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Abstract: This paper reviews a state-of-the-art zero emission propulsion system for a battery-powered
small craft. The main aspects considered are the available propulsion systems, energy storage, and
dock battery charging. This underlying activity is part of the KISS project, a research and development
program in the frame of the EU-funded “Piano Operativo Regionale CALABRIA FESR-FSE 2014-2020
ASSE I-PROMOZIONEDELLA RICERCA E DELL'INNOVAZIONE”, which is aimed at designing
and building a physical prototype. Its hull form is based on previous research conducted by the
authors, and the powering performances were preliminarily predicted by CFD simulation. The KISS
project represents a successful example of an electric small craft with performances and a mission
profile comparable to competitors with conventional propulsion. Such a target has been achieved
by a concurrent design that considers the hull form, engine, propulsion system, and energy storage
onboard. Safety issues and the regulatory frame are also highlighted.

Keywords: zero-emission marine propulsion; low-resistance hull form; small craft; battery-driven
electric ship

1. Introduction

Sustainable development does not end in a series of rules and directives, but rather
it is a continuous process made up of work and commitments to build a strategy that
contributes to the well-being of the planet and its population. Recently, the concept of
sustainability has been applied more specifically to living organisms and their ecosystems.
With reference to society, sustainability means a “balance between satisfying present needs
without compromising the ability of future generations to meet their own” as reported in
the Brundtland Report of 1987 [1]. Clear scientific evidence has now emerged indicating
that humanity is living in an unsustainable way, consuming the Earth’s limited natural
resources faster than it is able to regenerate. Consequently, a collective social effort to adapt
human’s consumption of these resources to a level of sustainable development is a matter
of paramount importance for present and future of generations. Sustainability can be an
idea, a lifestyle, and a way of producing at the same time. The KISS (Keep It Sustainable
and Smart) project concerns the research, development, and design of a demonstrator
small craft characterized by high sustainability in terms of energy and low harmfulness
for people and the environment as well as by hydrodynamic performance and a load
capacity suitable for both pleasure and professional use. In this last case, the vessel can
be used as a ten passenger craft with navigation limits according to National Authorities’
regulations. KISS prototype development considers the characteristics of sustainability
and low harmfulness in all phases of the product’s life, from the choice of raw materials,
to production, use, and maintenance, up to disposal in coherence with an LCA (life cycle
assessment) approach. This compliance, although not yet mandatory, is gaining increasing
consideration in ship [2] and small craft construction, specifically with aspects related to
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fiberglass and composite structure disposal [3]. Significant results regarding sustainability
with an adequate performance and potential of the mission profile can make subsequent
production competitive within present and future scenarios of the sector.

A general interest in zero-emission shipping, in the frame of future global decarboniza-
tion targets, is perceived in the marine field. Perspectives, new hypothesis, and mid-term
development directions are shown in [4,5]. A detailed identification of future trends is
given in [6]. A mapping of zero emission pilots and demonstration projects are reported
in [7].

Currently, zero-emission proposals are focused on two main vessel types:

e  Commercial ships, mainly ro-ro ships, that operate in a zero-emission mode in the
short-term while in a harbor or protected areas;

e  Small passenger or pleasure crafts with limited range and speed that always operate
at zero emission.

A most interesting report on electric ferries and ro-ros operating in the Baltic Sea, one
of the areas that has pioneered the development of zero-emission shipping, can be found
in [8].

The KISS project concerns small passenger or pleasure crafts powered by batteries
with limited range and speed. The aim of this research and development was to obtain
performances comparable to similar crafts powered by thermic engines. Several studies
on this matter have been reported over the last years. The design aspects and typical
characteristics of an electric small passenger craft operating as a service boat for a luxury
hotel on Como Lake are reported in [9]. In this case, compact and light twin 80 kW PMSMs
(permanent magnet synchronous motors) allow for a maximum speed of 24 knots, which is
comparable with the similar diesel-powered craft operating on the lake. The range (1 h at
top speed and 4 h at 10 knots) provided by a 180 kWh battery pack is adequate for daily
service with a battery charge overnight. Elettra, the name of the vessel, has successfully
been operating since the 2019 tourist season.

Working boats suitable for the different services requested in marine protected areas,
such as patrolling, security, and maintenance, are mainly diesel-powered crafts. Only
passenger transportation is conducted by crafts with zero-emission capabilities. A proposal
for a multiservice, zero-emission electric boat with a specific SWATH hull form for low-
wake wash is described in [10].

A complete reference for battery-operated small crafts in which all design aspects have
been extensively considered is provided in [11].

A simulation model for a small zero-emission passenger craft operating in restricted
areas is reported in [12]. The model combines the hydrodynamic issues of maneuvering
and propulsion in restricted water as well as simulation of electric loads and the capacity of
the energy storage system installed onboard in order to rapidly assess the green capabilities
of the new projects during the early stages of design.

The design approach to battery-powered boats and two meaningful examples of small
passenger crafts operating in Tokyo’s waterfront are described in [13].

In addition to the design’s technical aspects, in the evaluation of zero-emission’s main
features and potential advantages, careful attention must be given to the mission profile’s
identification and to the pros and cons of replacing existing vessels. Most important, the
feasibility of zero-emission shipping is related to the availability of local energy and to the
characteristics of the ships and routes. An investigation on this topic that can be used as a
reference for any type of similar study is reported in [14]. Similar matters but limited only
to nautical tourism can be found in [15].

