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Introdu ction

This thesisis focused on the exploitation of sea wave energy. However, this is just
oneof the several kinds of energy, related to the oceanic environment, thus a brief
descriptionof the main sea energy resources is necefdsaty

Oceans represent an enormous energy reserve that is distributed in different
phenomenaAmong these, the main kinds of energies related to the oceans are
marine currentspsmotic salinity, OTEC (acronym of Ocean Thermal Energy
Conversion), tide, and sea wauJeach oceanic energy source has a relevant
potential for human applications; howevas, shown in Table 1, sea waves and

marine currents have the highest energy pote[8jals

Table 1. Potential installable capacity and energy production from marine energy

sources

] Potential generation
Ocean energy Capacity [GW]

[TWhy]
Tide 90 800
Marine current 5000 50000
Osmotic salinity 20 2000
OTEC 1000 10000
Sea wave 10069000 8006:80000

All these oceanienergy sources are classified as renevdpladeed, tides are

due to the Moond6s orbit around the Earth
theEart hés rotation. As consequence, a hug
w o r |sdrface, modifying locally the sea level. The effects are locally different

due to the irreguladistribution of lands around the world. In any case, the tides are

a regular phenomenonyhose effects can be accurately predicted. Thus, tides
represent an interesting renewadhergy source, allowing the exploitation of tidal

streams or tlal rangesThe seconane has few applications worldwide, since this

phenomenon allows the installation tife power plant close to the coastline,
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realizing a barrier equipped with lelead hydraurbines. The first one was the
power plant in La Rance (France), installed in 1966 andgptitating. Other plants

are installed in Russia (Kislaya Guba, 1.7 MW), Canada (Annajptbigal
Generation Station, 20 MW), China (Jiangxia, 3.9 MW), and Korea (Lake Sihwa.
254 MW)[5]. The term ocean current is used to underline the different origin of
marine currentsn comparison to the tidal currents, previously described. Ocean
currents are seawatairculations promoted by solar energy. Since the solar
radiation varies with the latitude amdnsidering the irregular distribution of the

|l ands on the Eart ho sofssabadfthe vagiatienrofdwaterh e o r o
density produces water flows that are extendedthousands ofkilometres
Superficial currents are, also, createdhsywind interactions (thad also an effect

of solar radiation) with the sea surface. Summing all these contributioms,
thermohaline circulation is generatdthe Gulf Stream is a famous ocean current
(about 100 km wide and 800 m to 1200 m deep) that is originated from the Gulf of
Mexicoand flows up the North Pole with a speed of about 2.Bm&ther famous
currents aréhe Kuroshio Current (on the west side of Pacific Oc¢ahsind the
Agulhas Current (on the sou#fastern part of the Indian Ocean, along the coastline

of South Africa)8].

About the Ocean Thermal Energy Conversion (OTEC), the idea is the installation
of athermal machine using the superficial seawater as a thermal source and the deep
wateras a thermal sirjR]. The main problem is the low energy efficiency of this
system, alsdn the best cases. Considering the installation of an ideal Carnot heat
engine to exploithe available thermal sources, the energy efficiency is no more
than 7%. Consequentlintroducing the irreversibility of a real system, the power
plant requires huge dimensiorfespecially the heat exchangers) to obtain a
significant power output; thence the requin@gestments are high. Two layouts for

a possible OTEC power plant have been proposgen cycle and closed
cycld9,10]. In the first one, the warm water from the sea surfackashed to
produce steam and then condensed using the cold deep water. The main
disadvantages are related to the operative conditions. Indeed, steam generation
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requiresa vacuum condition along with the entire plant, so air infiltration is
possible. At thesame time, the specific mass of steam is quite highLEDn/kg),

hence the systemequires large pipes for small power outputs. In the second
solution, the warm superficialater is used to evaporate a working fluid, normally
used in the chilling sector such @®smonia, propane, or chlorofluorocarbon. This
vapor is used to run a turbine, then itcisndensed using the deep water as a
refrigerant. The advantags that the system worksder pressure, so air infiltration

is avoided. As a disadvantage, large heat exchangemscaieedl1].

About the saline gradient energy source (called also Osmotic Power), the idea is the
exploitation of chemical energy released when the freshwater from rivers is mixed
with saltwater in the sea. Two solutions with different ions concentrations are
characterized bglifferent values of osmotic pressure. A solution, proposed in 1937,
is the Pressure Retard€dsmosis, where the saltwater is pressurized before a
semipermeable membrane. If tleaternal pressure gradient is lower than the
osmotic pressure, water flows from the dilusadution to the concentrated one.
Brackish water is consequenfiyoduced, with the sanpeessure as the saline water
but with a greater flow. Using a hydro turbine is possibleditect more energy
than the pumping expenditure, producing an electrical dapua] Finally, sea
wave is a form of marine energy due to the several forces acting on the water
surface, such as the friction generated by wind, the Coriolis {oeted to the
Earth rotation), the celestial bodies attraction (tidal), or other unpredictable
phenomena as earthquake and volcanic eruptions (tsdibdmni)

Wave energy production, like other renewables, could be used to power
electrolyses. Production from renewables is often not always accepted in the grid,
especially on small islands. The simple electricity grid in these districts is still
highly dependent on fossil fuel production. Precisely for this reason, feeding an
electrolyser wherthe grid fails is a solution to avoid wasting precious energy.
Hydrogen is the most abundant chemical element in the Wisrlsigh presence on
earth and the need to repdossil fuels make it suitable for this purpose. Since the
weight of hydrogen is less than that of alir, its low density tends to cause it to rise in
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the atmosphere, so it is rarely found in its pdsdorm[15]. Hydrogen that is used

as fuel in a fuel cell can be produced through an environmentally sustainable supply
chain from the electrolysis of water in an electrolyser, produi@neen hydrogen
precisely because it is produced from renewable energy.

Commercially availableslectrolysersare: alkaline, PEMelectrolysersand solid

oxide electrolysers The following Figure 1 shows how thelectrolyserscan
produce hydrogen from renewable energy sources to send fuehapdréation

sector, in a storage or in industrial sector.

n =

,i\ Transportation

Electrolyzer I I I I

Clean energy Energy Storage

stored in hydrogen

Wind Energy

s

Solar Energy

Power-to-Gas

Hydro Energy

Industry

Figure 1. The role of electrolyserin energy production

The hydrogen production througthectrolysersallows of storing and transporting

it when and where required cleanly and sustainably. The following Figure 2 shows
that the importance of green hydrogen production is relaidd¢trolyseraind how

the green production is destinated to increase until[2650
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Figure 2.  Hydrogen deployment until 2050rhe overview of technologies

The overview of hydrogen production technologies contains other kind of technical
plant such as production fromuclear power (pink hydrogen), from solar power
(yellow hydrogen) anthe most environmental enemy production is related to fossil
process (grey and black hydrogen).

The European commission (EC) peimphasis on the hydrogen transport because
this sector produces the 27% of greenhouse gas emission. To decarbonise this sector
the EC affirns that need 30 million zero emission vehicles by 203 hydrogen

will play a key role for this purpose and the European council is favourable of its
deployment. Several manufacturedesigning commercial, civil and heavy
vehicles, but it is important that the politics help their diffusionthe aviation
sector, for example, Airbusas announced its intention to fly only zenmission
aircraft by 2035. As reported by the Environmental and Energy Study Institute,
despite high efficiency improvements air transport is one of the most polluting.
According to AirBus, the carbon footpriaf the aviation sector can be reduced by
more than 5%[17]. Their concept aircraftds z e ra@ based on hybrid hydrogen
technology in whichiguid hydrogenis used as fuel for combustion with oxygen
modifying gas turbine engingith more3000 kmof autonomy18]. The following

Figure 3 shows the fuel cell installed inside the airdtefelage.
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Figure3. fZeroed Airbus project

The same approach is conducted in rail transport sector, where the manufacturers
designtrain equipped by fuel cell engineBhe Alstom company developed the
iCor adi a i Li nt oviceinQGermany todayhis trainaslequpped by

fuel cells and lithiurdon battery that guarante®)00 km of autononi%9]. The

Figure 4 shows the technology of Coradia iLint project.

THE CLEAN TRAIN OF TOMORROW

c d I I L I t
Born of issi led with the desire to offer silent.
green alternatives to diesel on non-electrified fines, iLint is the world's first low-floor, fuel cell train.

The principle

The axiliary
converter

Figure4. fiCoradia iLintdo Alstom project
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In road transport the most pollutinghicles are the heavy such as bus or truck.
Some examples of commercial companies (DHL, French postal system) are
adopting hydrogen vehicles. In a similar way, Toyota prodadagdrogen fuel
power ed ctlaris affakbily caa with 650 km of autonof@@]. The Figure

5 shows a typical configuration of a fuel cell powered truck.

Components in
the hydrogen truck ///

=
,Hylﬁd power unit

y AN \ Electric powertrain
e s _; : = ‘l‘ '-..
3

Figure 5. Typical configuration of a fuel cellpowered truck

In all these 3 kinds of transposector a similarity is repeated: the hydrogen fuel

cell power generator and the battery pack ca be installed in the same position of
fossil generator and fuel tank.

Naval sector from this point of view is less developed. However, Fincantieri

| aunched azesho pemiZEiSon ulti mate shipo
cell engine that guarantees 8 hours of navigation at the velocity of 7,5 knots. For
safety navigatiothe power generator is a hybrid system composed from fuel cell
coupled with a diesel engind=incantieri says thaZeus project will be of
fundamental importance for the development of a new model of technologies for

generating electricity and heat on lab&uture cruise ships.
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The goal of the research is to initially focus on the state of the art in the field of
wave energy converters. Then optimize laboratmyt generators in order to
characterize them and be able to simulate their operation. All of this provided results
uselll for future developments. The energy producibility, voltage, current, and
efficiency values made it possible to hypothesize that these generators will be able
to go into operation in pilot plant§he method followed was temporally discretized
over thethree yearsThe review of the initial state of the art refers to all technologies
to date that have been designed and implemented even if only in pilot plants.
Following the theory, the analysis on the three generators was performed in
mechanical and electrical labtoey tests. These tests provided a way to validate
the operation of the devicds. addition,the software simulations were performed

to understand whether the devices could produce power in certain sea conditions
In order to get a generalgbure of the possible use of these devices, studies have

been carried out on the power grids needed to understand how they might interface.
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1.World energy scenario

The modern society needs a continuensrgy demand to satisfy all its activities.
The improvement in economic and social welfare has generated an increase in
population, which has led to a progressive growth in demand for energy in the
world. The following Figure 6 shows the increasing of world primary energy
consumption from 1900 to 20p21]. It is important to underline that during the

2020 there was a great decreasing due to the pandemic condition.

