Cg) - 3pV2 S (B1)
With:

e (g, the frictional resistance coefficient;

e (g, the residual resistance coefficient;

e p, the seawater density;

e T, design speed of the ferry;

e S, wetted surface area.
The seawater density is independent on the design of the ferry, thus it is a constant in this analysis (o =
1,025 kg/m3). The design speed is constant as well (V = 30 knots = 30+ 1,852/3,600 m/s). The
other three variables have to be estimated. This will be discussed in this appendix.

Structure of this Appendix

The frictional resistance coefficient is discussed in appendix B.1, followed by the residual resistance
coefficient appendix B.2. The estimation for the wetted surface area can be found in appendix B.3.
The complete overview of the total resistance is discussed in appendix B.4, in which also is explained
how the propulsion power and energy consumption is related to the resistance.
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B.1 Frictional Resistance Coefficient

The frictional resistance coefficient takes the friction between the water and the hull into account. It can
be calculated using the ITTC-57 formula (equation B.2), which is dependent on Reynolds number
(equation B.3), which is a function of ship’s velocity (V), length of the vessel (L), and viscosity of the
water (v).

o _ 0075
F= (logyo Rn — 2)2

(B2)

V-L
Rn = —— (83)
v

Like the design speed of the ferry, the viscosity of water is independent of the design of the vessel, so
it is constant in this estimation (v = 1.2-107%m?/s). This means that the frictional resistance
coefficient is only a function of length of the ferry, according to equation B.4. This is also illustrated in
figure B.1.

0.075

Co =
' (10310 (% : L) — 2)2 (B4)

With:
e V =230-1,852/3,600m/s;,
e v=12-10"°m?/s.

frictional resistance coefficient

40 41 42 43 44 45 46 47 48 49 50
ship length [m]

Figure B.1: frictional resistance plotted against length of the ferry, according to equation B.4.
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B.2 Residual Resistance Coefficient

Besides skin friction, there are other resistance components, such as pressure resistance and wave
making resistance. Al these components together are represented by the residual resistance coefficient,
which is dependent on the hull shape and the Froude number (Fn), a dimensionless expression for the
ship’s velocity (V):

Fn = (B5)

%4
VgL
Both velocity and gravitational acceleration (g) are constant, so Froude number is only dependent on
the length of the ferry.

How the resistance changes with the hull characteristics has to be estimated. For this purpose, a
resistance analysis of a systematic demi-hull series is used, as such a study contains information on how
changes in hull characteristics affect the resistance. Two criteria were important for the choice of
systematic demi-hull analysis:

e The study had to be representative, i.e. the hull characteristics of CoCo Yachts’ Coastal Cruiser

300 must fall within the range of hull characteristics of the systematic demi-hull series;
e The study must provide insight in the effect of a longer hull, i.e. the slenderness ratio has to go
higher than that of the Coastal Cruiser 300.
Based on these criteria, the analysis of X.P. Pham, K. Kantimahanthi and P.K. Sahoo was chosen [119].
Their goal was to obtain a speed independent prediction equation. For that purpose they did a regression
analysis on the residual resistance coefficients that they obtained via the software package SHIPFLOW.
The analysis and prediction equation is not very useful for this thesis, because it is not accurate enough
due to its speed independency. The generated data however is useful, which contains the residual
resistance coefficient for 18 demi-hull models, four demi-hull separation ratios (0.2 to 0.5) and 12
Froude numbers (0.4 to 1.5).

Table B.1 contains the characteristics of the 18 demi-hull models. The closest match with the
Coastal Cruiser 300, based on these characteristics, is model M8. Using this model to estimate the
residual resistance coefficient of the Coastal Cruiser 300 results in an over estimation of over 10%,
compared to the known values if this vessel [120].

So the value of the residual resistance coefficient is not representative for the Coastal Cruiser, and
thus neither for its future electric version, as the resistance coefficient is much higher. Despite this, the
data is still useful, as it contains information on how the resistance is influenced by the main demi-hull
characteristics.

Table B.1: characteristics of the models of the systematic catamaran demi-hull series of X.P.
Pham, K. Kantimahanthi and P.K. Sahoo. [119]

Models | M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | MO | MI0O | MIIT|MI2ZIMI13|M14|M15|M 16| M17 | MI18
Cs 0.50]0.50]10.50]050]0.50]0.55]055(055]0.55] 0.55 | 0.60]0.60 | 0.60 | 0.60 | 0.60 | 0.60 | 0.55 [ 0.59
L/B |10.40]10.40]15.60(20.80]20.80(10.40]15.60(15.60]15.60| 20.60 [10.40|10.40]15.60|15.60|20.80120.80]13.00| 17.20
B/T |1.50]250]2.00]1.50]250(200]|150]|2.00]250| 200 |150|250]1.50]2.00|150|250|186| 1.60
L/V¥] 6.69 | 7.93 ] 9.67 [10.62]12.58] 7.13 | 8.49 | 9.35 |10.08 11.33 | 6.30 | 747 | 8.24 | 9.09 | 9.98 |11.86] 8.07 | 9.12
S/L* | 0.16 | 0.12 | 0.09 | 0.08 | 0.06 | 0.14 [ 0.11 | 0.09 | 0.08 | 0.07 [0€.17 | 0.13 | 0.11 [ 0.09 | 0.08 | 0.06 | 0.11 | 0.10

B.2.1 Excluding Models from the Systematic Demi-Hull Analysis

The following four demi-hull characteristics where presented for the 18 models, as seen in table B.1:
o Block coefficient (Cp);
e Length/beam-ratio (L/B);
e Beam/draft-ratio (B/T);
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e Slenderness ration (L/V1/3).
An important thing to keep in mind is that these characteristics are demi-hull characteristics, which
means that B is the demi-hull beam, not the overall beam of the catamaran, and V is the displacement
volume of one demi-hull, not of the whole catamaran (V,,;):

Veat =2V (B6)

Of the characteristics above, the slenderness ratio is the most important factor for resistance. It is why
the catamaran exists; two demi-hulls have less resistance than one monohull, because they are more
slender, more streamlined. For this reason it makes sense to plot the residual resistance coefficients,
against slenderness ratio, as seen in figure B.2. This figure shows some deviating coefficients that are
either higher or lower than both their neighbouring data points, while they are expected to be in between
the values of their neighbouring data points. Looking at the characteristics, it is not possible to explain
these anomalies, as the characteristics do not deviate much from their neighbouring models when
ordered from lowest to highest slenderness ratio. The paper does not contain an explanation for these
results, but a reason might be better or worse optimized hull forms, unexplained hull interactions, or
errors in the analysis.
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Figure B.2: residual resistance coefficient for different slenderness ratios, for all 18 demi-hulls, for a
hull separation ratio of 0.2. [119]

To better predict the resistance, the deviating models are left out of the analysis. This results in the plot
as seen in figure B.3. Table B.2 contains the remaining demi-hull models with their characteristics and
their residual resistance coefficients, ordered from lowest to highest slenderness ratio.