A pilot study to verify the sustainability of inter-island transport, presented in [16],
described a small electric boat with photovoltaic (PV) modules designed and field-tested in
Samal Island, Philippines.

As already experienced in the automotive market, potential social and technical
barriers handicap the adoption of the electric boat, mostly due to a lack of awareness and
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knowledge. In [17], some considerations that can help to consider consumer preferences in
electric boat designs are reported.

The environmental and health impacts associated with using electric service vessels
in the recreational boating industry are assessed in [18]. The study focused on pump-out
boats that enable the sanitary management of human waste generated aboard recreational
vessels, considered as a model of the whole recreational boating service sector. A life cycle
assessment of electric and gasoline-powered pump-out boats revealed that electric boats
have lower lifetime greenhouse gas emissions than their gasoline-powered equivalents,
especially when electric boats are charged using renewable resources.

In the general interest of unmanned vessels, the options of zero-emission characteristics
are considered in [19].

Solar energy is strictly related to zero-emission concepts. Energy provided by solar
panels can be seen as a contribution to energy stored onboard as well as an energy source
available for any other request from propulsion to lighting. In the case of ships, where a
given amount of energy is always requested, due to the small relative quantities of electrical
supply provided by solar panels, they can be directly connected to the utilities. More in
general, solar panels charge battery packs that can store or act in the buffer mode.

As regards electric propulsion, available PV panel areas are generally not adequate
to provide the whole amount of propulsion energy, although a few experimental vessels
have performed successful long-range cruising. The most famous is the Solar Planet, which,
in 2010-2012, sailed around the world powered by solar energy. Recently, the feasibility
of solar-powered small craft has been explored as for the passenger craft shown in [20].
The key factors for such an achievement are a very low-resistance hull form and a mission
profile compatible with very low cruising speed. A catamaran configuration was chosen for
the large available area where the PV array was set, although not optimal for the considered
low relative speed due to the fact of its higher wet surface and, consequently, large viscous
resistance in comparison to an equivalent monohull.

Some examples of only solar-powered boats are reported in [21]. The characteristics of
the best electrical components as well as the energy management from PV array to electric
engine are described.

A two-step optimization design for solar-powered boats is presented in [22]. First, a
simplified ship size optimization is considered; then, the optimization of the PV system’s
size to obtain the number of photovoltaic modules and batteries with minimum cost
is presented.

A further development of solar-boats has been designed by Universitas Indonesia’s
team, which participated in the International Solar Boat Challenge competition held in the
Netherlands in 2016 and presented in [23]. The research considers mechanical systems of
the boat as one the most important things to make an efficient solar-powered boat.

As regards energy storage, small-sized, zero-emission craft are generally equipped
with batteries. The use of hydrogen and fuel cells is considered a future option when
distribution and cost will not be insurmountable obstacles as they are now. An extensive
review of energy storage with special attention to battery characteristics is reported in [24].

The development of an algorithm for the basic design of a zero-emission small craft is
described in [25]. It determines the optimal electric motor and battery specifications for
the basic requirements and arranges electrical propulsion components using the center of
gravity position as an objective function.

Several reports of financed zero emission projects are available, although only a few of
them can be considered as scientific or technical contributions.

Numerical and experimental optimization of a fast zero-emission catamaran is re-
ported in [26], which can be considered representative of the state of the art.

The conversion of existing ships and small crafts as an approach to zero emission is
diffused, as presented in [27], although rarely successful.
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The BBGREEN Project (“Battery powered Boats, providing Greening, Resistance
reduction, Electric, Efficient and Novelty”) is interesting for the all-round approach to
achieving sustainable navigation targets. A detailed report is given in [28].

Recently, in the frame of the H2020 funded project: “TrAM—Transport: Advanced
and Modular” [29], further interesting contributions focused on transport solutions with a
cost-effective and environmentally friendly life cycle are presented.

The study reported in [30] is focused on a battery-driven, zero-emission “TrAM Lon-
don Demonstrator”, designed for the Thames River, London, UK. It examined the hydrody-
namic performance of a preliminary design of this high-speed catamaran in shallow water
and verified and validated the computational methods employed in the hydrodynamic
optimization of the hull form. Although relative to a defined project, it can be useful as a
general reference for small-sized catamaran hulls.

In [31], the design of a fast catamaran passenger ferry demonstrator, planned for
operation as a waterborne shuttle in the Stavanger/Norway area, and of a replicator for
operation in the Thames River, London, UK, are elaborated including infrastructural issues
for their operation.

More in general, in [32] a concept for waterborne transport by implementing state-
of-the-art “Industry 4.0” holistic ship design and production methods for fully electrical
vessels operating in the vicinity of urban areas is validated, and further future R & D
activities are presented. The aims of the project are significantly lower construction costs
and a reduction in engineering hours for new zero-emission vessels. Three different
catamarans will be designed implementing the developed methods, and one will be model
tested, constructed, and operated in Norway.

2. Zero-Emission Small Craft

The aero-emission craft considered in this paper are defined as vessels that can operate
at cruising speed without any gas or particle emissions and without appreciable noise
emissions from engines and machinery. Figure 1 shows a synthesis of the main aspects
to be considered in a zeroOemission small craft project. An electric engine(s) powered by
battery packs is the first and often the only choice when minimum environmental impact is
a design request. Lithium batteries are, at present, the most used energy storage for zero
emission. Hydrogen and fuel cells are a promising future, but they are now still limited
to research programs due to the issues of space onboard, considerable weight, and most
importantly, an ashore distribution net that still to be setup.
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Figure 1. Different aspects to be considered in a zero-emission small craft project based on battery
energy storage.