Global direct primary energy consumption Our World
Direct primary energy consumption does not take account of inefficiencies in fossil fuel production.

in Data

Modern biofuels

Other
renewables
140,000 TWh Solar
Wind
Hydropower
Nucl
120,000 TWh S
100,000 TWh
80,000 TWh oil
60,000 TWh
40,000 TWh
Coal
20,000 TWh
Traditional
0 TWh biomass
1900 1920 1940 1960 1980 2000 2021
Source: Our World in Data based on Vaclav Smil (2017) and BP Statistical Review of World Energy OurWorldinData.org/energy « CC BY

Figure 6. The increasing of world primary energy consumption

Primary energy consumption is related to all human needs, such as electricity
production, transport, heating, industrial processes, etc.

Limiting the analysis to electricity alone, which is one of the most important sectors,
Figure 7 shows how this has grown enormously on a global scale in recent years
in fact the production grows from 10000 TWh to more than 25000[Z¥Yh
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Electricity production by source, World
Other
renewables,
including

25,000 TWh bioenergy
Solar
Wind
Hydropower

20,000 TWh
Nuclear
Oil

15,000 TWh
Gas

10,000 TWh

5,000 TWh Coal

0TwWh

1985 1990 1995 2000 2005 2010 2015 2021

Source: Our World in Data based on BP Statistical Review of World Energy (2022) ; Our World in Data based on Ember's Global Electricity
Review (2022). ; Our World in Data based on Ember's European Electricity Review (2022).

Note: 'Other renewables' includes biomass and waste, geothermal, wave and tidal.

OurWorldIinData.org/energy « CC BY

Figure 7.  Electricity production in the world by source

The graphs in the figures above show that the most exploited sources of electricity
production are mainly based on fossil fuels such as coal, oil and gas, despite the
great economic efforts made to spread renewable energy son@Esent report

by IRENA (International Renewable Energy Agency) shows the trend of additional
power being installed worldwide year by year, broken down by energy source:
Figure 8 shows that renewables are growstrgngly. Despite this, IRENA also
states that new fosdilased plants are still being installed, although the trend is
declining slightly23,24].
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Renewable power capacity growth
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The energy transition will require considerable investments: Figure 9 shows the

trend of annual investments applied to the development of the electricity sector

worldwidg25]. A gradual increase in annual expenditure can be observed, from
USD 1733 billion in 2010 to USD 1558 billion in 2018. Considering renewable
energy sources alone, between 290 billion (in 2010) and 304 billion in 2018 are

invested annuallyn the world.
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Figure 9.
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Total supply investment in the world from 2010 to 2018
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Despite, the investment inl@nd gas sector decreased from 2010, how shown the
Figure 9 and Figure 1@hey take a large share of the total

Energy investment by fuel and region in 2018
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United Central and Europe Africa  Middle East Eurasia Asia Pacific World
States South

USD 2018 billion

America
m Oil & Gas Upstream Oil & Gas Downstream
and infrastructure
m Coal Mining and infrastructure m Power generation Coal, Gas and Oil
m Power generation Nuclear m Power generation Renewables

Figure 10. Energy investment by fuel and region in 2018

This panorama describes tbeonomic and political condition of the world during
this century. The energetic transition process mustbelerated because:
1 Fossil sources are running out; therefore, theamisrgent need to focus on
alternative and renewable resources
1 Fossil fuels are highly polluting, are responsible for the emission of
particulate matter, climataltering gases (primarily Cpand the formation
of acid rairj26]. In addition, accidents due to the spillage of these random
fuels are not frequent but cause serious damage to the ecday3tem
9 Fossil fuelsare not evenly distributed around the globe: a few areas in the
world (Latin America, the Middle East, Russia) hold the largest reserves of
fossil fuels. This centralisation can lead to phenomena of strong energy

dependency between states, with serioosrgg of supply risks in the event

Andrea Guercio



World energy scenario pag.13

of political instability or the creation of conflicts in neighbouring states

through which oil and gas pipelines pass.
Among the previous points, limiting G@missions has become a central issue, as
this gas is identified as the main culprit in the global warming process. It is
estimated that the energy sector accounts for at leasthitws of the total
anthropogenic C®emissionf28]. In order to limit the consequences of global
warming on the environment, early action must be taken before the process
becomes irreversible. Recent studies indicate the need to achieve neutrality of
anthropogenic Cemissions by the middle of the 21st cenf8y30] To reduce
the CQ emissionsjt is mandatoryreplacing fossil fuels with renewable energy
sourcesandreducing primary energy consumption in the various uses, improving
management logic and preferring more efficient and durable technological
solutions Both strategies must be pursued in parallel if the objectives are to be
achieved. Indeed, the first approach reduces impacts on the environment, without
changing the energy requirements of end users. The second approach seeks to limit
energy waste by redirgy demand in the production chaiBy following both
approaches in the near future, we may therefore need less energy and be able to
produce it in a more environmentally sustainable marie¢he international level,
the promotion of renewables and energy efficiency measures benefited from the
ratification of the Kyoto Protocol, and the subsequent Paris Agreement (2015),
signed by 195 natiof$1,32] In this context, each state must adopt national policies
aimed at reducing C{emissions.
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2.State of art

This section of the thesis studies the currently technology state of art related to wave
energy converters secfancluding power take off (PTQynd fuel cells sector as
composed by fuel cells and electrolysers.

2.1Wave energy converter state of art

Recent statistics indicate that the total theoretical vemergy potentiacould
achieve 3810° GWh/year; however, this renewable source is irregularly distributed
Worldwidd33]. As shown in Figure 11, there are, in the world, some hot spots, i.e.,
siteswith the highest values of waxemergy potentialThe most energetiarea is

the southern part &ustralia, Africa, and America. Other relevant areas are located
between North America and Japan in the Pacdlfatean and between Europe,
Greenland, and North America in the Atlantic OceBievertheless, lathese
regions are exposed to extreme weather conditions, for this reason, sea wave

harvesting isomplicatei34].
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Figure 11. Wave energy potential in the world

Thedevice able ta@wonvert mechanical energy from the sealaxtricalenergy or

other useful energy output is commonly definedEC, WaveEnergy
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Converterf35]. To classify these power plants, we can consider the distance from
the coastline, the working principle and the orientation respect the wave direction.
From distance from the coastline point of view three category are listed aetbw
shown in Figure136]:

1 Onshoreif the wec is installed on the mainland,;

1 Neashore, if the wec is installeid water depths between 10 and 25 m

1 Offshore,if the wec is installeith seabeds deeper than 40 m

Offshore Nearshore Onshore

Intermediate water

Deep water

m Off-shore ;
B Near-shore r
B On-shore r /\/

AP Wave power
B Maximum Average o Exploitable
Figure 12. Classification for distance from thecoastline

Aboutorientation of the system tbe direction of wave propagation, it is possible
to definethree kinds of technology, see Figure 13:

9 Point absorbeiThe device is oriented independently to wave direction;

1 Attenuator. The device is orientpdrallel to wave directign

1 Terminator. The device is oriented perpendicular to wave direction.
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Figure 13. Classification for orientation respect wave direction

About the working principletiis possible to classify these three technoldgigs

1 Oscillating water columnin this case, the water of the seatersin a
chamber at the atmospheric conditiomthis chamber sea wave produces a
vertical water oscillation. The air inside the chamber is pressurized and
depressurized by the water oscillation, producing a bidirectional air flow
usable to run wind turbines. This device can be installed in ondbuiees
or into a floating device.

1 Wave activated bodyn this case, the sea wave produces relative motions
on the system, running the energy converters. This device can be installed
in an offshore system floating or submerged.

1 Overtopping devicesThe sea water is conveyed in a tank, converting
kinetic energy of the wave in potential energy. Then this watased to
produce electrical energy through hydro turbine.

After thesethree classifications the different technologies are listed using example

of really built power plant.

2.1.1 Oscillating water column

Several Oscillating Water Column (OWC) devices have been proposed in the past.
According to the position of the system from the coastline, OWC devices can be

classifiedas fixed or floatinf38].
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In the first case, the OWC plant is installed via a fixed structure on the shoreline or
close to it, or in natural or artificial structures, such as breakwaters and rock cliffs
The installation of WEC directly on the shoreline has several benefits. The
maintenanceoperations are simplified, reducing the relative costs. At the same
time, the costs for thenooring system are minimized. Furthermore, the entire
electrical equipment for the energgnversion is installed out of the wd8#]. As
mentioned before, the OWC devices are designed to produce a vertical oscillation
of water inside a chamber to produce the alternative compression and expansion of
the airinside the same chamber. Since the airflow changes continually its direction,
the traditional horizontalaxis air turbines cannot be adopted. A solution is
represented by the Welisrbine, developed in the mitB70s by Alan Arthur Wells

(in that period professor@&ueendés Uni vdg3blsity of Bel fast)
TheWells turbine is a lowpressure air turbine, characterized by the ability to rotate

in one direction independently of the airflow directidhe blades are characterized

by symmetrical air foils where the plane of the symmetry is the same as the plane
of rotationand perpendicular to the airflow direction. The wells turbine is affected

by a low or negative torque in the case of a small airftate, significant
aerodynamic losses, and noise in comparison with other wind tufhos, this

turbine requires a greater section to achieve the same power output as other turbines.
Nevertheless, the Wells turbine has been applied in several OWC plants.