Note that the focus in these figures and tables is on a demi-hull separation ratio 0.2 and Froude
numbers 0.8, as this closely matches the operation of the Coastal Cruiser 300. Because the electric ferry
might increase in length, a Froude number of 0.70 is also included as the lower limit, which corresponds
to a ship length of 49.6 meters. Vessels longer than this are not acceptable due to operational limits
[21].
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Figure B.3: residual resistance coefficient for different slenderness ratios, for models M11, M1, M6,
M12, M2, M7, M8, M3, M9, M4, M10 and M5 (from left to right), for a hull separation
ratio of 0.2. [119]

Table B.2: demi-hull characteristics and residual resistance coefficients (for b/L = 0.2) of the
remaining models of the systematic study, ordered from lowest to highest
slenderness ratio. [119]

L/vY/3 6.3 6.7 71 75 79 85 94 97 101 106 113 126
Model |M11 M1 M6 M12 M2 M7 M8 M3 M9 M4 M10 M5

Cp 060 050 055 060 050 055 055 050 055 050 055 050
L/B 104 104 104 104 104 156 156 156 156 208 20.6 20.8
B/T 15 1.5 20 25 25 15 20 20 2.5 15 20 2.5

S/L? 017 016 014 013 012 011 0.09 0.09 0.08 0.08 0.07 0.06

Cr x1,000
Fn=0.7 | 10.1 8.6 64 50 4.2 3.5 2.3 2.1 1.6 1.6 11 0.7
Fn=08]| 7.1 6.0 45 35 2.9 25 1.7 15 1.2 1.2 0.8 0.5

B.2.2 Demi-Hull Characteristics and Residual Resistance Coefficient
When looking at the characteristics of the model hulls (table B.2), it can be noted that there are three
other parameters besides slenderness ratio (L/V*/3) that determine the hull form and thus the resistance:
block coefficient (Cy), length/beam-ratio (L/B) and beam/draft-ratio (B /T). These four parameters are
not independent of each other, as they can be related to each other.

Block coefficient is defined as the displacement volume divided by the volume of a block with the
same dimensions as the hull:

Cp = (B7)

So the block coefficient contains all four variables of the other hull characteristics, which suggest that
they can be related to each other in the following way:
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=g =) @)

V3

Regrouping each variable leads to the following expressions and values:

1

ve=y"3* 5 g=-3a (B9)
L =L - IV s5y=—a—-B=-a—(-3a) =2« (B.10)
B =BV B s§=—a+y=—a+Qa)=a (B.11)

The draft can be used to check the value of §:
T*=T9%>56=a (B.12)

The smallest integer value of @ is 1, and thus § = —3,y = 2 and § = 1. Equation B.8 can be rewritten
as a function of slenderness ratio, and when these values are used as well, the result is as follows:

_ /B -(B/T)

C (B.13)

(L/v22)’

The equation above gives a good insight into how each characteristic influences the demi-hull
slenderness ratio, and thus the resistance:

e The length-beam ratio has the most influence, as this is the only variable that is squared,

e A higher length-beam ratio results in a higher slenderness ratio;

e A higher beam-draft ratio results in a higher slenderness ratio;

o A lower block coefficient results in a higher slenderness ratio.

A high beam-draft ratio combined with a low block coefficient results in a lower resistance than a demi-
hull with a low B/T-ratio and a high Cg. This is illustrated in figure B.4. The same data points can also
be plotted against slenderness ratio, as is done in figure B.5. This figure shows that the slenderness ratio
has by far the most impact on the resistance, as the difference due to the other factors is decreased to
only four percent or less.

This confirms that the slenderness ratio is the most important factor for resistance, when comparing
different hulls of the same family. The other three demi-hull characteristics (length-beam ratio, beam-
draft ratio and block coefficient) can be altered to optimize the hull for resistance, but without changing
the slenderness ratio, the improvements are only minor.

It can be concluded that for a family of demi-hulls, the slenderness ratio is the most dominant factor
for determining the resistance. Molland et al. also concluded that slenderness ratio is the most significant
hull parameter with respect to resistance [100]. This means that the residual resistance coefficient of a
catamaran can be estimated with sufficient accuracy when using the slenderness ratio as the only hull
characteristic. Thus only the length and displacement are required for the resistance estimation at a
certain speed.
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residual resistance coefficient

——Cg=055&B/T=20
—_— CB =050&B/T=25

8 10 12 14 16
length-beam ratio [-]

Figure B.4: residual resistance coefficient for different length-beam ratios, for a block coefficient of
0.55 and a beam-draft ratio of 2.0 (solid blue curve), and for C; = 0.50 and B/T = 2.5
(dashed red curve), both for Fn = 0.7 [119]. The two curves are created with equation

B.15and B.17.

residual resistance coefficient
x 1,000 [-]

——Cp=055& B/T=2.0
— — CB =050&B/T=25

slenderness ratio [-]

Figure B.5: residual resistance coefficient for different slenderness ratios for a block coefficient of

0.55 and a beam-draft ratio of 2.0 (solid blue curve), and for Cz; = 0.50 and B/T = 2.5
(dashed red curve), both for Fn = 0.7 [119]. The two curves are created with equation

B.16 and B.18.

B.2.3 Exponential Fitted Function

The curves in figure B.4 and B.5 are created with an exponential function of the following form:

Cri=a+b-exp(—c-x), withx=L/Borx=L/V3

(B.14)
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The reason this type of function is chosen is that it shows the best fit the data points; not only with the
data of the systematic analysis that is discussed up until now, but also of the study of Molland et al. that
will be discussed in the next subparagraph.

The subscript i in the expression indicates the Froude number, e.g. i = 7 indicates Fn = 0.7, and
Cr g is the residual resistance coefficient at Froude number 0.8.

As there are three unknows (a, b and c), at least three data points are required for such an
exponential curve. The blue curves in the two figures are plotted with the following equations that are
determined with the three data points:

Cr- X 1,000 = 0.55 + 64 - exp(—0.23 - L/B) , for Cy = 0.55,B/T = 2.0 (B.15)

Cr7 % 1,000 = 0.32 + 2.0 - 10% - exp(—0.49 - L/V'/3), for Cy = 0.55,B/T =2.0 ( B.16)

The red dashed curves in the two figures are derived from the two equations above, as two data points
is not enough to determine all three unknowns. a and b were changed to fit the curve through the two
data points, while ¢ was kept constant. This resulted in the following two equations:

Cro X 1,000 = 0.35 + 42 - exp(—0.23 - L/B), for Cg = 0.50,B/T = 2.5 (B.17)

Cr7 % 1,000 = 0.29 + 1.9 - 102 - exp(—0.49 - L/V'/3), for C; = 0.50,B/T = 2.5 ( B.18)

Exponential functions can also be fitted through the data points of all remaining models, as seen in
figure B.6. The following equations are used for respectively the solid blue curve and dashed red curve:

Cr7 X 1,000 = 0.32 + 2.5-10% - exp(—0.52 - L/V/3) (B.19)

Crg % 1,000 = 0.18 4+ 1.5 - 102 - exp(—0.49 - L/V'/3) (B.20)

12

Froude number 0.7
— — Froude number 0.8

10

residual resistance coefficient
x 1,000 [-]
(o]
T

slenderness ratio [-]

Figure B.6: residual resistance coefficient for different slenderness ratios, for models M11, M1,
M6, M12, M2, M7, M8, M3, M9, M4, M10 and M5 (from left to right), for a hull
separation ratio of 0.2 [119]. The two curves are created with equation B.19 and B.20.
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A comparison between the data points and the estimation curve can be seen table B.3 and B.4. These
tables also contain the relative error in percentage and the absolute error.