Zero-emission characteristics are becoming mandatory for small boats or ships oper-
ating in sheltered or inland waters. Although the features and benefits of hybrid electric
marine propulsion have been influencing ship design and meeting standard mission lay-
outs and profiles, zero emission has been linked to lower performance and range due
to the technological limitations and costs of onboard energy given by lithium batteries.
Each aspect influencing the surrounding environment must to be taken into account, ship
performances have to be ranked from different and new points of view, where comfort and
safety are preferred in respect to speed. The first design step is a careful consideration of
mission profiles best fitting typical aspects of zero-emission propulsion.

The main features of a zero-emission craft are described in the following paragraphs.
A database of zero emission small craft on the market at present is shown in Table 1, for
pleasure boats with length overall (Loa) from 6 to 8.5 m, and in Table 2 for passenger craft
with Loa from 10 to 15 m. This Los range was considered accordingly in the frame of
the KISS prototype’s planned dimensions. The chosen examples were all equipped with
lithium batteries as energy source.
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Table 1. Database of zero-emission small pleasure craft.
. Power Beam Displacement
Builder Type kW) Loa (m) (m) ® Pax
610 San Remo 4.3-10 6.10 1.80 0.750 5
650 Alassio 4.3-60 6.50 2.17 0.950 6
P h 680 Lido 10-60 6.80 2.25 1.400 8
rauscher 740 Mirage 60 7.47 2.50 1.900 6
740 Mirage Air 60 7.47 2.50 1.900 8
750 St. Tropez 10-60 7.52 2.25 1.600 7
Ernesto Ernesto 80 7.65 2.32 2.400 8
Riva
Canadian Bruce 22 100 6.70 2.08 1.088 5-8
Electric Fantail 217 100 6.60 2.03 0.775 8-10
Boat Quietude 156 2 4.70 1.50 0.363 4
Rub Sensas 1.6 4.50 2.02 0.485 6
];1 an Scoop 16 4.75 1.95 0.520 7
eu Most 22 5.90 2.20 0.900 11
848 Twin Carbon 50-80 8.48 2.54 1.700 10
Aquawatt 717 Classic Sport 25 7.17 2.25 1.400 7
550 Elliniko 22 5.50 2.00 0.750 6
B Laguna 760 10-100 7.6 2.3 1.200
MO",te Capriole 700 various 7 2.5 1.500
arian Delta 600 3.5-8 6 2.15 1.100 6
Stickl E-volution 660 4.3-15 6.6 2.1 0.950 7
tic E-motion 600 4.3-16 6 1.8 0.750 5
Rand picnic 18 12-25 5.35 2.10 0.600 10
Rand Mana 23 15 7.00 2.30 0.900 10
GoElectric Candela C-8 50 8.50 2.50 1.605 8
Strana 23 15 7.00 2.25 1.100 6
Rand Spirit 25 145-230 7.5 2.55 1.800 9
Table 2. Database of zero emission small passenger craft.
. Power Displacement
Builder Type (W) Loa (m) Beam (m) ® Pax
. Passeur La
Alternative 32 10.2 3.5 8.7 35
. Rochelle
Energies
Bus de mer 44 15.2 5 12 75
SMC SB 330 40 10.2 53 6 24
Composite
Ernesto Electra 80 102 3.2 3.7 12
Riva
Metaltec ECOCAT 100 18 30 22 120
Grove boat  AquabusC60 32 14 7 11 60-75
Ruban Navette 10 8.5 35 6.5 30
Blue
Vizianello Scossa 180 15 2.2 12 39

3. Mission Profile

Once full, the electric propulsion is selected, and the requested range is limited by the
available onboard energy storage. Short trips with stops adequate for quick recharging
are key factors for a successful zero-emission project. Medium-low cruising speed can be
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close to those a thermal-engine-equipped competitors due to the high efficiency gained
by AC (alternating current) brushless electric engines. Key factors, such as cruising speed,
range, and duration of charging time, are counteracting. In this case, it is easy to identify
non-dominated designs by simple MADM (multi-attribute decision making) procedures.
The main limiting factor is the capacity of onboard energy storage, but currently the ashore
charging capabilities are also a critical factor. Significant progress has been made to reduce
the battery charging time, and together with this, the increase in horsepower has led to
the request for large amounts of energy to be delivered in short periods of time. This is
an important factor for improving mission profiles, but very seldom is an ashore electric
distribution net able to satisfy requests in terms of time and energy density. Meaningful
answers are proposed energy docks, where electric energy is stored in batteries at the end
of their working life and no longer suitable for onboard service. They are charged slowly
24/7 by the existing electrical net and deliver quickly to onboard batteries during short
stops. The first and most successful example is given by the Norwegian shipping company,
The Fjords, Maley, Norway, that has two purely electric ferries in service: the “Future of
the Fjords” and its sister ship the “Legacy of the Fjords”. They are driven by two electric
engines with an output of 450 kW each and can reach a maximum speed of approximately
16 knots. The energy is provided by a battery pack with a capacity of approximately
2000 kWh. They can use the charging facility installed in 2018, a floating dock station [33].
Solar energy can improve craft range through photovoltaic panels set on the top of the
superstructure or hard tops. A target of unlimited range can be achieved as demonstrated
by the world circumnavigation completed by Solar Planet in 2011 and the Atlantic crossing
in 22 days in 2013. Solar Planet is a 31 m Lpa catamaran and navigates without any
CO; emission; her electric engines are powered by 103 kW produced by 38,000 photovoltaic
cells that cover the ship from bow to stern. Such astonishing results are obtained with
extremely slender twin hulls and extreme limitations in external and internal layouts.
Catamarans are evidently favored by the large sundeck area, in respect to monohulls,
where available surfaces for photovoltaic cells are quite smaller. At present there is no
unlimited range vessel of practical use, but there are some attempts using catamarans,
where solar energy can assure a very low-speed propulsion, while monohull-set solar
panels partially contribute to the “hotel”-like electrical energy needs.