As an example of full scale OWC system,
realized at Toftesfallen (Norway) in 1989], with 500 kW of electric power
installatiorj40]. The lower part was realized in concrete, with a height of 3.5 m
above sea level. As reported in Figuretliig part of the system formed a chamber,
communicating to the sea under the water level. The upper part, height 20 m, was
equipped with a seffectifying air turbine, with a 500 kW of electric power
installation.This wave energy converter was destroyed by a storm during 1988. For
this reason, the plant was decommissioned. It lived very short and produced only
29 MWh of electrical enerd1].
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Figure 14. Sect i onal drawing (left) and view (right)

In 1990 an OWC system was installed at Vizhinjam (Trivandrum, Kerala, India),
composed by a concrete caisson and installed near the original brestkagtmne.
Theproject considered the installation of aWells turbine coupled with an induction
generatof150 kW) in order to be directly coupled with the electrical [g&dl

In reality, the results were under the expectation: the output power was highly
variablein the range 060 kW in a few seconds and the induction motor frequently
was an electricaload instead of a generator, consuming more energy than the
energy producdd3]. Theplant was inactive for a long period. In 2004 the plant
was investigated to supply a Reve@mmosis desalination plant. This OWC device

was finally decommissioned in 2q4%]. See figure 14.
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Figure 15. Axonometric view (left) and section view (right) of the OWC device at
Vizhinjam
Based on the same principle, in 2000 the Islay LIMPET (Land Installed Marine
PowerEnergyTransmitter) was installed on the Scottish island of Islay. This plant
wasrealizezédnd operated by Wavegen in cooperat
of Belfast. IslayLIMPET was the fullscale version of a previous prototype (75
kW) realized in 199[5]. See the following figure 16.

Figure 16. LIMPET OWC plant installed on the island of Islay (Scotland, UK)

The envelope of LIMPET waantirely realized in concrete on the shoreline. It was
equipped with two Wells turbines, each one with a rated power of 2%8]kWe

plant was decommissioned in 2012 and today only the concreate building remains
on the shoreline
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A similar technology was also developed in Portugal, under the supervision of
Instituto Superior Técnico of Lisbon. In 1999 a full scale (400 kW) OWC plant was
realized in Pico Island (Azores, Portug&pme problems were due to malfunctions

of Wells turbine and its support. The project was concluded on January 2018,
demonstrating the feasibility of this technolp4fy]. The OWC system is reported

in figure 17.

Figure 17. Back view of the OWC plant installed on the island of Pico (Azores,
Portugal)

In 2011, an OWC plant was inaugurated in the bay of Mutriku (Spain). The power
plant is 100 m long and has an installed power of 296 kW. It is composed by 16
OWC chambers, each one equipped with a Wells turbine. The producer indicated a
total electricity poduction equal to 1.6 GWh (updated to the end of June)[¥18

The OWC system is reported in figure 18.

Figure 18. OWC plant installed in the bay of Mutriku (Spain)
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An OWC system, called REWEC3 (REson#vitve Energy Converter), has been
developed in ltaly, by the University of Reggio Calabria. This system is designed
to be incorporated into a traditional vertical breaker in the harbour. In comparison
with other OWC devices, the main difference is thehdpe connection between
the internal chamber and the ¢sae figure 19)that is chosen in order to adapt the
resonance frequency of the system to sea wWauses, it is possible to maximize the
energy extractiogd8]. In the port of Civitavecchia, &ull-scaleplant has been
installed, composed by 136 chambers and a rated power of 2.9MV2U16 the
system, with a length of 100 m, produced 500 MWh/y. After the optimization, the
designers want to achieve an annual production of 800 MWh/y
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Figure 19. Working principle of REWEC3

The Yongsoo plant (see figue®)is another fixed OWC system, that was recently
completed near to Jeju Island (Republic of Korea). The system is installed on
seabed, at 1 km from the coastline. kdgipped with two horizontal axis impulse
turbines, connected to different kinds of generators (a synchronous generator and
an induction generator), both with a rated power of 250K\ plant has a length

of 37 m and a width of 31 m
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Figure 20. Back (left) and perspective views (right) of OWC plant at Yongsoo

2.1.2 Wave activated body

The category of WavActivated Bodies (WAB) comprises several kinds of
solutions for the sea wave exploitation. These systems are generally composed by
two or more parts, arranged in order to produce a relative motion and run the energy
convertef49].

These systems are generally designed for a nearshore or offshore installation, in
order to exploit the more regular waves of the open sea, in comparison with the
systems installed on the coastline. However, the installation far away from the
coastline inoeases the number of problems. Indeed, long underwater cables or pipes
are required to transfer the energy collected by the WEC to the mainland. These
devices need also a mooring system, strong enough to resist to the extreme weather
condition$50].

Since there is a number of WAB, a classification is introduced by considering the
working principle of the device as criteri{@5]:

Single body heaving buoys;

Two-body heaving systems;

Fully submerged heaving systems;

Pitching devices;

Bottom-hinged systems;

= =2 =4 A4 A -2

Many-body systems.
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2.1.2.1Single body heaving buoys

An example is a system composed essentially by a buoy able to move along a
metallic strut anchored to seabed by a universal joint. The idea was the exploitation
of this verticalmotion to pressurize an air reserve and consequently run an air
turbine in a regular way. A prototype, having a buoy one meter diameter, was tested
in 1983 in the Trondheim Fjord (Norway), replacing the air turbine with an
orifice[35]. A solution of this technology (see figure 21) was developed at Uppsala
University (Sweden), called Lysekil projget]. This plant was enlarged with a
second WEC and today is currently operating.

End stop
Translator

Stator ™

Springs

Figure 21. Working principle of Lysekil project

2.1.2.2Two body heaving buoys

The category Atwo body heaving systemso
the distance between the floating buoy and the fixed structure on seabed, where the
energy production occurs. In this case, the WEC is composed by two floating buoys

in order toproduce a relative motion usable to extract energy. The shapes of two
floaters are normally different in order to maximize the relative motion

As shown in figure22, Wavebob is an example of two body heaving system. To
improve the relative motion between the two parts of the WEC, the central buoy is
equipped with a big mass, increasing the inertia and limiting the vertical motion.

The inferior buoy is designed to lsebmerged at depth enough to minimize the

interference with sea wave. The vertical motion produced by the upper buoy (body
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1) is used to run an oil pumping system. A srsalle (1:4) prototype was tested
in the Galway Bay (Irelanf{§2]. The prototype was installed in 1999 and
decommissioned in 2015 because, during the 2013 the funding. ended

Figure 22. Rendering view (left) and external view (right) of Wavebob

PowerBuoyis another example of two body heaving system, developed by the
American company Ocean Power Technologies. As shown in figure 23, this WEC
is composed by a floater, that is free to move up and down according to sea wave,
and a submerged body, having akdshape adopted to improve the inertia and
hydrodynamic resistance of this part and maximize the relative motion between the
two main parts of the device. The idea is the realization of a wave energy farm,
installing several devices, each one producingtetgty. To minimize the cost of

the electrical connection with the mainland, an offshore substation could be
realized. In 2005 a pilot plant (40 kW) was tested in an offshore site, close to
Atlantic City (New Jersey, USAS1]. In 2008, another plant of the same size was
installed off the coast of Santafia
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Figure 23. Principle of operation and external view of PowerBuoy

2.1.2.3Fully submerged heaving systems

About the fully submerged heaving systems, an example is the Archimedes Wave
Swing, developed in Holland

As shown in figure 24, the system is composed by two parts: a basement, that is
anchored to seabed, and a floater. The device works by using the variation of the
hydrostatic pressure applied to the floater, that pushes up and down a linear
generator inst&d inside. In 2004, a pilot plant was tested with successfully in
Portugal35].
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Figure 24. Working principle of Archimedes Wave Swind53]

CETO (name inspired by a Greek ocean goddess) is another full submerged device,
proposed by Carnegie Clean Energy. This system is designed to be installed in the
nearshore, a few meters below the sea level. The previous version (CETO 5) was
designed to pum water for a station located on the coast where electricity and
freshwater are produced, by using a Reverse OsmotifS4hiA new device
(CETO 6) was installed in western Australia in 2014 to produce electricity directly

on the WECThe technology is shown in figure 25.

AL ey POWER TO

= - » g OFF-THE-SHELF THE USER
? ' g : TECHNOLOGY. 3 \1 ,

2 > S g NN\ zERoEmission ]

ELECTRICITY
INTO GRID

@ o

PELTON TURBINE
WITH ELECTRICAL
GENERATOR

|
|

(Ced
HIGH PRESSURE Carnegie

SEAWATER COPYRIGHT © CARNEGIE WAVE ENERGY LIMITED
NOT TO SCALE

Figure 25. CETO external view and working principle

Andrea Guercio



State of art pag.27

2.1.2.4Pitching devices

In the pitching devices, the main motion is a relative rotation (usually pitch) among

the parts. Pelamis was a famous example of pitching device. It was developed in

UK by Scottish company fAPelamis Wave Powc¢
to the eledical grid, was tested in Orkney (Scotland) between 2004 and 2007. In

2008 a wave farm with three devices was installed at Agucadoura (Portugal).
Unluckily, the wave farm worked only for two months due to technical failures,

causing financial problems toché company. The intellectual property was

transferred to the Scottish government in November 2014. This WEC was
composed by four cylindrical buoys, connected by three Power Conversion
Modules (PCM), as depicted in figu2€[55i 57].

“\Latching assembly

<— Dynamic downfeeder cable

Figure 26. Working principle and external view of pelamis

In detail, the system had a shape like a snake, oriented according to the wave
direction, achieving a length of 120 m and a rated power of 750 kW. The working
principle of Pelamis was based on the generation of a relative rotation on the PCM,
equipped with hinged joints, in order to pump oil at iglssure into accumulators

and the run hydraulic motors coupled with induction generators

2.1.2.5Bottom hinged systems

The Bottom Hinged Systems are designed to exploit sea wave in shallow water
(10- 15m), where the sea motion is mainly horizontad.example is Oyster, that
is illustrated infigure 2758,59]
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OYSTER®WAVE
ENERGY CONVERTER HYDROELECTRIC
POWER CONVERSION PLANT.

HIGH PRESSURE
FLOW LINE

Figure 27. Working principle of Oyster

This device consists essentially in a barrier, made by five cylinders horizontally
stacked. Since the barrier is fixed by a horizontal hinge, the braking wave produces

a rotation, activating a highressure pump. The pressurized water is conveyed
along piges to the coastline, where hydro turbines and alternators are installed to
produce electricity. This kind of WEC was proposed by the team of Professor
Trevor Whittaker, from the Queenobds uni
Aquamarine Power developed and ¢estwo fultscale plants at the European
Marine Energy Centreds Billia Croo test
kW). The second version was connected to grid in 2012 until 2015, when the
company ceased tradifag].