Looking at Froude number 0.7 (table B.3), all relative errors, with the exception of slenderness ratio
10.6, are 10% or less. At Froude number 0.8 (table B.4), the relative errors are slightly larger; 13% or
less, with the exception of slenderness ratio 10.6. In both cases, the absolute error is less than
+0.4 x 1,000, with an average of only +0.2 x 1,000. In subparagraph B.2.1 was already discussed
that the data of the study showed some deviation in the residual resistance coefficients. It is therefore
expected that the errors will be smaller if the demi-hulls would be better optimized.

Table B.3: comparison between residual resistance coefficients
of the data [119] and of the estimation (equation
B.19), for Froude number 0.7 (and b/L = 0.2).

slenderness Cr- % 1,000 relative absolute error

ratio data  estimated error [ACk x 1,000]
6.3 10.1 10.1 0% 0.0
6.7 8.6 8.2 -5% -0.4
7.1 6.4 6.7 5% 0.3
7.5 5.0 5.4 8% 0.4
7.9 4.2 4.4 5% 0.2
8.5 35 3.3 -6% -0.2
9.4 2.3 2.2 -4% -0.1
9.7 2.1 1.9 -10% -0.2
10.1 1.6 1.6 0% 0.0
10.6 1.6 1.3 -19% -0.3
11.3 11 1.0 -9% -0.1
12.6 0.7 0.7 0% 0.0
Average + 6% +0.2

Table B.4: comparison between residual resistance coefficients
of the data [119] and of the estimation (equation
B.20), for Froude number 0.8 (and b/L = 0.2).

slenderness Crg % 1,000 relative absolute error

ratio data  estimated error [ACk X 1,000]
6.3 7.1 7.2 1% 0.1
6.7 6.0 5.8 -3% -0.2
7.1 4.5 4.7 4% 0.2
7.5 3.5 3.8 9% 0.3
7.9 2.9 3.1 7% 0.2
8.5 2.5 2.3 -8% -0.2
94 1.7 15 -12% -0.2
9.7 15 1.4 -1% -0.1
10.1 1.2 1.1 -8% -0.1
10.6 1.2 0.9 -25% -0.3
11.3 0.8 0.7 -13% -0.1
12.6 0.5 0.5 0% 0.0
average + 8% 0.2
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B.2.4 Molland et al.’s Systematic Demi-Hull Series

A.F. Molland, J.F. Wellicome and P.R. Couser analysed a systematic demi-hull series in 1994 [121].
Relevant data from this study can be seen in table B.5, and plotting this data is done in figure B.7 and
B.8. It can be seen in these figures that at lower slenderness ratio, the demi-hull models of Molland et
al. have lower resistances than those of Pham et al. [119]. Furthermore, the exponential curves (created
with equation B.21 and B.22) that are fitted through the four data points have 0% error. This shows that
an exponential equation seems to be the right choice to represent the residual resistance coefficient as
function of slenderness ratio.

Cr7 % 1,000 = 1.9+ 1.9+ 10% - exp(—0.61 - L/V/3) (B.21)

Crg % 1,000 = 2.1 + 6.7 - 10% - exp(—0.87 - L/V1/3) (B.22)

Table B.5: relevant characteristics and
residual resistance coefficients
of the models of the systematic
demi-hull series, for b/L = 0.2.  [121]

L/vY/3 63 74 85 95
Model 3b 43 5a 6a

Cp 040 040 040 0.40
L/B 70 104 128 151
B/T 2.0 1.5 1.5 1.5
Cr x1,000

Fn=0.7 60 40 30 25
Fn=0.8 49 3.2 25 23

O systematic demi-hull series of X.P. Pham, K. Kantimahanthi and P.K. Sahoo
O systematic demi-hull series of A.F. Molland, J.F. Wellicome and P.R. Couser

[oe]
T

residual resistance coefficient
x 1,000 [-]
o
T

6 7 8 9 10 1 12 13
slenderness ratio [-]

Figure B.7: residual resistance coefficient at Froude number 0.7 for different slenderness ratios
for the systematic demi-hull series of Pham et al. [119] (red dashed curve) and
Molland et al. [121] (blue solid curve).
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O  systematic demi-hull series of X.P. Pham, K. Kantimahanthi and P.K. Sahoo
O systematic demi-hull series of A.F. Molland, J.F. Wellicome and P.R. Couser

residual resistance coefficient
x 1,000 [-]
(2]
T

slenderness ratio [-]

Figure B.8: residual resistance coefficient at Froude number 0.8 for different slenderness ratios
for the systematic demi-hull series of Pham et al. [119] (red dashed curve) and
Molland et al. [121] (blue solid curve).

B.2.5 Exponential Curve Fitted Through the Lowest Data Points
The following conclusions are drawn from the analysis in this appendix:
o The residual resistance coefficient can be estimated based on slenderness as only demi-hull
parameter, for catamarans of the same family;
e An exponential equation results in a good estimation of the residual resistance coefficient;
e An optimized hull form (e.g. the CC300 hull) has a lower resistance than either systematic
demi-hull series.
So the goal is to derive an exponential equation that goes through the data point of the Coastal Cruiser
300. The fact that both Coastal Cruisers have a lower residual resistance coefficient than either
systematic demi-hull series leads to the expectation that the Cy of a Coastal Cruiser family would be
lower over the whole range of slenderness ratios. However, how much lower is unknown. So instead
the equation is based on the three lowest points that are known to be reachable:
e The systematic demi-hull series of A.F. Molland, J.F. Wellicome and P.R. Couser has the
lowest Cy at low slenderness ratio (L/V/3 = 6.3):
e The Coastal Cruiser 300 has the lowest C at medium slenderness ratio;
e The systematic demi-hull series of X.P. Pham, K. Kantimahanthi and P.K. Sahoo has the lowest
Cy at high slenderness ratio (L/V'/? = 12.6).
These chosen data points are used to form the exponential functions as seen in equation B.23 and B.24,
for Froude number 0.7 and 0.8 respectively. These two equations are also plotted in figure B.9.

Cr7 1,000 = 0.43 + 115 - exp(—0.48 - L/V1/3) (B.23)

Crg - 1,000 = 0.26 + 90 - exp(—0.47 - L/V/3) (B.24)
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O systematic demi-hull series of X.P. Pham, K. Kantimahanthi and P.K. Sahoo
O systematic demi-hull series of A.F. Molland, J.F. Wellicome and P.R. Couser
exponential curve, Froude number 0.7
— — exponential curve, Froude number 0.8

residual resistance coefficient
x 1,000 [-]
E
T

slenderness ratio [-]

Figure B.9: estimated residual resistance coefficient at Froude number 0.7 (solid curve, equation B.23)
and 0.8 (dashed curve, equation B.24), plotted against different slenderness ratios. Also
plotted are the used data points of the systematic demi-hull series of Pham et al. [119] (red

squares) and Molland et al. [121] (blue circles).