Navigation in MPAs

The Mediterranean is one of the seas with the richest biodiversity in the world. Since
1982, Mediterranean countries have recognized its value and the need to preserve this
common space. Marine and coastal protected areas (MPAs) have been designated as a tool
for the conservation and sustainable management marine and coastal environmental areas.
In the last decade, there has been a marked increase in the number of marine protected areas.
In 2012, 170 MPAs were established in the Mediterranean alone, of which 32 were in Italy.
Each area is divided into three types with different degrees of protection. Zero-emission
propulsion is the only one that allows navigation for professional purposes in all parts of
the MPAs [10]. The mission profile must comply with the requested range and the general
unavailability of a charging station inside the MPA.

4. Main Features of Zero-Emission Propulsion for Small Crafts
4.1. Main Engines

The first attempts at zero-emission small crafts were equipped with DC (direct current)
engines. They were simple to install and to control and worked with safe low-voltage
ranges, but they were heavy in relation to the delivered power. At present, DC engine
applications for small craft marine propulsion are limited to 20-40 kW at 48-96 V. They
are suitable for small crafts with low speed and, consequently, relatively low motion
resistance. In some cases, as in the KISS project, DC engines are coupled in a series to obtain
adequate horsepower.
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To obtain 80 kW of power or more and better power/weight ratios, it is necessary to
move to higher voltages and to AC engines. The best achieved power/weight ratio was
approximately 1-1.2 kW /kg, consequently the engine dimensions were also very small.
Commonly, used engines are brushless with almost no maintenance needed. Permanent
Magnet Synchronous Motors, an AC synchronous motor in which the field excitation is
provided by permanent magnets, is one of the most interesting types of AC electric motors
available in the 80-200 kW range, and it is described in detail in [9]. It is possible to obtain
engine rotational speed values similar to propellers when the constraints on the engine
diameter are not too stiff. This allows a direct shaft connection without a gearbox. Often,
electric motors, due to the fact of their small size, are housed in pods directly connected to
the propeller. This setup needs no space inside the hull and allows easy cooling provided
by surrounding water, but any leaks in the pod or any engine maintenance forces the ship
to be dried at dock. For this reason, internal motors with a standard driveshaft and thrust
bearing were chosen for the KISS project. The installation of twin engines was due to better
maneuverability, safety, and easier installation thanks to the smaller engine size for the
same total power required.

In Table 3, the technical characteristics of suitable engines are presented. The table is
limited to inboard engines with dimensional and weight characteristics fitting the KISS
prototype or any similar small craft.

Table 3. Electric engines for small craft.

Power Weight Voltage Freq. P/IW Torque
Manufacturer  Type (kW) RPM (ke) W) (Hz) KkWikg (N/m)
40 40 2600 66.5 144 173 0.60 148
Piktronik 50 50 3000 75 143 200 0.67 159.2
100 100 3000 94 249 200 1.06
125 125 3600 94 290 240 1.33
Torqueedo  Deep Blue 100 2500 195 355 0.51 437
De Blue25i 25 1400 85 360 0.29 343
Oceanvolt AXC30 30 1400 130 48 0.23
EM 15 3000 45 68 0.33 48
Transfluid EM 50 3000 135 178 0.37 159
EM 75 3000 185 169 0.41 239

It is evident how the higher voltage leads to better performances but implies more
difficulties in energy storage and current management.

4.2. Energy Storage

Energy storage onboard zero-emission marine vehicles can be provided by hydrogen
and fuel cells or by batteries. The high energy density of liquid hydrogen tanks (1.3 kWh/L)
compared to gaseous hydrogen tanks (0.36 kWh/L) and battery systems (~0.09 kWh/L)
make liquid hydrogen systems the most capable of meeting different vessel sizes and
mission requirements. Fuel cells offer a reliable and compact zero-emission generation.
Their development may be crucial to complete the expansion of renewable technologies in
the transportation sector. Fuel cells are much more complex in respect to lithium batteries.
This can be observed in the electric circuits, cooling systems, and software codes that are
needed. Additionally, the craft operator must guarantee the hydrogen supply.

Since the energy density of battery systems is less than 1/10 of that of liquid hydrogen,
battery systems quickly become much larger than hydrogen systems, as the demand for
stored energy increases. For this reason, long-range missions favor hydrogen fuel cell
systems. As the flow rate increases, the energy component of the system increases. For fuel
cell systems, the increase regards only the fuel tank; the fuel cell itself remains constant
at the level needed for power. Due to the fact of their size, fuel cells have difficulties in
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fitting available spaces, while the battery system does not. Fuel cells are better suited for
large ships and lithium-based batteries for small vessels with high speed/length ratios.
The technical characteristics and mutual advantages of the lithium batteries and fuel cells
are presented and evaluated in [34].