AW energy (A Finnish company) proposed a similar system called Waveroller (see

figure 2860]. In 2007, a small scale (1:4) prototype was tested in Portugal.

Figure 28. Rendering view of Waveroller
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A full-scale prototype was installed in Jarvenpda (Finland) in 2015, in order to
optimize the technology. The device is designed to be installed a20kén from

the shoreline, where the sea depth is between 8 and 20 meters. The device has a
rated powerof 350 kW, equipped with a flap 18 m long and 10 m high. The
company is currently working for new projects in Portugal, Mexico and Southeast
Asidg60].

2.1.2.6Many body system

Wavestar is an example of mahgdy systemsThe first study on this device was
started in 2000 by Niels and Keld Hansen in Denmark. A sscale prototype
(1:40) was tested in 2004 at the laboratory of Aalborg University. In 2005, a grid
connected small scale (1:10) pilot plant was installed auxisBredning. Finally,

in 2009 a 1:2 scale prototype was connected to grid in Hanstholm. The plant was
taken down in 20181]. Like other systems described above, Wavestar uses the
relative rotation of the buoys to pump oil at hgtessure and runs hydraulic
motors The researchers are currently working on the full scale of the device. As
shown in figure 29, Wavestar is composed, is composed by 20 buoys (10 m

diameter), arranged in two lines, and able to extract until 6 MW according to the

climatic conditions of the brth Sea. The system could be also assembled with a
star shape, using 60 buoys and achieving a total rated p6u@mMW[61,62]

Figure 29. Rendering view ofWavestar

The same working principle can be applied along the coastline and the breakers of
the harbours. An example is the EcoWave System, composed by several floaters,
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which rise and fall according to the hydrodynamic interaction with sea wave. Using
robust arms, the system pressurizes a fluid to run a generator installed on the
coastling63]. In 2016 a wave farm was opened at Gibraltar, located at the southern
tip of the Iberian Peninsula. The plant has currently a rated power of 100 kW but it

is planned to achieve 5 MW of installed po{@ér

2.1.3 Overtopping devices

In the Overtopping Devices (OD), the exploitation of sea wave is based on the
conversion of the kinetic energy of water into potential energy, usable by a low
head hydro turbine

An artificial water reserve should be created at a level superior than the sea level.
To refill the system, a ramp is required to convey sea wave inside the water reserve.
Historically, the first OD pilot plant was the Tapchan (Tapered Channel Wave
Power Device), realized at Toftestallen (Norway) in 1985 (see fi8if64]. The
collector was carved into a rocky cliff, realizing an entrance about 60 m wide and
lifting water up into a reservoir 3 m above sea level and with a surface of 8500 m
To convert the potential energy into electricity, a dogad Kaplaftype hydro
turbine was adopted, having a rated power of 350 kW. This plant was damaged by
the storm in 1988. The plant was decommissioned in.1991

Reservoir

Tapped
Channel

Collector

Figure 30. View (left) and schematic plan view (right) of tapchan

It is also possible to realize an OD for an offshore application. As an example, the

Wave Dragon was a floating slack moored WEC, developed by the Danish

Andrea Guercio



State of art pag.31

company AWave Dragon Apso. I n March 2003
installed and tested in the Nissum Bredning fjord until January[@8D3n detail,

Wave Dragon is composed by a floating water reserve, refilled with sea wave by

using two reflectors (see figuBL)66], and a ramp to convert the kinetic energy

into potential energy through the increasing of water [6@¢l This kind of energy

can be used by Kaplan turbines to run permanent magnets rotary generators. To
work properly, the system should be fixed to seabed by moorings and faced to the

wave direction

j44ld

reflector

reflector

Figure 31. Views of the small scale Wave dragon (left) and its working principle (right)

The last OD project is called Seawave Sloine Generator, depicted in figure

32[67]. This system is designed for an onshore installation.

Figure 32. External view (left) and section view (right) of SlotCone

In detail the system is composed by three chambers, located at different heights.
Each chamber has an opening, located at the superior point. The system has
externally a ramp shape, in order to increase the water height and fill the internal
chambers. A mitistage lowhead hydro turbine is adopted to transform the
potential energy of water inside each chamber into electricity pilot plants have

been planned for the realization along the west Norwegian coasts, but have not been
realized67].
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As shown in the list of various technologies, the exploitation of energy from the sea
iIs an area of focus for university studies around the world. A summary table is
provided to bring together all the installationgntioned, showing: project name,

country of installation/design, technology, year of installation, years of operational

life and notes.

Table 2. Summary of the several WEC technologies

. Year of Years of
Project Country Technology . ) Note
installation operation
Kveerner
. Norway owcC 1985 3
Brugbéo
Fragmented
o operation due
Vizhinjam )
Kerala, India owcC 1991 20 to
OWC plant o
inefficiency
of the system
LIMPET Islay, Scotland owcC 1991 21
Pico island  Pico, Portugal owcC 1999 19
Mutriku
. . Currently
wave power Mutriku, spain owcC 2011 10 )
operating
plant
Port of
o ) Currently
REWEC Civitavecchia, owcC 2016 5 )
operating
Italy
Yongsoo
. Yongsoo Currently
OWC Pilot owcC 2016 5 )
South Korea operating
Plant
Currently
_ ) operating and
Lysekil Lysekil, _
) WAB 2006 15 enlargedwith
Project sweden
2 WEC
Galway Bay, In 2013 end
Wavebob WAB 1999 14
Ireland of funding
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Atlantic city, Upgrade in
PowerBuoy WAB 2005 16
New Jersey 2020
. Pilot plant
Archimedes Holland
] WAB 2004 developed
Wave Swing portugal
successfully
Pilot plant
CETOS5 Australia WAB 2015 developed
successfully
CETO 6 Australia WAB 2014 5
Technical
) Agucadoura, ] )
Pelamis P1 WAB 2008 Less 1 and financial
portugal
problem
Pelamis P2 Orkney,
WAB 2010 4
001 Scotland
the council is
) studying how
Pelamis P2 Orkney,
WAB 2013 to use the
002 Scotland _
device
the company
Orkney, ceased
Oyster WAB 2012 3 .
Scotland trading
Jarvenpaa Currently
Wave roller ) WAB 2015 6 )
(Finland) operating
Hanstholm,
Wavestar WAB 2009 4
Denmark
Eco Wave ] Currently
Gibraltar WAB 2016 5 )
power operating
Eco Wave Jaffa port, Currently
WAB 2016 5 i
power Israel operating
Toftestallen, Damaged by
Tapchan oD 1985 6
Norway a storm
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Nissum
Wave ]
Bredning, oD 2003 2
Dragon
Denmark
Seawave
Planned but
slot-cone Norway oD )
notrealized
generator

As can be seen, some plants have been successful, producing electricity constantly,
and others for various reasons have unfortunately been decommissioned.

As a result, the participation of governments becomes very important, in fact many
governments have participated in the construction of energy production plants
because it is in their interest to enable the development of renewable technologies,
although sme not very efficient plants have been decommissioned because funding
has been cut off

2.2 Power take off state of art

The power take off is the device that transform kinetic or potential energy from the
sea wave in mechanical energy and then electrical energy or directly in this one.
The energy extraction system is of great importanceadfets the efficiency with

which the absorbed wave power is converted into electricity, the mass, size and
structural dynamics of the WEChe PTO, similarly to the WEC, should be robust
and reliable because these characteristics affect the availability of the device,
operating and maintenance costs during its lifdi®e Generally, each type of
WEC corresponds to its PTO. For example, the OWC device uses an air turbine
coupled to the electric generator, while a point absorber may use several systems
depending on their configuration and may require several cascading eonvers
mechanismsln design, it is observed that PTOs are generally not scalable. The
reason for this is that this system does not interact directly with the fluid, but with
an interface system. Furthermore, on a small scale of a model of a WECs, the ratio

of friction to other forces in the PTO is greater than in the actual model.
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Furthermore, by further decreasing the scale, the mechanical power would become
so small that it would be necessary to model, all over again, a PTO that could
effectively convert that available mechanical energy into electrical energy.
As shown infigure 33, the technologies are essentially five
1 Hydraulic systems
Air turbines
Low head hydraulic turbines

1

1

9 Direct linear generators

1 Direct Mechanical Generators

Fluid power
Mechanical power
Electrical power

Piston Accumulator  Motor

Hydraulic system

Rotary electrical

generator
Power
Electronics

Grid

Air chamber Air turbine

L)

Accumulator Hydro turbine

N

Direct mechanical
drive system

Direct electrical drive system

Figure 33. Most common PTO devices

Each PTO has its own peculiaritieglvantagesand disadvantages. As shown in
the table, the most efficient extraction systems are those based on the linear
generator and mechanical converter. In fact, they are currently the subject of
research for this very reaq468]. In table 3 are shown the energy efficiency

conversion of technologies.
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Table 3.  Indicative average efficiency for different Power Take Off systems
PTO system Efficiency %
Hydraulic systems 65
Air turbines 85
Low head hydraulic turbines 55
Direct lineargenerators 95
Direct Mechanical Generator: 90

2.2.1 Air turbines

Air turbines are mainly used in OWC systems. The turbine is driven by the pressure
difference induced by the oscillation of the water level within the seimmerged
column.For this type of system, there are basically three types of turbines that can
be used, as shown in the figua4.

1 Wells turbines

1 Babinsten action turbine

9 DennissAuld turbine

a

uoneoy
© uonejoy

-
.
Flow g
i
F@
2 55
Guide ‘.§

Figure 34. The profiles of the different types of air turbines compared; a) Wells
Turbine, b) Babisten Turbine, c) Action Turbine, DennisAuld
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The Wells Turbine is a sefectifying axiatflow turbine, whose torque is not
sensitive to the direction of airflow; this results in an alternating airflow in a
unidirectional rotatiofy0]. For this reason, the Wells turbine is the widely used
system in OWCs. However, a downside to be considered is that this typkioé

does not start automatically. To solve this drawback, it is necessary to accelerate
the rotor through an external energy source at-gfarfo overcome some of the
limitations of the Wells turbine, the Babisten action turbine was developed. In this
device, the diffusers are fitted with adjustapbeddles to straighten the air flow,
allowing it to be directed to the rotor. Thaddles can be fixed or adjustable. In the
latter case, there is a mechanism that adjusts the attachment padtks
thenselves, which can be salbntrolled by the airflow or controlled by another
active mechanism, such as a hydraulic actuator. Although adjustiruatiutes

results in a modest increase in turbine efficiency, it must be considered that
increasing the moving parts of the turbine results in an increase in the complexity
of the device and a decrease in reliability. This also leads to an increase in the cost
of turbine operation and maintenanddne selfrighting DennissAuld turbine is
primarily based on the We turbine model. In this illustration, the air fp&ddles
canrotate around their neutral position, within a certain range, to achieve an optimal
angle of incident airflow. The rotation of tipaddles is modulated by measuring

the pressure in the chamber.