B.2.6 Varying Waterline Length

The previous subparagraph indicated that there is sufficient information for a residual resistance
equation that can be used to estimate the resistance based on slenderness ratio. This is however only the
case for Froude number 0.7 and 0.8, as there are no data points between these Froude numbers [119].

Interpolating over Froude Number
Estimating the values in between these Froude numbers can be done by interpolation. One way of
interpolation is linear interpolation between the Froude numbers:

_ (08 - Fn) : CR.7 + (Fn - 07) - CR.S

B.25
0.8—-0.7 ( )

Cr

In this equation the residual resistance coefficient (Cy) is expressed as a function of Froude number
(Fn) and the residual resistance coefficient at Fn = 0.7 and 0.8 (Cg_; and Cg g respectively). The result
is not so accurate, as seen in seen in figure B.10. In this figure, as well as in figure B.11, the data points
of model M8 from the study of Pham et al. are used, as listed in table B.6. This table also contains the
waterline length (L) corresponding to the Froude numbers, as calculated with the following equation:

5 30 - 1,852 knots] 2
|4 3,600 | m/s
=(— = ’ B.26
L (Fn) /9 " /9.81 ( )

Table B.6: residual resistance coefficients for different Froude numbers for Model M8 of the study

of Pham et al. [119]
Fn 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
L [m] 674 496 379 300 243 201 169 144 124 108
Cr X 1,000 | 34 2.3 1.7 1.3 1.0 0.9 0.8 0.7 0.6 0.5
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Figure B.10: residual resistance coefficient for different Froude numbers for model M8 (slenderness
ratio of 9.4) [119], including a line that is interpolated between, and extrapolated
outside, the data points of Froude number 0.7 and 0.8 (dashed line, equation B.25).
The data points use for extrapolation can be recognized by an ‘x’.

Interpolating over Waterline Length

If the design speed is constant, the Froude number is only dependent on length of the ferry. Therefore
the residual resistance coefficient can also be written as a function of ship length (L). In that case, it can
be linearly interpolated over ship length instead of Froude number, as is done in equation B.27. This
method is more accurate, as seen in figure B.11; a significant difference only occurs at a very high
length. It is deemed accurate enough that this way of linear interpolation is used in this thesis.

_ (Log — L) Cr7+ (L—Lo7) Crg
Log— Loz

Cp ( B.27)

With Ly g = 37.9 m (the length at Froude number 0.8), Ly, = 49.6 m (length at Froude number 0.7),
and Cr, and Cg g can be calculated with equation B.23 and B.24.

When looking at the systematic demi-hull study of Molland et al., the same interpolation method
can be applied. Model 6 of the study has a slenderness ratio that is the closest match with the CC300,
and with model M8 that is used above [121]. The data of two versions of this model are listed in table
B.7.

Figure B.12 and B.13 show that linear interpolation between the waterline lengths of Froude
numbers 0.7 and 0.8 is indeed a sufficiently accurate interpolation method.

Table B.7: residual resistance coefficients for different Froude numbers
for Model 6a and 6¢ of the study of Molland et al. [121]
| Fn | 06 07 08 09 10
Model 6a Cr x 1,000 459 319 253 211 203
Model 6b Cr X 1,000 415 3.08 205 217 2.07
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residual resistance coefficient
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Figure B.11: residual resistance coefficient for different ship lengths for model M8 (slenderness ratio
of 9.4) [119], including a line that is interpolated between, and extrapolated outside,
the data points of Froude number 0.7 and 0.8 (dashed line, equation B.27). The data
points use for extrapolation can be recognized by an ‘x’.

residual resistance coefficient
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Figure B.12: residual resistance coefficient for different ship lengths for model 6a (slenderness ratio
of 9.5) [121], including a line that is interpolated between, and extrapolated outside,
the data points of Froude number 0.7 and 0.8 (dashed line, equation B.27). The data
points use for extrapolation can be recognized by an ‘x’.
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Figure B.13: residual resistance coefficient for different ship lengths for model 6b (slenderness ratio
of 9.5) [121], including a line that is interpolated between, and extrapolated outside,
the data points of Froude number 0.7 and 0.8 (dashed line, equation B.27). The data
points use for extrapolation can be recognized by an ‘x’.

B.2.7 Varying Velocity

In paragraph 5.4, the effect of sailing at a lower speed is analysed. Linear interpolation between
waterline lengths changes to extrapolation when the velocity changes. As seen in figures B.11 to B.13,
the estimation method gets less accurate when it is extrapolated. Therefore another method is used:
extrapolation based on velocity.

With equation B.23 and B.24, the residual resistance coefficient can be calculated for Froude
number 0.7 and 0.8 respectively. This means that for each waterline length (39.5 and 46.5 m), the
residual resistance coefficient can be estimated for two velocities. This can be seen in table B.8, where
the speed is calculated with the following equation:

(B.28)

3,600 rknots
V [knots] = Fn- /gL / 1857 [m/s ]

Table B.8: speed of the vessel as a function of waterline length
(L) and Froude number (Fn).
L 39.5 46.5 m
Fn=10.7 Vo7 26.8 29.1 knots
Fn =0.8 Vosg 30.6 33.2 knots

Extrapolating over Velocity
Extrapolating outside the velocities of table B.8 is done with the following inter-/extrapolation equation:

_ (Vo&B —V728) - Cpy + (V728 — V5 28) - Crg

—28 _yy—28
V0.8 VO.7

Cr (B.29)

In this equation, V,- and V,4 are the velocities that corresponds to Froude number 0.7 and 0.8
respectively, as listed in table B.8. Cr » and Cp g are the residual resistance coefficients that corresponds
to Froude number 0.7 and 0.8, which can be calculated with equations B.23 and B.24.
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It can be noted that equation B.29 is not linear inter-/extrapolation, but to the power ‘-2.8’. Figure
B.14 illustrates that this is a sufficient estimation method. The data points in this figure are the residual
resistance coefficients as listed in table B.6, combined with equation B.28, and the concept waterline
lengths of waterline 39.5 and 46.5 m.

The equation for interpolation over length (equation B.27) can also be altered by adding a power to
it. This does however not lead to a satisfying result; the relation between resistance and length is more
complicated than between resistance and velocity.

Arov
\\ \\ O data points of model M8, L = 39.5 m
35 v W A data points of model M8, L = 46.5 m
\ N\ — — linear interpolated between Froude number 0.7 and 0.8
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Figure B.14: residual resistance coefficient for different velocities for model M8 (slenderness ratio
of 9.4) [119], including a curve that is interpolated between, and extrapolated outside,
the data points of Froude number 0.7 and 0.8 (dashed line, equation B.29). The data
points use for extrapolation can be recognized by an ‘x’.

The extrapolation method can also be used with the study of Molland et al.. Figure B.15 shows that for
model 6a, the velocity extrapolation method is reasonably accurate at higher velocities and figure B.16
shows that for model 6b, the extrapolation is reasonably accurate for lower velocities. These results
might introduce some doubts about the estimation method. However, when using equation B.29 in
combination with the estimation equations for the residual resistance coefficients (equation B.23 and
B.24), the result for the Coastal Cruiser 300 is accurately matched, as seen in figure B.17. The power
¢-2.8’ is also chosen as this has the best match with the CC300.