4.2.1. Batteries

There are various types of batteries with different electrical capacities, different chem-
ical compositions, shapes, and sizes. For small craft applications, the following types
are used:

e  AGM battery (absorbent glass mat): batteries in which the electrolyte is a mixture of
water and sulphuric acid absorbed by fiberglass elements. They are maintenance-free
and normally do not produce gas. They can be located anywhere on board, and forced
ventilation is usually not necessary. Thanks to their structure, AGM batteries can be
discharged quickly, and they are suitable for systems where high current peaks are
required, i.e., engine start up;

o  Gelbatteries: batteries where the electrolyte is absorbed in a gel. They are maintenance-
free and do not produce gas. Since forced ventilation is not normally required, gel
batteries can be located anywhere on the boat. They are ideal as service batteries and
for cyclic use and recharge very quickly;

e  Lithium-ion batteries: batteries that have a high energy density and guarantee savings
of up to 70% in weight and dimensions compared to traditional lead-acid batteries.
They are perfect for cyclic applications, being able to withstand more than 2000 deep
discharge cycles (80%) and store five times more energy over their life cycle than
lead-acid batteries. Battery technology is improving rapidly and is predicted to
become more mass and volume efficient in the coming years. Currently, for shipboard
propulsion, Li-ion batteries offer the highest energy density, a suitable power density,
high efficiency, and an acceptable lifetime.

The family of lithium batteries is vast, and the electro-chemistry can be tailored for
specific need. Some types offer high energy density or high power density; some others
have superior thermal stability for fast charging and discharging but offer lower capacity,
typically 50-70 Wh/kg. Battery characteristics are reported in detail in [24].

Lithium batteries need a durable, waterproof case and a battery management system
(BMS). A BMS guarantees the optimal use of each single cell, even during fast discharges
and recharges, and it incorporates the parameter monitor to always have the battery status
under control. A BMS has to deal with a battery charger to optimize the charging process
and extend the life of the battery itself. The cost of lithium batteries remains high. Moreover,
they are limited in life cycle so that they must be replaced several times during a ship’s
working life.

Type, size, and technical characteristics of the accumulators are connected to a propul-
sion engine’s characteristics and to the required range. AC high power electric motors have
proven to be quite successful for propulsion, but they need AC tensions on the order of
400-600 V with consequently larger difficulties in managing energy storage and conversion
with DC current negatively affecting the final result. High voltage batteries present several
problems from high working temperature to preheating and to complex charge manage-
ment, but they are the only choice if performance is requested. Inverters are heavy and
bulky. A general trend is to use DC current with low tension, generally 48 V, sometimes
96 V for small horsepower, go to use an AC current with higher tension when speed is an
important design feature.

The research and development on lithium batteries is mostly focused on automotive
that need a flat rectangular shape with reduced thickness, as the battery has to be set
below the passenger accommodation area. This shape is not suitable for small crafts, such
as for the considered KISS program, where compact parallelepiped batteries with main
dimensions less than 1 m are preferable. This factor has limited the possible battery choice.
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Energy storage onboard is, at the moment, the weak point in the chain when develop-
ing a zero-emission small craft. For lithium batteries, the most interesting aspect for the
presented project, the influencing factors to be optimized in the selection of the battery are:

Density of energy for a weight unit ranging from 50 to 260 Wh/kg;
Density of energy for a volume ranging from 250 to 670 Wh/L;

Life of the battery (number of cycles) ranging from 500 to 1500;
Disposal at the end of the working life;

Intrinsic efficiency of the charge-discharge ranging from 80% to 90%;
Depth of discharge (DOD) ranging from 80 to 90.

The two last characteristics are responsible for a significant difference between the
quantity of energy that the battery can deliver and the energy that has to be stored aboard.
This means that approximately 20-25% of the battery’s weight is carried onboard without
any direct benefit for the performances.

4.2.2. Charge

Battery charging is, at present, a critical aspect in the use of any vessel with zero-
emission capabilities. Hybrid vessels can rely on electric engines used as alternators
when thermic engines are used, but full zero-emission small crafts, if not equipped with
generators, as in the case of the KISS prototype, can only use ashore facilities. Photo voltaic
contributions are marginal for propulsion needs. Considerable amounts of electricity have
to be supplied from shore in a short time, as the battery charging time has been reduced
by recent technical advances. The availability of the requested energy flow, at a single
point, is a critical issue for the exploitation of fully electric marine vessels. For this, the
most challenging programs concerning fully electric zero-emission crafts have developed
a specific setup such as the one mentioned above—the Norwegian shipping company’s,
The Fjords, Méley, Norway [33]. As the local network does not have the capacity to charge
the ship on the quay, a new charging solution called PowerDock has been implemented. It
is a 40 m long and 5 m wide fiberglass floating dock located in the water in Gudvangen,
which houses a 2.4 MWh battery pack. This is charged constantly throughout the day via
a connection to the local network. This innovative solution allows the ship to “recharge”
in a stable, efficient, and economical way in just 20 min. Ashore installations of standard
automotive charging columns, (400 V three-phase with power up to 40 kW) on the docking
piers are becoming a familiar view on the Italian Como Lake, Lombardy, Italy, where small
electric crafts can benefit from the program “Electric Lake of Europe”. The development of
this distribution net tailored to the needs of zero-emission crafts is crucial for diffusion as
well as for cold ironing programs for emission reductions in large commercial ports.