2.2.2 Hydraulic system

Hydraulic systems are particularly used with point absorbers or attenuating devices.
Such systems are well suited to the conversion of energy, very large forces, or
moments, at low frequencies, applied by waves on oscillating badiBgure 35

is shown the system diagram of a hydraulic system.
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Hydraulic
Motor
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Generator

Low pressure
accumulator

Figure 35. System diagram of a hydraulic system

The buoy is directly connected to a piston that is bound to move inside a cylinder,
which contains the working fluid. The motion of the body drives the plunger, which

pushes the working fluid, compressed, through a manifold that in turn feeds the
hydraulicmotor. A conventional electric generator is splined to the same shaft as
the hydraulic motor, thus enabling the conversion of hydraulic energy into electrical
energy71]. The hydraulic circuit is also equipped with a gas storage system, high

and low pressure, which allows for the accumulation or release of hydraulic energy

and thus allows for the irregularity of the power absorbed by the Wa}es

2.2.3Low head hydraulic turbines

These devices are exclusively used in overtopping systems. The potential energy of
the water in theovertopping reservoirs is harnessed to drive-head hydraulic
turbines such as Kaplasge figure36which are widely used in such overflow
systems. The turbines are coupled to a conventional electric generator. An
advantage of water turbines is that they are a mature technology that has been used

for many decades in hydroelectric power plants.
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e Guide vane

Runner
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Figure 36. Sectional view (top picture) and bottom view (bottom picture) of a Kaplan
turbine

The Kaplan is a jet turbine that includes a rotating element, called runner,
completely immersed iwater,and enclosed within a confined space that is under
pressureAdjustablepaddles are installed on the diffuser; this allows management
of the water flow sent to the turbine runner. In addition, the rypewddles are also
adjustable, so that they have an almost flat profile for low flow conditions and a

very inclined profile for high flow conditions.

2.2.4 Direct linear generators

Linear generators ensure the input conversion of linear motion into electrical
energy. In this way, the energy conversion chain is drastically simplified by using
a limited number of components. This allows for a higher overall system efficiency,
as thereare no intermediate energy conversions corresponding to an energy loss.
Due to the direetrive solution of directly coupling the speed and force of the
floating buoy to the translator, linear generators are currently the subject of
research. One of the mibinteresting configurations are linear generators with

permanent magnets. Thus, the wave motion is converted directly into electrical
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energy, however, this cannot be fed directly into the grid as it manifests a waveform
and frequency not suitable for grid conditiomherefore, a power electronic
converter must be interposed in order to regularise the waveform and adjust the
frequency before feeding energy into the grid. One of the great advantages
conferred by the use of permanent magnets, in the moving part of denmas
that the generation of the magnetic induction field takes place without the adoption
of an excitation currenthtis making it possible to abolish the entire excitation
circuit, including conductors and sliding cont§86j[33].
The linear generatsare composed byee figure 37

i Stator, the fixedron part

i Translator, a movable element that is constrained to translate in only one

direction
___—Heaving buoy
[

/-\\‘/
\ '“\\\_/ -

Permanent Magnets

\ F—Translator
s i
tator—»|
HID
i
Coil .--—; H |
I X
Drag plate

Figure 37. Linear generator composition
2.2.5Direct Mechanical Generators

A Power Take Off with direct mechanical drive converts the mechanical energy of
an oscillating body, subjected to wave motion, into eleatrienergy usinga
mechanical conversion system that drives a rotating electric generder
mechanical conversion system (gear box) comprises a whole series of elements
whose ultimate purpose is to set the rotor of the electric generator in niation.

figure 38 is shown albck diagram of a mechanical PTO
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Rotary Mechanical
electrical conversion
generator Q system

Ocean waves

Figure 38. Block diagram of a mechanical PTO

The latter two devices will be among the objects of study presented in this thesis
work, as three prototypes were built in the University of Palermo's marine

technology laboratories.

2.3 Electrochemicalstate of art

A fuel cell (FC) is a device that converts the chemical energy of a fuel, such as
hydrogen, by an oxidising agent, such as oxygen, into electricity through a pair of
redox reactions. Fuel cells differ from most batteries in that they require a
continuous source of fuel droxygen to sustain the chemical readif&j. The
following figure 3 shows a typical fuel cell, composed byaamodenegative pole
cathodepositive pole electrolyteallowing only ions to pass from the anode to the
cathode or vice versahe product of thehemical reactions is only wajesee
equation 1

‘0 -0 © 00 (1)
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Individual Fuel Cell

{for reuse) . Electrlc )
Power

Figure 39. Picture of a typical fuel cell

In literature there are many fuel cells technology, classified for different kinds of
electrolyte: alkaline, phosphoric acid fuel cell, molten carbonate and solid oxides,
polymeric electrolyte. The working temperatures are different from each
technology. 1 is possible taistinguishlow temperature FC, medium temperature
FC and high temperature F@esides the type of electrolyte and operating
temperature, the main characteristics of a fuel cell are:

1 Cell voltage[Volt]

1 Power densitykW/m?]

1 Energy density [KWh/r)

i Efficiency %

1 Specific energy [kWh/kg]
As mentioned above, a FC uses hydrogen as fuel. Instead, hydrogen can be
produced using the process of electrolysis of wafditting it in gaseous hydrogen
and oxygefiL5]. The figure 40 shows a typical electrolyser, whéwe production
of hydrogen takes place at the cathode according to a reduction reaction of water to
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H> and that of oxygen at the anode according to an oxidation reaction of water to
O>.

hydrogen oxygen
H> (0))
Figure 40. Picture of a typical electrolyser
The global reaction is shown @guation 2.
¢00O O (2)

This is a norspontaneous reaction, that requires electrical energy. From a technical
point of view, they work like a FC but in a reverse wBgth FCsand electrolysers
work with inert electrodes characterized by:
9 Long lifetime
High physical stability
High electrical conductivity

1

1

9 High chemical stability

1 Non-polluting and norcontaminating
1

Safe
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9 Low cost
In the same way the electrolyte that usually is characterized by liquid state or solid
state in both technology it is a selective membrane. If they are cationic membrane
allow only the cation pass afifdhey are anionic membranes allow only the anion
pass. The main characteristics of the electrolytes are:
1 Low solvent transport
1 Impermeable to neutral molecules
1 High chemical stability at operating temperature
1 Mechanical stability
1 Low voltage drops
1 Low cost
1 Long lifetime
In the following sections are listed the currently state of art of fuel[¢8]lsand

electrolyserfl5,74]

2.3.1 Alkaline fuel cel(AFC)

This technology worksvith potassium hydroxidéKOH) as a liquid electrolytat

the temperature @0-120 °C. The fuel must be pure at 99% of hydr¢geh This

implies that hydrogen, to have a good energy density, must be stored at around 300
bar. The scheme of an AFC fuel cell is shown in picture 41.
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Figure 41. A fuel cell

Electrons pass from the anode to the external load and then to the cathode via an
external circuit. OHanions are produced at the cathode and pass to the anode
through the electrolytd he products of the FC are only thermal energy and:

1 Anode side, oreacted fuel and water

i Cathode side, unreactedygenand water
Theanode, cathode and globahctions inside the FC are shown in the following
equations3,4,5
Anode reaction

¢O 1tH0% 100 1Q 3)

Cathode reaction

5 c¢O/ T1Q O 100 (4)

Global reaction
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¢O U © 00 (5)
These devices find application in the military, submarine, and space séci®rs.
used in these areas because one of the advantagesigrtipewer densitywith

electrical efficiency of 60%Jnfortunately, however, it is very sensitive to £d

CO, which severely damage it.

2.3.2 Proton exchange membrane (FED)

This technology uses a polymer membrane with high proton conductivity as
electrolyte and operates at temperatures between 70 and 100 °C. The membrane
must be humidified in order to function properbtherwise it risks damagdhe

fuel must be pure hydrogen and only liquid water is produtee electrical
efficiency is around 480%.The small FC work at 1 bar pressurstead the stacks

that work over 10 kWxceed 1 bar operating pressuriee application PEM FC is
essentially for automotive sector or energy producfldre scheme of PEM FC is

shown in figure 42.
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7 \
Anode Cathode
Polymer Electrolyte

Figure 42. PEM fuel cell

Andrea Guercio



State of art pag.47

Between the two electrodes, an exchange of electrons takes place through the
external circuit and an exchange of protons through the electrolyte with a flow from
anode to cathod@he products of the FC are only:

1 Anode side, oreacted fuel

1 Cathode side, unreacted oxygen and water
The anode, cathode and global reactions inside the FC are shown in the following
equations 6,7,8.

Anode reaction

0O 10 1Q (6)
Cathode reaction
0 1O 1Q° ¢00 (7)
Global reaction
¢O U © ¢00 (8)

The advantages of this technology kme corrosionproblemsand CQ resistance
and low stadup times. The disadvantages are low CO resistance and

humidification, which must be very thorough.

2.3.3 Direct methanol (DMFC)

Methanol is used in this technology because it provides a high concentration
efficiency in hydrogen and because it has a high energy de¥sitiganol does not

have storage problems at high pressures like hydrogen, so it can be used as fuel
from a normal tankThe FC works at temperatures between 70 and 120 °C. The
electrolyte is a polymeric membranghe efficiency of electrical production is

around 2625%. The scheme of a DMFC fuel cell is shown in picture 43.
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DIRECT METHANOL FUEL CELL
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Figure 43. DM fuel cell

Electrons pass from the anode to the external charge and then to the cathode. H
protons, produced at the anode, pass toctteode through the electrolytEhe
producs of FC are:

1 Anode side, nomeacted methanol and GO

1 Cathode side, unreacted oxygen and water.
The anode, cathode and global reactions inside the FC are shown in the following

equations 9,10,11.