It should be mentioned that this interpolation method is valid for Froude numbers above roughly
0.5. Around this Froude number lies the peak of residual resistance coefficient [121]. This can also be
seen in figure B.18, and it means that if the speed is reduced below this point, the residual resistance
coefficient will decrease with decreasing speed instead of increase. Froude number 0.5 corresponds to
around 20 knots for the concept ferry, as calculated with equation B.28:

3,600 rknots
1,852 L m/s

V=05 -\/9.81 - {39.5-46.5} x ] = {19-21} knots
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Figure B.15: residual resistance coefficient for different velocities for model 6a (slenderness ratio of
9.5) [121], including a line that is interpolated between, and extrapolated outside, the
data points of Froude number 0.7 and 0.8 (dashed line, equation B.29). L = 39.5 m.
The data points use for extrapolation can be recognized by an ‘x’.
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Figure B.16: residual resistance coefficient for different velocities for model 6b (slenderness ratio of
9.5) [121], including a line that is interpolated between, and extrapolated outside, the
data points of Froude number 0.7 and 0.8 (dashed line, equation B.29). L = 39.5 m.
The data points use for extrapolation can be recognized by an ‘x’.
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Figure B.17:

O data points of the Coastal Cruiser 300
N — — estimated residual resistance coefficient

residual resistance coefficient [-]
/

velocity [knots]

residual resistance coefficient of the Coastal Cruiser 300 for different velocities [120],
and estimated residual resistance coefficient (dashed line, equations B.29).

10 |
= e N p=02 ||
——— 2plL=03
5 AT ---- 2plL=04
- \ - 2fpL=0.5
fﬁ NN Monchull
7 §o-sN \'\
| ’ \ P
’ :\\ \ \'\
}L N\ A\
— 6 Y/ NS \
§ A ) \'\
s N ;
= 5 7 / /\ NN
e g N
g, AP N
s P \ <l
3 7/ PSSt
—F ~_T
2 7 —-_
1
0
01 02 03 04 05 06 07 08 09 10 11
Fn

Figure B.18: residual resistance coefficient of model 4b of
the systematic demi-hull series of Molland et al.
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B.3 Wetted Surface Area

The wetted surface area (S) is an important factor in estimating the resistance (R = Cr -%pVZ - S). Not
only the displacement, but also the hull shape determines the wetted surface area.

The data of the systematic demi-hull series (table B.2) contains a ratio between wetted surface area
and length of the vessel (S/L?). This can be combined with the slenderness ratio to obtain the wetted
surface area as a ratio of displacement:

/23 = (S/12) - (L/v1/3)° (B.30)

Plotting this ratio is done in figure B.19, which shows that a linear line can be fitted through these data
points (created with equation B.31). There seems to be some deviation between the data points, but one
must keep in mind that this is due to lack of accuracy, as the wetted-surface-area/length-ratio is only
expressed by two decimals, which in some cases results in only one significant number (e.g. S/L =
0.09, for L/VY/3 = 9.4).

(S/V?/3) 1oy =041 (L/V/3) + 43 (B.31)

If the slenderness ratio of the Coastal Cruiser 300 is used with equation B.31 to calculate the wetted-
surface-area/displacement-ratio, the result is 5% higher than the real wetted surface area of the Coastal
Cruiser 300 [120]. The real ratio of the CC199 is also 5% lower than when estimated with this equation
[122]. Compensating for this leads to the following result:

S/V?/3 = (100% — 5%) x (S/V?/?) =0.39- (L/V'/3) + 4.1 (B.32)

model

This equation can be rewritten to an expression for the wetted surface area as a function of the length
and displacement of the vessel, which is done in equation B.33. Note that a two is added to the equation,
as there are two demi-hulls, and the displacement in these equations is the volume of one demi-hull.

S=2-(5/v?/3)-v?/3=0.78-L-V/3 +82-72/3 (B.33)

9.5 -

75
6.5 % O data points of systematic demi-hull series, including error margin
— — fitted line through the data points of systematic demi-hull series

6 I | | | I I |
6 7 8 9 10 1" 12 13

slenderness ratio [-]

wetted surface area - displacement ratio (S/V(2/3)) [-]

Figure B.19: wetted-surface-area/displacement-ratio (S/V?/3), for different slenderness ratios. The
data points with their error margin are blue, and the black dashed line that is fitted
through these points is created with equation B.31.
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B.4 Total Ship Resistance, Propulsion
Power and Energy Consumption

Up until now, only the hull resistance (Ry,,,;) was discussed in the appendix, which is the largest part
of the total resistance of a ship (R). Other parts are appendage drag (R,yp;) and air resistance (R;):

R = Rpyy + Rapp + Rair (B.34)

Appendage Drag

Because the ferry is a catamaran with waterjet propulsion, there are no rudders, propeller shaft struts,
or stabilizer fins. Thus there are no appendages that contribute to the resistance of the ferry, so there is
no appendage drag: Ry, = 0 kN.

Air Resistance
Air resistance does play a role, but since no significant changes will be made to the part of the ferry that
contributes to this resistance component, it is kept constant for the design speed of 30 knots
(Rairsg kmots = X kN). In case of the Coastal Cruiser 300, the air resistance is less than 5% of the total
resistance [120]. So even if this resistance component changes for the electric ferry, its impact is small
enough that a constant value is sufficient for this estimation method.

When the velocity of the ship changes, the air resistance changes as well. Like other resistance
components, the air resistance is a function of the velocity squared, thus it can be estimated using the
velocity ratio squared:

2
V [knots] ) (B35)

2 = N30 TEenoral
Rair"’V g Rair = Rairgo knots (30 [knotS]

B.4.1 Overview of the Resistance Estimation Equations
In this thesis, the following equations are used for estimating the resistance of the catamaran ferry:

R = (Cp+ Cg)3pV2 S + Ryiy (B.36)
With:

~ 0.075
o Cr= 2 Ref. ( B.4 )

(10810 (5 1) - 2)

_ (Log— L) Cry+(L—Lo7) Crg

e C Ref. ( B.27 )
N Log — Loz
o Cgr7-1,000 =043+ 115-exp(—0.48-L/V/3) Ref. ( B.23)
o Crg-1,000=0.26+90-exp(—0.47 - L/V1/3) Ref. ( B.24 )
e S$=0.78-L-VY34+82- 1723 Ref. ( B.33)
V [knots] 2
¢ Rair = Rair3o knots (30 [knots]) Ref. ( B.35 )

These equations contain the following constants:
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e p=1,025kg/m3;
e V =30-1,852/3,600m/s;
e v=12-10"°m?/s;
o Loy =49.6m;
e Lyg=379m;
*  Rairgginos =X kN.
The two input variables in the equations are indicated in red:
e L, waterline length of the vessel;
e 7, displacement of one demi-hull (V = A_,:/p/2).

Varying Speed
If instead of the length of the vessel, the speed is a variable (V, indicated in blue), equation B.27 above
is replaced by equation B.29:

_ VogB —V728) - Cry+ (V28 = V5 28) - Crg

Cr
—28 _1/-28
Vos Vo7

Ref. ( B.29 )

The velocity values (V,.; and V, g) are listed in table B.8.