5. Hydrodynamic Issues Related to the Zero-Emission Mode

The hull form design of fully electric small crafts is influenced by the small amount of
available horsepower and, when navigation in MPA is considered in the mission profile,
by the low hydrodynamic impact of the hull (i.e., wake wash), which ensures maximum
protection for the marine environment. This means that motion resistance has to be reduced
as much as possible with particular consideration for the wave component. The viscous
resistance does not influence the environment but contributes to motion resistance and
to installed horsepower. The wave resistance depends on the geometry of the hull form
and on the dynamic characteristics. The effects of the slenderness of the hull and of the
waterplane shape on the wave pattern have been known in navigation since ancient times.
In the case of a small passenger crafts, an adequate slenderness ratio is limited by the
transversal stability requested by the regulatory framework.

In this frame, catamarans are the best choice, as they combine very slender twin hulls
with large deck areas, but within the KISS program, the capability to operate in crowded
marinas is one of the main requests, so that a monohull is the only possible choice. A
small craft at a practical cruising speed has a medium-high relative speed. This leads to
considering planing and semi-displacement hull forms. To obtain a lower resistance, one
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must be able to obtain hydrodynamic lift at the lowest possible speed. Research results on
semi-displacement hull optimization are reported in [35-38]; they are mainly experimental
and the results in the form of regression formulas are very useful at a preliminary design
stage and highlight the effect of hull geometry and CG position.

The geometric characteristics that influence wave resistance are slenderness of the
hull (V/0.01L3), waterline angle in the bow, and block coefficient (Cg). Each of them must
be minimized as much as possible. The longitudinal position of the center of buoyancy
(LCB) is also important, and useful indications are provided by available tank test results.
Since 2005, intense work has been carried out at the University of Naples Federico II,
Naples, Italy, for the design and development of non-monohedral hull shapes, with better
hydrodynamic performances than standard monohedral ones [39], and in recent years,
research has focused on hull shapes with low hydrodynamic drag capable of taking benefit
from hydrodynamic lift at low relative speed [40,41]. Such hull forms are suitable for the
KISS project prototype presented in this paper. The typical resistance hump trend of any
planing boat is faired by the high lift provided by the stern sections with low deadrise and
by a small bow trim at rest. Interceptor or stern flaps can be useful to obtain the best ride
attitude and to adapt to the load conditions and the position of the passengers. In this
frame, a light structural weight is very important to achieve hydrodynamic balance at the
lowest possible speed.

6. Construction

If zero-emission capabilities are an outstanding aspect of the LCA (life cycle assess-
ment), a sustainable construction is also important. It is connected to materials, technologies,
and disposal at the end of the ship’s working life. The wider interest given to light alloys
and the renewed interest toward wood construction are due to the complete fitting of such
materials to the mentioned expectations. Unfortunately, they are not suitable for serial pro-
duction of small crafts at competitive cost. The only possible choice for the KISS program
and, more in general, to improve the sustainability of the GRP and FRP construction, widely
diffused in the small craft and pleasure boat industry, is to consider recently developed
alternative materials and technologies for a low environmental impact production, such as
natural fibers, low toxicity resins, and contactless impregnation technologies.

7. Regulatory Framework and Safety of Zero-Emission Small Craft

Any type of marine vessel has to comply with a regulatory frame. Electric main
engines are considered by classification societies and by ISO rules that have general validity.
Pertinent ISO rules are:

e ISO 10133 for direct current system installations that operate at a rated voltage not
exceeding 50 V;

e ISO 13297 for single-phase alternating current installations that operate at a rated
voltage not exceeding 250 V;

e IEC 60092-507 (Ed. 2000) for three-phase alternating current systems that operate at a
rated voltage not exceeding 500 V.

The favorable consideration of 48 V DC choice is enhanced by the application of
the less stringent ISO normative. Recently, in the frame of the European Directive for
Pleasure Craft 2013/53, the ISO 16315 Small craft—Electric Propulsion Systems was issued.
This Regulation clarifies most of the design and installation aspects related to full electric
propulsion on small crafts.

Additional class notations specific for zero-emission small crafts have been considered
by some classification societies. The RINA Green Plus certification, issued in 2008 and up-
dated every year, is an additional class certification assigned by RINA Services SpA, Genoa,
Italy, to ships that have significantly invested in various technical, design, equipment, and
operating procedure solutions capable of reducing the environmental impact, bringing the
total emissions of pollutants well below the maximum limit required by current national
legislation. The rule was revised in 2012 to cover new emissions on long-distance vessels
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and those operating at a fixed location. Since this additional and voluntary certification is
based on a score, it was appropriate to introduce the so-called “Environmental Ship Index”
(ESI), which has a value that will be significant for the award of the Green Plus.

The benefits given by RINA Green Plus can be summarized as follows:

e  For the builder: Great flexibility in design choices and the possibility of introducing
highly innovative technologies;

e  For the customer/shipowner: Great added value given by a prestigious environmen-
tal certification; savings on operating costs thanks to the adoption of consumption
reduction solutions;

e  For the passengers: The guarantee of sailing on an environmentally friendly yacht,
within additional class notation.

The BV (Bureau Veritas) considers an electric hybrid with complementary ZE notation
when the zero-emission mode is available. ZE notation is based on ESS (electric energy
storage system), as zero-emission mode is defined as the mode where ESS is temporarily
the only source of power connected to electrical network. This mode allows to stop all
main generator sets and the associated emissions of exhaust gases.