Anode reaction

#(/ ( Ol ° @0 060 ¢Q 9)
Cathode reaction
-0 @O0 @Q © g0U (10)
Global reaction
#(/ ( -0 00 060 (11)

The principal application of this technology is related to portable devices.
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2.3.4 Phosphoric acid (PAFC)

This FC familyworks at medium temperatures, i.e. between 200 and 250 °C. The
electrolyte is a concentrated solution of phosphoric acid. They can work with pure
fuel or with H mixed with CO or C©The efficiency reaches good values between

40 and 5@0. The scheme of PSFC is shown in figure 44.
PAFC FUEL CELL

Electrical Current

Excess |G- @ €[ Water and
Fuel Heat Out
e- w
= -~ o ﬁ I
H,0
t e L2
Ha| | H#|
02
H+|
Fuel In / ] \ AirIn
74 | X
Anode Cathode
Electrolyte

Figure 44. PA fuel cell

These FCs allow the recovery of ldemperature heat from other systems in order
to reuse it for domestic hot water production or heati&ye too, electrons pass
from the anode to the outer circuit and thetht cathode, and 'Hrom the anode
passes to the cathode via the electrolike products of Fc are:

1 Anode side, nomeacted fuel

i Cathode side, unreacted oxygen and water.

The anode, cathode and global reactions inside the FC are shown in the following
equations 12,13,14.
Anode reaction
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¢OO 10 1Q (12)
Cathode reaction
0 TO T1Q©° 00U (13)
Global reaction
¢( 0 ©c00 (14)

These devices are among the most widely used as they allow thermal waste to be

recovered in power ratings betweenas@ 200 kW.

2.3.5 Solid oxide (SOFC)

SOFC is a high temperature technology. They are completelystatel cells and
operate between 600 and 1000°C. The electrolyte is zirconium oxide doped with
yttrium oxide. Pure hydrogen or natural gas can be used. The energy production
efficiency is arond 4560%. The dectrons pass from the anode to the outer circuit
and then to the cathogdéne aniongD? produced at the cathode pass to the anode
via the electrolyteln the following figure 45 is shown the SOFC.

Solid Oxide
Fuel Cell

Electron
Flow

mrwﬂ';
DS H S
®
@

(=]
=3

o0

@
©
© 0o o

—

Water

s¥3

Anode  pcolyte | Catode

Figure 45. SO fuel cell

The products of the Fc are:
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i Anode side, unreacted fuel and water

{ Cathode side, unreacted oxygen

The anode, cathode and global reactions inside the FC are shown in the following
equations 15, 16, 17.

Anode reaction

¢O ¢b © oL T1Q (15)
Cathode reaction
O 1Q 0 ¢ (16)
Global reaction
¢( 0 ©°¢00 17)

They are used for power generation and especially in cogeneration with high
efficiencies. The disadvantages of working at high temperatures are the high costs

of the materials that must be used.

2.3.6 Molten carbonate (MCFC)

This family of FCs also works at high temperatures, around 650°C. The electrolyte
is a solution of alkaline carbonates such as Li, K, Na. The fuel used can be methane
or synthetic gas. fie efficiency is around 50%. Th&eetrons pass from the anode

to the outer circuit and then to the cathad€s:* carbonate anions produced at the
cathode pass to the anode through the electrdlifescheme of this technology is

shown in figure 46.
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Molten Carbonate
Fuel Cell

Electron =

Flow

lons
= piad

2%e

Electrolyte

Anode Cathode

Figure 46. MC fuel cell

The products of the Fc are:
T Anode side, unreacted fuel and water

i Cathode side, unreacted oxygen and CO

The anode, cathode and global reactions inside the FC are shown in the following
equations 18, 19, 20.
Anode reaction

¢cO ¢60 ©9¢0O/ ¢co0 1Q (18)
Cathode reaction
0 U0 TQO oD (19)
Global reaction
¢( 0 ©c00 (20)

TheseFCs are used for combined heat and power generation. Here too, the
disadvantages are related to the expensive and tempeaegistant materials.

In the following table 4 is shown a list of FCs most important peculiarities.
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Table 4.  FCs peculiarities

AFC PEMFC DMFC PAFC MCFC SOFC
. ] ) . Lithium ] )
Potassium Polymeric Polymeric Phosphoric ) zirconium
Electrolyte ) ) potassium )
hydroxide membrane membrane acid oxide
carbonate
lon Allowing
, OH H* H* H* FE o*
Reaction
T[°C] 60-120 70-100 70-120 200-250 650 600-1000
Hydrogen, Hydrogen,  Hydrogen,
Pure Hydrogen, i . .
Fuel ] Methanol reforming reforming reforming
hydrogen reforming gas
gas gas gas
Oxidation Pure . ] ] . .
Oyfair Oofair Oofair Oy/air Oy/air
Agent oxygen
Electrical
o 60 40-60 20-25 40-50 50 45-60
Efficiency [%0]
o - Low power Portable ~Industrial Industrial
Applications Military ) ] Cogeneration ) )
generation devices cogeneration cogeneration
High High Co No Thermal _ _
. High High
Advantages power resistance, low hydrogen waste - -
) _ efficiency efficiency
density statup time storage recover
Low CcoO . .
Low ) Low High costs High costs
) . resistance, Low )
Disadvantages resistance o o resistance tc and thermal and thermal
humidification efficiency
to COQ i CcoO stress stress
required

2.3.7Electrolysers

After analysing fuel cells, devices that generate electricity by consuming a fuel such
as hydrogen, part of the scientific research developed during the PhD period
focused on the study efectrolysers

Currently, hydrogen production relies on technologies derived from fossil fuels.

Methane (natural gas) processing is the most widely used technology for
commercial hydrogen productiptb]. Hydrogen gas can be produced from fossil

fuels through the following techniques: steam reforming, partial oxidation and

Andrea Guercio



State of art pag.54

autothermal reforming. These technologies produce a large amount of carbon
monoxide.

Theelectrolysettechnology involves splitting the water molecule using electricity
and producing Bland Q. The process of using electricity to produce hydrogen that
will be used to produce electricity again may seem contradidiomeality, this
process has several advantages

1 Itis possible tqpower a FC of a mobile device without having the storage
and transport problems associated \agkrogen.

1 When there is a surplus of energy in a power generation system, it can be
diverted and fed to an electrolyser, for example at night when energy
demand idowest.

1 The hydrogen produced is very pure, it is produced on site where it is
needed, there are no emissions of pollutants

In order not to run into the same problems as hydrogen production from
hydrocarbons, it is necessary that the electricity that powers an electrolyser comes
from a renewable sourddow the most common devices are Alkaletectrolysers

proton exchange membraakectrolysersand solid oxideslectrolyserfl5].

2.3.7.1Alkaline electrolysers

This alkaline technology has potassium hydroxide (KOH) as its electrolyte. They
work at a temperature between 65 and 100 °C and a pressure between 1 and 30 bar.

In the following figure 47 the scheme is shown.

Andrea Guercio



State of art pag.55

oxygen (O5) hydrogen (Hy)

L anode cathode ﬁ

electrolyte
(alkaline solution)

electrolyte
(alkaline solution)

Figure 47. Alkaline electrolysers scheme

The anodecathodeand globareactions are listed in equation 21, 22

Anode reaction

U000 -0 ¢Q (21)
Cathode reaction
¢Oo/ ¢Qo'0 c¢b'o (22)
Global reaction
¢(/°c¢0 0 (23)

This technology is the most mature on tharket and is characterised by long
operating life and high efficiencies of up to%80The disadvantage is the high
corrosiveness of the electrolyteydrogen production is around 5860 Nm?h
consuming around 3 kW of electrical energy.
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2.3.7.2Proton Exchange Membrabdectrolysers

As the PEMFC thiglectrolyseis composed by a polymeric membrane electrolyte
The working temperature must low 80°C and the pressure must low [@5]o&m

the following figure 48 the scheme is shown.

proton exchange membrane
(solid polymer electrolyte)

oxygen (O,) hydrogen (Hy)
anode cathode
+ L . n

Figure 48. PEM electrolyserscheme

The anode, cathode and global reactions are listed in equation 24, 25, 26.

Anode reaction

10 1Q © ¢O (24)
Cathode reaction
¢O/ 90 1O 1Q (25)
Global reaction
¢(/°¢0 © (26)

Andrea Guercio



State of art pag.57

The efficiency is around 60% and the hydrogen production is pure over ®@#6. T
lifetime is less than alkaline technology

2.3.7.3Solid oxideelectrolysers

This is a less established technology than the previous two and is under
development. They work above 600 dDd electrical efficiency of 50%The
electrolyte is zirconidZrO») yttria-stabilised(Y 20z). All the device is composed

by solid components. In the following figure 49 the scheme is shown.

ceramic membrane

(solid electrolyte)
oxygen (O) ﬂ hydrogen (Hy)

anode cathode
+ 5

.‘@

steam
\ (H20)

(=

ﬂ

Figure 49. SO electrolyserscheme

The anode, cathode and global reactions are listed in equation 27, 28, 29.

Anode reaction
6 °-0 cQ (27)
Cathode reaction
O/ ¢Qo™ 0 (28)

Global reaction
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¢(/°¢0 © (29)

The high operating temperature reduces electricity consumption because reactions
are faster. Therefore, both thermal and electrical energy are supplied. The
disadvantage is that the hydrogen produced at the cathode contains a lot of vapour
that must be corehsed. The life of the cells is very short due to the working
conditions.

In the following table 5 the mawlectrolyseicharacteristics are resumed.