Ref. table B.8: speed of the vessel as a function of waterline length
(L) and Froude number (Fn).
L 39.5 46.5 m
Fn=20.7 Vo.7 26.8 29.1 knots
Fn=10.8 Vos 30.6 33.2 knots

B.4.2 Hull Interference

The waves that are generated by one demi-hull interfere with those of the other demi-hull. This is called
the hull interference. In general, the closer the hulls are together, the larger the interference, and
therefore the larger the resistance. This also follows from the systematic demi-hull series study of X.P.
Pham, K. Kantimahanthi and P.K. Sahoo [119]. Other studies also indicate a higher resistance when the
demi-hulls are closer together [123] [124]. However, hull interference is not in all cases negative, as
some configurations result in no interference, or even positive interference effects [121] [124]. What
all these studies show is that hull interference is a very complex process that it is influenced by many
factors. That fact that the studies show that it is possible to have no hull interference, suggests that
interference effects can be neglected.

The Coastal Cruiser 199 [53] has a lower hull separation ratio than either the CC300 [71] or the
systematic demi-hull series [119]. Since it is lower, it might be expected that the hull resistance is much
higher due to interference effects. However, the known resistance [122] is only 1.5% higher than what
follows from the estimation. So there is no significant increase in resistance due to the smaller hull
separation ratio; the difference might as well be the result of the difference between the demi-hull
characteristics of the CC199 and the CC300, as the latter has a higher B/L-ratio, a lower B/T-ratio and
a higher block coefficient [53] [71].

Based on this knowledge, it is concluded that the changes in the interference effects can be safely
neglected in this estimation method. The residual resistance coefficients of both the demi-hull series, as
well as both Coastal Cruisers, are including the interference effects. So it is taken into account as a
constant factor.

B.4.3 Estimating the Installed Propulsion Power
The mass of the power and propulsion system is related to the installed propulsion power. So in order
to estimate it, the installed power has to be related to the resistance of the ferry.
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The required propulsion power (P;) has a linear relation with the resistance of the ferry (R), based
on data from the waterjets of the Coastal Cruiser 300 [125]:

Pr=X-R-X (B.37)

This expression is valid for a velocity of 30 knots, and it includes shaft and gearbox losses. The Coastal
Cruiser 199 has smaller waterjets installed, but the same relation can be derived from that waterjet data
[126].

One of the design requirements [paragraph 2.3] is a 15% margin between the installed propulsion
power (P;) and required propulsion power:

P,=115x P, =X R —X (B.38)

B.4.4 Estimating Energy Consumption
The energy consumption of the ferry is discussed in subparagraph 3.2, where the following relation was
derived for the energy consumption of one crossing (E;.):

E _h. Ref. ( 3.2
1c — tt+Eaux e-( . )
Nep

With:
o 1ngp = 93%, efficiency of the electric powertrain [paragraph 3.1];
e t; =50/60 hour, time at transit speed [21];
o  E,ux = 0.1 MWh, auxiliary energy consumption [21].
Equations 3.2 and B.38 can be used to link energy consumption to installed power:

Eic

p; » 50 [minutes]
T 1.15x93% ~ \60 [minutes/hour]

) = 0.8 [kWh/kW] x P, (B.39)

Note that auxiliary energy consumption is neglected in this expression. Because it is a constant, as well
as a very small part of the total energy consumption, it can safely neglected for the determination of the
target energy consumption ratio, which is done in paragraph 3.6.

Varying Speed
If design speed changes, the transit time changes as well. The following equation is used to calculate
the time at transit speed:

_ 25[NM]

tt—m (B.40)



Hydrofoils: Mass, Lift
and Drag
Approximation

This appendix contains the mass, lift and drag estimation of the hydrofoil system. The result of this
appendix will be used in chapter 6.

Structure of this Appendix

Appendix C.1 is about the mass estimation, appendix C.2 about the lift coefficient and size estimation,
and appendix C.3 is about the resistance of the hydrofoil system.
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C.1 Hydrofoil Mass Approximation

The lift that a hydrofoil has to generate is determined by the mass of the vessel. So first, the mass of the
hydrofoil system has to be estimated, as this is a part of the total mass as well. Estimating the mass of
the hydrofoil system (Mg,;;) can be done with following equation, which is derived by A. Rufolo, based

on estimations from several hydrofoil designers [111]:

’A
Myoy = | 0.020 + 0.031 %‘5 “Acat (&)

This is a rough estimation, but for the estimation purpose in this thesis it is sufficient. The displacement
can be written as the catamaran displacement without foils (4,) plus the mass of the foil system (M,;;):

Acar = Do + Moy (C2)
With:

Ao= Ms + Mpp + Mgqq (C3)
With:

e Ms, structural mass (hull and superstructure);

e Mpp, mass of the power and propulsion system;

e M,,4, additional mass.
A more detailed explanation of these three mass components can be found in appendix A.
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C.2 Hydrofoil Lift Coefficient and Size
Approximation

The lift of a hydrofoil (F;) can be calculated with the following equation:

F,=C,-%pV?-A Ref. ( 6.3 )
With:

o (;, the lift coefficient;

e p, the fluid density (1,025 kg/m3 for seawater);

o 1, speed of the ferry;

e A, planform area of the foils.

The concept hydrofoil ferry has two hydrofoils, and each support half the weight of the vessel. This
way the size of each foil can be determined:

FL Acat
A=—"Lt ith F, =
c, - hpvz  WHHILET

g (C4)

In this approximation, a rectangular hydrofoil is considered, which means that the planform area is the
product of the span (s) and the chord length (c):

A=s-c Ref. ( 6.1 )

The total span of each hydrofoil is equal to the overall beam of the vessel. Because not the whole area
is effectively used, due to the presence of struts, an effective span of nine meter is assumed (s = 9 m).
Because the span is fixed, the planform area is only determined by the chord length.

In paragraph 6.2, the free-stream lift coefficient (C,, ) was determined to be 0.8. This value is valid
for a foil in infinite fluid. Some factors affect this value. This subparagraph discussed three components
are of importance for determining the effective lift coefficient:

e Finite span;

e Foil-foil interference;

e Water surface effects.

It must be mentioned here that this is an iterative process. If the effective lift coefficient is smaller, the
area of the foil has to be larger to generate the same amount of lift (equation C.4). Because the hydrofoil
is larger, the interference effects are larger as well, thus the area has to increase again. This process
continuous until a break-even point is found. This is not necessarily the case, as the process can also
diverge, than no feasible chord length exists.

C.2.1 Finite Foil Span

A real foil has a finite span, and thus a finite aspect ratio (AR), which is determined for a rectangular
foil as the span divided by the chord length:

AR =§ Ref. ( 6.2 )

Due to the finite span, 3D effects occur that have a negative impact on the lift; the lower the aspect
ratio, the lower its effective lift coefficient. This is also the reason why gliders have long and narrow
wings, i.e. high aspect ratio wings, as these aircraft require a high lift/drag-ratio.

Sgding presents an expression for estimating the lift coefficient of a low aspect ratio wing [100],
which can be written as follows:
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C, AR-(AR+1)
C. (AR +2)?