Safety issues specific to zero-emission small crafts are related to the presence of
relatively high electric tension onboard small crafts and the behavior of lithium batteries
in the case of fire, damage, or sinking. Emergency engine stop is mandatory according
to ISO 16315. Electric plant features on board small crafts are quite well described by
the previously mentioned ISO rules, but risk assessment evaluation relative to lithium
batteries is not yet defined due to the uncertainties in their behavior in the case of a fire. As
regards to sinking, batteries are contained in watertight IP 67 boxes. In the case of a fire, the
currently considered countermeasure is the flooding of the battery compartment to avoid
overheating and potential explosion of the batteries. Such action implies adequate means
and careful consideration of stability issues. No official solution has yet been proposed by
international rules to solve the problem of overheating the battery packs in case of a fire.

8. KISS Program

The KISS project concerns the research, development, and executive design of a proto-
type of a battery-powered electric boat hull characterized by high sustainability in energy
terms and low harmfulness towards people and environment with (high) hydrodynamic
performances and load capacity suitable for both pleasure and professional use. The charac-
teristics of sustainability and low harmfulness are considered for all phases of the product’s
life from the choice of raw materials, to production, use and maintenance, up to disposal.

Unlike other programs proposed in this sector, in which only some aspects of working
life are considered and low performance are obtained, the KISS project proposes an overall
approach that supports competitive research and development. The authors believe that
this is the only way to achieve both significant results from the point of view of sustainability
and, at the same time, performance and the potential of the mission profile so as to make
subsequent production competitive in present and future scenarios in the sector.

In the following paragraphs the main features of the KISS project are reported and
summarized in Figure 2.
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Figure 2. The main steps of the KISS program’s development.

8.1. Hull Form

According to the typical aspects of hull forms suitable for the zero-emission small crafts
considered previously in Section 5, a low drag form optimized for a semi-displacement
regime (Fr 0.4-0.6) was chosen with reference to the lines and experimental tests reported
in [40]. In the KISS project, towing tank tests were considered only as a general reference for
the initial design. This hull form was considered to be quite suitable for the KISS prototype
that is characterized by a very low installed horsepower due to the limited range of the
48 V DC engines that were a design constraint for safety, cost, and easy installation. A hard
chine was chosen to increase the initial stability. This is coherent with the KISS prototype’s
aims and will improve passenger comfort at low and zero speed. Figures 3 and 4 show
the lines and transversal sections of the tested low drag hull form. Figure 5 illustrates the
scale model tested in the Naples’ towing tank at Fr = 0.5 without interceptors, and Figure 6
shows how the transom interceptors were set. Details can be found in [40]. Table 4 reports
the geometrical characteristics of the KISS prototype hull.

Figure 3. Lines of the tested low drag hull form.
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Figure 6. Detail of interceptors applied to the scale model tested in the Naples’ towing tank.

Table 4. Geometrical characteristics of the KISS prototype hull.

Displacement Displacement
Full Load (kg)  Lightship (kg)

3600 2500 9.225 7.355 2.700 2.940 0.450 2.82 4.89 0.393

Loa (m) Lwr, (m) Bwr (m)  Bpyax (m)  Draft (m) L/B  L/V1B Cg
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Figures 7-9 represent the evolution of the original hull form to a first hypothesis with a
short bow overhang, the modified trend of the forebody, and of the forward part of the hard
chine to the final solution with the bow modified for marketing needs to follow the family
line of Cantieri Guarascio shipyard. No modifications were. performed on the afterbody.
Due to the mentioned modifications, towing tank tests were considered only as a general
reference for the initial hull form.

Figure 7. The KISS prototype’s hull form development.

Figure 8. The KISS prototype’s first hull form with a modified bow and forebody.

Figure 9. The final hull form of the KISS prototype.

The assessment of the motion resistance was conducted by CFD simulation, and the
results are reported in Section 8.2.
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8.2. Speed Predictions via CFD Analysis

Computational fluid dynamics represents a flexible tool to assists designer in the early
stage of design. It is important to underline that many critical issues arise when using
CFD on planing/semiplaning hulls as they did in the KISS project. Planing crafts behave
completely different from displacement hulls because of the important role the dynamic
pressure field has on the hull’s balance. The dynamic pressure strongly affects dynamic
trim and, consequently, the hull’s resistance, making numerical solutions to fluid dynamic
problems more complex, as reported in [42], where a complete validation and verification
(V & V) procedure carried out on planing hulls is presented, highlighting the limits of CFD
techniques in the prediction of planing hull performances. For the current analysis, U-
RANS (unsteady Reynolds-averaged Navier Stokes) simulations were performed following
the indications of the ITTC 2014 [43] through the commercial code Star CCM+. To improve
the convergence of results the acceleration ramp was set to 1 s; the degrees of freedom of
the hull, sinkage and trim, were released after 3 s of simulation; the initial position of the
hull was predetermined through the Savitsky method. Boat speeds of 10, 13, and 16 kn
with and without interceptors were analyzed.

Results

Table 5 shows the results in terms of bare hull resistance and effective power. The
data show a quite large dynamic trim. For this reason, the use of an interceptor was
considered. An interceptor is a vertical blade protruding a few millimeters from the
transom. It generates a considerable amount of concentrated lift at the cost of a very small
increase in motion resistance. The effect of interceptor is not only to reduce the dynamic
trim, but also to increment the dynamic lift as can be seen from the rise in the center of
gravity (CG Rise) in the two different configurations. The dimension of the interceptor
was set at 0.25% of the waterline’s length, as suggested in [44], for the considered speeds
and dimensions.