Table 5.  Electrolyser characteristics

Alkaline PEM SO
o zirconia yttria
Electrolyte KOH Polimeric membrane N
stabilised
Charge carriers OH H* 0%
) ) Electrical and therma
fuel Electrical energy Electrical energy
energy
T[°C] 65-100 <80 >600
Electrical efficiency
<80 60 50
%
Established )
Pure hydroger Low electrical
Advantages technology, long ) )
- production consumption
lifetime
) ] Lower lifetime than o
Disadvantages Corrosive electrolyte Low lifetime

alkaline
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3.Wave motion

Waves are a form of energy transport associated with an oscillation that propagates
in space (so they do not necessarily involve an actual transport of matter but only
the propagation of thescillation). Some types of waves need a medium to
propagate, such as water, air and solid; others, such as electromagnetic waves, have
the characteristic of being able to propagate even in a vaclondefine the
characteristic elements of a wave, one considers the simple sine wave, which has a
profile described by the sine function. Thispresentation is only a simplified
approximation, used to describe the characteristics of most waves. It should be
noted that waves have similar shapes but differesraciteristics to each othdihe
characteristic and essential elements of a sine wavtkefellowing, see figure 50
1 Ridge (or apex): place of the points at which the sea surface rises most above
sea level
1 Valley: place of the points where ther¢he maximum lowering of the sea
surface with respect to sea level
1 Period (T): time between two consecutive rises of the surface (or between
two consecutive subsidence) in the direction of wave propagation
T Wavelength (@&): di stance between two
direction of propagation of the wave motion

1 Height (H): vertical distance between a ridge and the next valley

n Crest
H=2a
@ ”I /‘\ _
a

Trough

Figure 50. Parameter definition of a sine wave
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The elements that determine the strength of a sea wave are essentially three: wind
speed, duration of interaction between wind and sea, wind distance. The
relationship between the three causes and the size of the wave generated is directly
proportional, ie. the greater the intensity of the wind, the interaction between wind
and sea in terms of time and the surface area affected, the greater the size of the

wave producedrigure 51 shows how waves propagate with wind interaction

Ripples to wind Fully developed Swell waves
waves SCas ——ee——
et ——
Wind ) Direction of

wave propagation

LL‘ﬂglh of fetch

Figure 51. Wind-sea interaction

A very important parameter that will be used to define the type and behaviour of
thewave motion is the ratio between sea de
can make a subdivisipsee figure 52
1 Deep water: when waves are not influenced by the presence of the seabed.
This condition occurs when the ratio of sea deptivawelengthis greater
thanl/2
1 Shallow water: when the seabed significantly influences wave development.
This condition occurs when the depth of the sea is less than about 1/20th of

the wavelengtfY7].
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wavelength

waves down here

Figure 52. Particles motion in deep and shallow water

Sea waves can be classified according
convention they are distinguished

1 Low waves with a height of less than 2m

1 Medium waves with a height between 2 and 4m

1 High waves with a height greater than 4m

f Short waves with & < 100m

f Medium waves with 100m < & < 200m

f Long waves with & > 200m.

Two categories of sea state can be distinguished according to the type of waves that
develop:

1 Wind sea: characterised by a series of waves generated by the wind over a
stretch of sea where they are detected. The length of the waves is generally
small, and the wave motion presents a very irregular behaviour
characterised by a disorderly successiénhigh and low waves. The
formation of smaller waves propagating on the crests of the larger waves
can also be observed. In the presence of the wind sea, the@aeghiand

sailing is not recommended
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1 Long sea: this is characterised by waves coming from even very distant

areas. These waves no longer depend on the direct action of the local wind

and can propagate for hundreds of kilometres through areas where the wind

may even be absent. These types a¥@g are not dangerous to navigation,

only if one is near shallow waters or harbolirgs appropriate to introduce

a classification of sea state using thecatbed Douglas Scale, shown below

in table 6 It is a scale divided into ten degrees, from csda to stormy sea,

and is often found associated with the scale that takes wind strength into

account known as the Beaufort Scalee table [77].

Table 6. DouglasScale
Douglas degree Sea state ,[An\]/]erage wave height
0 Calm 0
1 Almost calm 0-0.1
2 Slightly rough 0.1-0.5
3 Rough 0.51.25
4 Very rough 1.252.5
5 Agitated 2.54
6 Very agitated 4-6
7 Coarse 6-9
8 Very coarse 9-14
9 Stormy Over 14
Table 7. Beaufort scale
Beaufort degree Wind state Wind velocity [km/h]
0 Calm 0
1 Very light wind 1-5
2 Light wind 6-11
3 Breeze 12-19
4 Moderate wind 20-28
5 Stiff wind 29-38
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6 Fresh wind 3949

7 Stronger wind 50-61

8 Moderate storm 62-74

9 Strongstorm 75-88
10 Heavy storm 89-102
11 Very heavy storm 105117
12 Hurricane >118

The Beaufort Scale has considerable practical value, however it has the limitation
that it can only be applied in the open sea, away from the coast, when fetch and
wind persistence are not limited by the presence of the coast and land

In deep water, water particles describe an orbital motion, where the size decreases
exponentially with depth, i.e. at a depth that is half the wavelength. The
displacements of water particles are about 4% of those at the suifecerbits

tend to decrease with the depth of the seabed (z), because the motion of the water
particles will tend to decreas€he description of orbital motion as a function of
depth is described in figufs

Figure 53. The description of orbital motion as a function of depth

In shallow water, the seabed begins to make its effects felt, as the particles will feel
the friction exerted by the seabed and the various circular trajectories described by
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them will tend to flatten out, taking on increasingly elliptical shapes as one moves

towards the bottonThis behaviour is described in figure.54

Direction of > Direction of water
wave propagation \_/ particle orbits
~_ / \ , \ N / A rr/‘_::/‘:""}"ﬂ"\ - 7‘\& N TN
== »' { | N = 7 3 [Tt
S -~a£fﬁ+ |\ - P, VAR ) A Water surface
__ N - _ _ - _ — i
- phay . . - -
0—_ o ) J / q_-.:_' - __) ( 7 - ( :_, ) .__

Seabed

Figure 54. Orbital motion of particles

Different approaches to studying sea motion exist in the literatbestheories that

study this phenomenon are described below.

3.1 Classic theory

The classical theory proposes to find a mathematical model capable of describing
the behaviour of a sea wave as it forms under certain assumptions or boundary
conditions. The simplest of seamve theories is based on a series of
approximations, the main erbeing that the height of sea waves is remarkably
small. In calculations, the direct consequence is that this allows only quantities that
depend on this height to lbensideredneglecting all those terms that depend on,

for example, the square or greater pow&i@ this reason, within the classical
theory, we will then speak of linear theory or Airy's Th¢o8y. This linear theory

is the result of a series of considerable simplifications, but it gives a reliable and
reasonable description of the main characteristics of wave motion.

As a direct consequence of thienplifications introduced, at the basis of the linear
theory is the possibility of representing sea waves as purely sinusoidal waves, or
rather, as a superposition of sinusoidal waVUé®re is no uniform motion of the

sea, but considering the sine wave approximation reasonable, one can represent the
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wave motion as a combination of different sinusoids. This can be studied with a
periodic analysis by means of a Fourier series development, since it must also be
considered that each wave is characterised by different periods and therefore
different intenals of time and space.

Focusing on the analysis of the individual wave, in addition to the fundamental
characteristics, three others can be identified that are of recurring use, namely:

1 The amplitudeA: i.e. the maximum vertical displacement of the water with
respect to the mean sea level (which coincides with the free surface). It is
usually H/2, where H is the full height excursion between a crest and a belly

1 The frequency: represents the number of complete oscillations made by
the wave in the unit of time. It is represented by the inverse of the period T

1 The phase velocity c : given by the ratio of the wavelength to the period T.

The mathematical formula that best represents the singleliom@msional sine
wave migrating forward according to the superposition trend is as folkses,
equation 30.

—ofd B QE0 — (30)

Where A represents the amplitude, t the instant of time at which the measurement
takes place and x represents the measurement position.

The following equation 31 shows tlespersion equation derived from linearised
equations of motion

1 Q@ deQqd (31)

Wherey is theangular frequency and k is the ratio of space to wavelength.

3.1 Airyobés theory

Airy's theory is of fundamental importance as it describes wave behaviour in a
simplified manner. It lends itself quite well to describing real wave behaviour under

certain fundamental assumptions:
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1 Small wave height relative to wavelength and depth. This applies in practice
for H/ < 0.01

1 Uniform sea depth (smooth, impermeable seabed), i.e. the seabed has no
effect on motion

1 Homogeneousncompressibleand nonrviscous fluid

1 The Coriolis Force is neglected

1 Surface tension is neglected

1 The single wave is described by sinusoidal development

With these assumptions, the followiaguation 3Zhowsthe phase velocity

A 22 dac > (32)

The hyperbolic tangent can be expressetth@g®quation 33

o &y —— (33)

If the argument x ofhe hyperbolic tangent function goes to zero, then the function
itself goes to the argument, the following remarkable limit being veyiteg¢

equation 34
aQe— p (34)

If the argument is greater than 1 then the function will tend towvle are in deep
water conditions with a/aratio > 0.5 then the hyperbolic tangent will tend to 1 and
thus the phase velocity will be equaleguation 35.

A =2 (35)
If we are in low water conditiong € 1/20&-,)the phase velocity can kanplified

appropriately and expressedfakowing equation 36.

~ —_—

A (36)
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Up to now, the set of waves in the sea has been schematised as a sine wave, made
up of several waves, but examining the single wave that moves.

Another concept is introduced, namely the group spgathderstood as the speed
resulting from the combination of all waves with a sinusoidal pattern but with
slightly different period and characteristid$is group speed is shown in equation

37.

V- (37)

By explicating ¥ wi t ¢tanekphessthé angumefreqgaencyn r el a
in shallow and deep water. In particular, it will be seen that from the solution of the

dispersion equatio(81) there are two possible solutions, see equation 38.

V0 i - - QQ®AHO Qi

o ’ . (38)
MW i — GaaEdo Qi

Once t he ?waslbeer ideatified, the general expression of the group

velocity can be derived from relation (3nd is shown in equation 39.
b -0 p — (39)

As in the previous case, two forms of group velocity can be distinguished,
depending on whether one is in deep or shallow wsaésr equation 40.