0

(C5)

The negative effect of a limited aspect ratio can be limited by applying foil end-plates, which increase
the effective aspect ratio. According to Dubs, the effect of end-plates can be estimated with the method
as seen in figure C.1 [127]. In case of the catamaran, the largest part of the foil is located between the
two centre planes of the demi-hulls, and the struts also act as foil-end-plates. Thus b is the demi-hull
separation and h the foil submersion. This results in a ratio (AR/ARy) of 0.6.

N
08 F_\-

\Q“\ S |
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+ . )_\{3% 127
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Figure C.1: front view of a wing with winglets (on the left), and the [127]
corresponding ratio between the aspect ratio and effective
aspect ratio (AR /AR ¢y).

Combining the two 3D effects results in the following expression:

_AR AR,rp 4+ 1 AR
[C ] erf " (ARegr )’ with: ARyyy = (C6)
Lol 4p

(ARosr + 2) 0.6

C.2.2 Foil-Foil Interference

The flow around the aft foil is disturbed by the presence of the forward foil. This influences the lift
coefficient of the aft foil. An import factor is the creation of waves by the front foil, that affects the flow
direction at the aft foil, i.e. the angle of attack changes and thus the lift changes [100]. This process is
too complex to implement in this thesis, so instead a constant value will be used. Based on a study from
Wetzel and Maxwell [128], a reduction of 25% in lift is assumed for the aft foil:

[ ] = 0.75 (C7)
01 foil-foil

C.2.3 Water Surface Effect

The final interference effect is caused by the presence of the water surface. Hough and Moran analysed
the free-surface effect [100]. This can be seen in figure C.2, where the effect of the free-surface is
plotted against submergence Froude number (Fn,, equation C.8), for different submergence/chord-
length-ratios (h/c).
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Fnp = (C8)

>

G, (h/o)/Cy (h/c = =)

1.25 1

1.00 A

0.75

—=—h/c=0.5

0507 —~hlc=1.0
—-h/c=2.0
—h/c=5.0

0.25 ¢

0.00 Fny,

20 40 60 80 10 12 14 16
Figure C.2: effect of the free-surface on the lift coefficient, [100]

plotted against submergence Froude number,
for different submergence/chord-length-ratios.

The foil submergence (h) was determined to be 2.5 m in paragraph 6.2. The range of interest that follows
from this submergence is between submergence Froude number 3 and 5, which corresponds to a speed
between 29 and 48 knots, as calculated with the equation C.8.

The submergence ratios that are of interest lie between 1.0 to 5.0, which correspond to a chord
length of between 0.5 and 2.5 m.

Based on figure C.2 and the ranges as described above, the following equation is derived for the
estimation of the surface effect (C,/C;,):

c/8

[i] = exp(-02+¢) - (22) (C9)

C 2
Lo water-surface

C.2.4 Size and L.ift Coefficient Limitation of the Hydrofoil
The higher the design velocity, the smaller the required planform area of the hydrofoil. This can be seen
with equation C.4. If the hydrofoil becomes too small, it is not strong enough anymore to carry the
weight of the vessel. Therefore, for higher design speeds, it makes more sense to limit the lift coefficient
of the hydrofoil, i.e. decrease the angle of attack of the hydrofoil.

So the lift coefficient is also determined by the maximum size of the hydrofoils, which can be
determined by the maximum allowable aspect ratio of the foil. Hoerner et al. derived an expression to
estimate the aspect ratio between the struts ("AR" ,,4x) [103]:

"AR" =096 | 2. —LC (C.10)
max — Y- f (—FL/A .

With:
e 0, yield stress (¢ = 200 MPa for aluminium [129]);
o f, safety factor (f = 1.15 [103]);
e t/c, thickness ratio of a foil. (t/c = 0.12 in case of the NACA 64,-212 [105]);
e F; /A, foil loading.
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It must be mentioned that the original equation was created for empirical units; ‘11.5 is changed into
‘0.96’ to use the formula with SI-units.

The foil loading is determined by area of the hydrofoil, which is the span times the chord length
(equation 6.1). Because the span is fixed (s = 9 m), equation C.10 can be rewritten from a function of
planform area to a function of chord length:

n n O- t/C
AR" oy = 0.96 |=-

f JF./s

Two struts are located at the centre plane of the demi-hulls, and one strut is placed in the centre plane
of the catamaran. Thus the aspect ratio between the struts is half the demi-hull separation divided by
the chord length of the foil, and it should not be larger than the maximum allowable aspect ratio:

-\C (C11)

b/2 o t/c
ARS"AR"maxa%SO.96 gt (C12)

f JF./s

Equation C.12 can be rewritten to an expression of minimum hydrofoil chord length:

-3/2
S N 7L (C13)
b f \JF,/s

From this minimum chord length follows the minimum planform area, and thus the maximum lift
coefficient:

Amin =S " Cmin (C.14)
Fy

CLomax = VopVZ A (C.15)

C.2.5 Overview of Foil Sizing and Lift Coefficient Estimation Equations

As mentioned before, estimating the size and lift coefficient of the hydrofoil system is an iterative
process, because the lift coefficient determines the size of the foil, and the size of the foil determines
the magnitude of the interference effects and thus of the lift coefficient. As long as the ratio of velocity-
over-weight is high enough, the iterative process converges.

Chord Length of the Hydrofoils
The chord length of each hydrofoil can be estimated as follows:

A
c=;, withs =9m (C.16)

With:

FL Acat
A=—1ti=t _ ith: F, = —2t.
c,-wpve ~WHEIRLTT

Note that the displacement of the catamaran is divided by two, as each foil carries half the weight.

Ref. ( C.4 )
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Lift Coefficient of the Hydrofoil System
Combining the interference effects with the free stream lift coefficient leads to the following
expressions for estimating the lift of the forward and aft foil respectively:

: CL
CL,forward = min {(CLO ’ [C_] ); CL,max,forward} ( C.17 )
Lo water-surface
: CL CL
CL,aft = min CLO : C_ ' C_ , CL,max,aft ( C.18 )
Lo water-surface Lo foil-foil
With:
e (,=08
(¢, ] Fry\¢/8
o |— =exp(—0.2-¢)- (—) Ref.( C.9 )
Cy, 2
- ‘water-surface
_ C, i
. |z =0.75 Ref.( C.7 )
L=Lolroit foil
F,
o CL,max = m Ref. ( C.15 )
O Amin =S Chmin REf ( C.14 )
-3/2
o 192 |o _t/c Ref. ( C.13 )

Cmin = b f r—FL /s
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C.3 Hydrofoil System Drag Approximation

The drag of the hydrofoil system can be split into multiple components, and the total resistance is the
summation of all these components:

e Frictional drag;

e Parasitic drag;

e Induced drag;

o Wave making drag;

o Interference drag;

e Spray drag.
Most of these components are related to area, just like the resistance of the ship itself. However, in case
of hydrofoils, there are two areas used for estimating the resistance: planform area (A4) and total area of
the system (A;,:4:1), DOth explained below. There are also some resistance components are related to the
foil thickness.

Because the resistance coefficient is often different for forward and aft foil, the two foil systems
will be handled separately and the summation of their individual resistances is the total resistance.