Table 5. Hydrodynamic properties of the bare hull and of the hull with the interceptor at
displacement = 3650 kg.

- Resistance Effective Dynamic Trim CG Rise
Condition  Speed (kn) ) Power (kW) (Degree) (m)
10 4130 21.2 44 —0.04
Bare Hull 13 5180 34.6 5.8 0.04
16 5930 48.8 7.1 0.14
10 3440 17.7 1.8 0.04
With a 13 4600 30.8 2.22 0.06
20 mm
Interceptor 16 5230 43.0 2.66 0.44

To clarify the effect of interceptors, the dynamic pressure field was evaluated around
the hull as shown in Figure 10a,b and Figure 11a,b for a 16 kn test simulation without and
with an interceptor, respectively. It is easy to notice the significant effect of this device in
terms of increasing pressure on the stern and consequent magnification of the lift, reduction
in trim, and finally reduction in resistance.
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Figure 10. (a) Dynamic pressure field around the hull without interceptors, longitudinal view.
(b) Dynamic pressure field around the hull without interceptors, bottom view.
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Figure 11. (a) Dynamic pressure field around the hull with interceptors, longitudinal view. (b) Dy-
namic pressure field around the hull with interceptors, bottom view.
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8.3. Propulsion

The choice of the propulsion system was a low-voltage DC for safety, lower costs, and
easy installation and maintenance, although this limited the installed brake horsepower.
The manufacturer that best met these criteria was Oceanvolt, which offers hybrid or electric
48 V DC systems. The choice of Oceanvolt was due to the fact that their modular engine
was available in four power configurations: 10, 20, 30, or 40 kW [45]. This allowed to
consider future higher repowering with the addition of one 10 kW modulus. The KISS
prototype was equipped with twin electric motor Oceanvolt AXC 30 kW including an
engine management system, control display, operating levers, and wiring. The engine
setup is shown in Figure 12. The engines were chosen according to the powering predictions
reported in Results. considering a cruising speed of 10 kn and a maximum speed of 13 kn.
A further advantage of the AXC 30 engine is the 1300 maximum revolutions per minute
that allows for direct propeller coupling. The weight of each engine is 128 kg, and the
dimensions are 399 x 443 x 747 mm.

Figure 12. Electric engine and propeller shaft installation.

8.4. Energy Storage

The batteries chosen during the project’s configuration were two Oceanvolt/Cleantron
48 V type with 1.9 kWh modules, 1.9 kWh each [46] for a total energy of 30.4 kWh. This
energy storage, considering the efficiency chain and 0.2 DOD value, allows for a range of
45’ at a maximum speed of 13 kn and 2 h 30" at 6.5 kn.

8.5. Construction

Single pieces reinforced with linen fibers, biaxial and monoaxial impregnated with
polyester isophtalic styrene-free resin by infusion with a vacuum bag, were used for hull
and deck structures. This process assures almost no contact between active resin and
workers and constant impregnation. It results in uniform and reliable laminate mechanical
and elastic characteristics. The chosen materials are the most advanced choice in terms
of sustainable construction for serial production of small crafts. Linen fibers are natural
and, at present very easily disposal compared with glass fibers. While for conventional
materials, reference can be made to ISO 12215 and to construction rules by classification
societies, it is impossible to make an analytical prediction for natural fibers due to the
lack of data. For these reasons, a set of specimens representative of the used laminates
was prepared and tested according to ASTM D3039 standards. Once the elastic modulus
of the stress—deformation ratio was defined, a nonlinear behavior was detected. The
stresses were not proportional to the deformation: the values of the mechanical and
elastic characteristics were 41.9 MPa for the ultimate tensile strength and 5.9 GPa for the
Young'’s modulus (E). These values are comparable with a low fiber content glass-reinforced
plastic laminate and can be of practical use for pleasure and work boats, if the speed and
consequent hydrodynamic pressure are low. Figure 13 shows the used equipment and the
obtained results.
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Figure 13. Tensile-axial test according to ASTM D3039 of biaxial linen-reinforced composite.

9. Discussion and Conclusions

The paper reports a review focused on battery-powered small crafts in the frame of
zero-emission shipping. Design aspects were considered and reports of successful R & D
programs were mentioned. This is the first step in the KISS program aimed at designing and
building a prototype of a zero-emission small craft suitable for both pleasure and passenger
transportation. This activity is supported by EU co-funding and is a great opportunity for
small companies in the marine field to update their own brands with sustainable features
that represent most important market requests. The presence of scientific and professional
partners contributes to providing know-how and helps to tailor targets to builder resources.

Propulsion and energy storage were described, and the sustainability frame of the
prototype and further serial production was extended to the whole LCA and construction
process using natural fibers for composite reinforcement. It appears feasible for small crafts
to be built in serial production. An eco-friendly resin and contactless impregnation for the
composite production complete the picture.

The small dimensions, the monohull configuration, and the open external layout do
not allow for considering a significant PV energy contribution, which has potential and
limits that were highlighted in the introduction.

The KISS program has proved to be successful because the prototype’s performances
allows to consider its serial production; it will be part of the builder family line and the
first model able to navigate in full zero-emission silent mode.

Figure 14 shows the KISS prototype, named Electra, exiting silently from the harbor
of Lamezia Terme (Italy) without any emissions, and it synthesizes the results of the
KISS program.
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Figure 14. KISS prototype in the zero-emission mode.
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