Planform Area
The planform area is simply the span times the chord length of the hydrofoil:

A=s-c Ref. ( 6.1 )

Total Area

The total area also includes the area of the struts. The height of the struts under water is equal to the
hydrofoil submergence (h = 2.5 m). The forward foil has three equal struts, all with the same chord
length as the hydrofoil they support (cforwarq)- Thus the total area of the forward foil system is:

Atotalforward =(s+3xh)- Crorward (C19)

The aft foil also has three struts, but the size of two of them have a minimal chord length of 1.2 m to
support the propulsion system, as discussed in subparagraph 6.2.4. This leads to the following
expression:

Atotalaft =(s+1xh)-c+(@2xh)- Cstrutay, (C.20)
With:
Cstrutqpe = max{c, 1.2 [m]} Ref. ( 6.11 )

C.3.1 Friction Drag

The friction drag coefficient can be calculated using the ITTC-57 formula, similar as is done for the
ship itself (equation B.2). The Reynolds number is different though, as it is not a function of the length
of the vessel, but of the chord length of the foil (c):

Rn, =—— (C21)

With:
e T, the speed of the ferry;
e v, the viscosity of seawater (1.2 - 1076 m?/s).
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Cr = 0075 Ref.( B.2 )
F™ (logyo Rn — 2)2 I
The frictional drag is simply a function of this coefficient and the total area:
FD,friction =Cp- 1/2,DV2 *Atotal ( C.22 )

C.3.2 Parasitic Drag

The parasitic drag is related to the pressure distribution over the foil. In subparagraph 6.1.3, a parasitic
drag coefficient (Cp,) of 0.01 was mentioned, which is in line with the value mentioned by Hoerner et
al. [103]. With this value the parasitic drag can be calculated:

FD,parasitic = CDO : 1/2pV2 “Atotalr with: CDO = 0.01 ( C.23 )

C.3.3 Induced Drag

The 3D effects of a foil on the resistance is taken into account with the induced drag, which is only a
function of the planform area, as the struts do not generate lift:

Fp inducea = Cpi * 1/2,0V2 A (C.24)

The induced drag coefficient (Cp;) of a fully submerged foil is a function of the lift coefficient (C;) and
the aspect ratio (AR) of the foil [103]:

Cp; = Ci (C.25)
" m-AR

Foil-end-plates and struts increase the effective aspect ratio [127]. This changes equation C.25 into the
following expression:

Cpi

_ [AR
T['AR AReff

_ AR
, with

] = 0.6 (C.26)
AReff

The ratio of 0.6 was determined in subparagraph C.2.1

C.3.4 Wave Making Drag

The lift of a hydrofoil deforms the free-surface, i.e. waves are generated. Both Faltinsen [100] and
Hoerner [130] have derived the following equation for estimating the wave making drag of a hydrofoil:

Fpwaves = Cow - ¥2pV? - A (C27)
With:
CDW=o.5-5-C—L2-exp<_—2> (C.28)
h F? Fnj

C.3.5 Interference Drag
Two interference drags are considered: foil-foil interference and foil-strut interference.
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Foil-Foil Interference

A foil might experience interference drag if it is located in the downwash of another foil. In case of the
concept ferry the distance between the struts is large enough (x/c > 10) that no noticeable interference
drag occurs [130].

Foil-Strut Interference
Interference drag does occur on each connection between foil and strut. This drag is not a function of
area, but a function of foil thickness squared (¢2) [130]:

FD,interference = Z CDt ' 1/2pV2 ' tz ( C.29 )
struts
With:
Cpy =17 (t/C)2 —0.05 ( C.30 )
C.3.6 Spray Drag

Due to the relatively high Froude numbers at which a strut operates, the waves that are created by the
struts break up, forming a “spray”. The following empirical function, derived by Hoerner, is used to
estimate the spray drag [130]:

Fospray = Z Cogpray *t2° ¥PV?,  WithCp_ =024 (C31)

struts

C.3.7 Drag Estimation Overview and Energy Consumption Estimate
An overview of the equations of this paragraph can be seen on the next page.

Using the equations as mentioned in this appendix for the Coastal Cruiser 300 on hydrofoils, sailing
30 knots, results in the following contributions of each resistance component:

Table C.1: contribution of each resistance
component, as estimated for
the Coastal Cruiser 300 with
hydrofoils at a design speed

of 30 knots.
Frictional drag 12%
Parasitic drag 47%
Induced drag 14%
Interference drag 7%
Wave making drag 11%
Spray drag 9%

Energy Consumption
Energy consumption is proportional to resistance and travel time, and the latter becomes smaller if
speed increases. Thus the following proportionality exists:

Elchydrofoil ~ Rhydrofoil . Veezoo (C32)

ElCCC3oo Rec3o0 Vhydrofoil

Another factor to take into account is the propulsor efficiency. The efficiency of a conventional waterjet
is in the order of 70% [107], and the propeller propulsion was determined to be in the order of 60%
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[paragraph 6.2.3]. This means that if the resistance of the hydrofoil vessel is equal to that of the

conventional catamaran, its energy consumption is around 17% higher:

Ncesoo _ 70% _

nhydrofoil 60%

(C33)

Taking this into account results in the following expression for the energy consumption;

ElchydrofoilNRhydTOfOil_ Veesoo __Ncesoo

Elccc300 RCC300 Vhydrofoil nhydrofoil
Overview of the Hydrofoil System Drag Estimation Equations

Fp = (FDf"”)forward + (FDf"”)aft + FD,interference + FD,spray
With:
o FDfm-l = FD,friction + FD,parasitic + FD,induced + FD,waveS
With:

o FD,friction =Cp- 1/2sz *Atotal

. C. = 0.075
"7 (logyo Rn — 2)?
V-c
*  Rn=——
v
. Atotalforward =(+3xXh)- Cforward

. Atotalaﬁ =(+1xh)'c+(@2xh): Cstrutqse

* Cstrutepe = max{c, 1.2 [m]}

O FD,parasitic = CDO ) 1/2pV2 “Atotar, with: CDO = 0.01

o FD,induced = Cp; " 1/2[)V2 ‘A

_ ¢
T m-AR

AR
AR, sy

- Cpi

_ AR
, with
Refs

. A=s-c

o FD,waves = Cpw 1/2,0V2 ‘A

(C34)

(C.35)

(C.36)

Ref. ( C.22)

Ref.( B.2 )

Ref. ( C.21 )

Ref. ( C.19 )
Ref. ( C.20 )

Ref. ( 6.11 )

Ref. ( C.23 )

Ref. ( C.24 )

Ref. ( C.26 )

Ref. ( 6.1 )

Ref. ( C.27 )
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c CE -2
| | CDW ey 0_5 . E . F_}% . exp F—Tlizl Ref. ( C-28 )
) FD,interference = Z Cpt - 1/2sz - t? Ref. ( C.29 )
struts
o Cpe =17 (t/c)? —0.05 Ref. ( C.30 )
° FD,spray = Z CDspmy ’ tsztrut ' 1/2sz , with CDSpmy =0.24 Ref. ( C.31)
struts
o Ustrut =t
o In case of the propeller supporting aft struts:

Cstrutes = max({t, 0.3 [m]} Ref. ( 6.10 )
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