0 i Q& — QQWGrwo Qi

0 L o s e s s (40)

-0 I - ("WaaEDO QI
To better understand the characteristics of a group of waves, we will analyse the
simplest case resulting from the superposition of two sine waves, characterised by
the same amplitude and slightly different frequency and wave nuisdefigure
55.
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Figure 55. Wave group profile

Starting from the knowledge of the phase velocity expressions, equating equation
(35) with the definition of celerity, in high water conditions, knowing the period,
the wavelength (&) and phase velocity (c

expressiongl, 42.
& P® ¢gY[m] (41)
& PR ¢Y[m/s] (42)

In deep water, the orbits of the particles will be perfectly circular alongrtties
water column, what varies will be the diameter of the orbits and will be decreasing
starting from the surface of the water down to the bottom. The law that gives the
radius of the orbit as a function of wavelength and depthasvn in equationZa

O AR~ (4249)
Where a = H/2 is the amplitude of the wave at the surface
The consequence of this law is that the radius decreases with depth, but as the speed
increases, the speed of the water masses also decreases. From the following figure

56, the direction of the wavie shown the length of the wave and therefore also the

interval in which the wave is to be reproduced in.full

Andrea Guercio



Wave motion pag.69

Loop diameter 4l

decreases
downward

s
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Negligible motion

at depth equal to >

Figure 56. Wave orbits in deep water

In conclusion, it is not possible to apply Airy's Theory in allH#alcases, although

to a first approximation it gives useful information for describing and quantifying
the phenomenon, except in the case of shallow wateature, we rarely observe

a wave propagating in a regular manner, like a sine wave. What is actually observed
is the superposition of a large number of waves, all with different characteristics in
different directions. If one were to measure the disptaants of a floating device
placed on the surface of the sea, what could be observed would be a pattern like the

one depicted in the figure’.

nt) A

Time

Figure 57. Example of a real waveform recording

Conceiving a sea state like the one in the figure above, understood as the
superposition of several sinusoids, allows the use of spectral and Fourier analysis
to describe the sesaurface. Unfortunately, there is also an element of randomness

and a statistical approach to the problem must also be intraduced
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3.1.2 Stokes theory

In addition to the Airy approach, there are other far more complex models. Among
these deserves attention the Stokes Theory according to which the wave profile is
fitrochoidab, this would be from the addition to the surface Airy wave, of a term
with a period and wavelength halved and an amplitude related to the amplitude of
the Airy wave and its wavelengtfihe following equation 43 describes the stokes

theory.
- OWét O- - —o-aoérf 0- - (43)

The Stokes wave is a ndinear, periodic surface wave on a fluid layer of constant
average depthThe theory has practical use faraves in intermediate and deep
waters and is used in @more and ofshore constructions to determine wave

kinematics.

3.2 Statistical Analysis

Wind-generated waves have a highly irregular behaviour and, according to linear
theory, can be considered as the result of the superposition of many sine and
trochoidal waves having heights, lengths, periods and directions that do not
perfectly coincide vith each other. To address the following problem, an average
value of these quantities is usually found.

This approach has as its mathematical solution the use of a Fourier series
development, according to which each function can be represented over a finite
interval as the sum of an infinite series of sines and cosines, with different
frequencies, multiplietdy constant coefficientg:or this reason, a particular record

is assumed to represent a statistical sample (or statistical distribution) of the
possible sea states in the area under consideration.

Under these conditions one is able to go and estimate, in probabilistic terms, the
mean values of certain parameters such as, for example, mean wave height,

significant wave height and mean wave perikdowing these parameters, one
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indirectly derives the speed and is thus able to go and determine how much the
characteristic energy of the wave is worth. What is expected, then, is that the
statistical properties of several successive recordings are similar assuming that the
sea statesistationary, or rather that it statistically does not change over time.
There are two possible approaches to estimating these values:
1 Statistical temporal analysis: it directly estimates the mean values from
statistical analysis of the signal seen as a temporal sequence of wave data
1 Spectral statistical analysis of the sigraafrequency analysis of the signals

based on Fourier series development is followed.

3.2.1 Statistical temporal analysis

The characteristic parameters of the waves are listed below.
1 Average wave height (k): can be calculated as the sum of the individual
wave heights divided by the total number of waves recorded in a time

interval see equation 44
O -B O (44)

7 Significant height K (or H1/3): defined as the average of one third of the
highest waves recorded during a given time interval. This parameter is of
considerable practical importance in applications relating to the
determination of energy potentigkee equation 4% is not possible to refer
only to the average height, the height of the lowest waves would have too
significant a weight leading to an underestimation of the wave height, at the
same time if one were to refer to the highest waves one would have an

overesimationof the wave height
‘07 —B ™0 (45)
1 The medium period is defined following equation 46.

Y -B 'Y (46)
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1 The significant wave period/3, in the same way as the significant height,
is defined as the average period of one third of the highest waves and is

expressed in equation 47.

Yy —B Ty (47)

In addition to the simple average value, it is also possible to calculate the probability
that a wave of a given height will occur. In this case, the weeasded within a
given time are first divided according to their height into a number of regular
intervals, then the number of waves belonging to each interval is counted and the
sums obtained are divided by the total number of waves recorded durimgéehe t
interval.

In this way, one is able to calculate the frequencies or probability densities for each
wave categoryAdding up the probabilities of the individual intervals, we obtain
the cumulative probability function, which represents the probability that a wave of
a height less than or equal to a certain value we have identified will. occur
Between characteristic height and significant height, the following empirical
relationships called Cartwrightequation 48)and Nordenstrom(equation 49)
respectively apply

(; pPDo (48)
(; pP8Q°® (49)

3.2.2 Spectral statistical analysis

Surface waves can be approximated with a Fourier series, i.e. as a sum of individual
sinusoidal components each characterised by a different amplitude, wave number
and frequencyThe typical form of any record of the profile of an irregular wave

system suggests representing the record of duration T by means of a Fourier series,

as shown in equation 50.
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-¢B cnél O (50)

Where:
! &is the amplitude of theth component
1 1 +dsthe angular frequency
1 1;s the phase of thetl wave in the observation sectiar 0
It can be shown that the square of the standard deviatiesf the elevation is

proportional to the sum of the squaresgfdee equation 51.
» -B o (51)

The wave energy distribution, called the frequency spectrum, expressed as a
function of frequency, can be defined by the following relationst#e equation
52.

01 ¥ ) (52)

Combining the two relationships results in the expression of the continuous energy

spectrumas shown in equation 53.
., 01 01 Q (53)

Consider two spectra relating to two different types of irregular sea. These are two
particular processes that go by the name of narrow band process and wide band

processsee figure 58
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Figure 58. Particular time series: top narrowband process; bottom wideband process

The narrowband time series can be thought of as a harmonic component of variable
amplitude. Thecharacteristics of the spectrum show that the wave energy is
concentrated only in a rather narrow band of frequencies, while little energy
competes with the components at other frequencies. A characteristic property of
this time series lies in the fact theach crest is almost always followed, in order,

by a descending zero crossing, a leading zero crossing, an ascending zero crossing,
another crest

The broadband process contains energy over a wider band of frequencies. In this
case, there can be many ridges and wires that are not immediately followed by a
zerocrossing. The average period between peaks is therefore much shorter than the
average zergrossing period and there are many ridges below and many cables
above the reference zero level.

o

U i s defined asanbisdefthedibydthe fiollopiagrequatiert54.r

. p — (54)

The following figure 59 shows the different processes relatéH to
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a) b)

Spectral Denstty, §; {m2sirad)

Wave Frequency , w{rad's) Wave Frequency , w (radis)
Figure 59. Comparison of a narrowband (a) and wideband procesg)

It has been shown (Cartwright and LoungHéigins, 1956) that the significant
wave height of an irregular sea can be related to the area subtended by the energy

spectrum, see equatié:

'Oy tm™a Jdp — (55)

Foranarrowband process 6@appled ), equation 5
0y T a (56)

A broadband process, (U=1) Equation 57 aj
‘07 cpDa (57)

From an application point of view, for an ocean wave system it is often convenient
to assume U to be zero and then estimate

after performing the integration of the energy spectrum

3.3 Wave energy

Sea waves are associated with forms of energy transport. The total energy
associated with the wave is partly kinetic energy, due to the motion of the water
particles, and partly theotential difference or potential energy associated with the
vertical displacement of the water particles in their gravitational. fielthe case
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of gravity waves, a displacement of water particles relative to the mean value of the
sea generates a pull force due to the gravitational field that tends to bring them back
to the secalled equilibrium position. It will be shown that the average kinetic
energy per unit area, due to the motion of water particles, is equal to the average
potential energy per unit ardditimately, we have that the average total energy per
unit area associated with a sine wave of given amplitude is given by the resultant
of the combination of these two forms of eneffiyerefore, the total energy is given

by equation 58:

0O 0 O -QW_ -"Qb_ -"Q&_ (58)
I f a = H/ 2 and dividing by & gives the av
O -"Q"0 (59)

By finally integrating this expression, the total energy associated with the entire

spectrum can be derivesee equation 60
0O _ 0_0Q_ (60)

The power that can be harnessed by a wave is calculated by considering W/m, i.e.
the power produced by one metreioptured wave.At this point, to change from

energy to power, equation 59 is multiplied by the grepged, see equation 61
0 -QOU (61)

Explicitly the group speed in equation 62:
D — == = = = — -— (62)

In order to know how much power is really worth, it is necessary, in addition to the
value of thegroup speed, to specify the height, the expression for which is given in

equation @ for deep water

0 Oy Mg (63)
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Substituting expression 61 gives the power relative to the significant wave height
in deep watersee equation 64:

0 —"QO"Y (64)

It can be seen from this relationship that the power is directly related to the specific

wave height and period.

In order to determine the energy potential of a stretch of sea, the various quantities
must be grouped together in order to identify which phenomena are useful for this

typology, i.e. to see how often a given event can occur in a given stretch of sea

To calculate the maximum extractable energy, it is necessary to apply the following

equation for all the waves characterising the motion of the sea and then introduce

the various efficienciesee equation 65
O QB B —0;Yi— OpfiY; — OrfiYs O (65)

Where:
1 - & hydraulic efficiency
—q electrical efficiency
"Q qis the ith significant height class

Te,, is the fth energy period class

= =2 =4 =

dc, is the equivalent diameter of the system #gtloits energy from the
wave

1 hij, the number of hours in which the condition is measuf@d (G
An easy way to report data on measured sea states fiSthder Tablg which
reports the equivalent hours in which a specific condition is measured in terms of
"Q and™¥ or the corresponding annual energy availabiltyg example of a scatter

table is shown in figuré0.
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Occurrency [hiy] Wave energy [KWh/me-y]

400

4 350

35 300
— 3

8 250
25

T 200
2

150
15

q 100
05

345 6 7 8 90012 3456 7 8 9101 12
Tp [s] To sl

Figure 60. Scatter Table of the island of Lampedusa

34 Surf area

In shallow waters, a phenomenon known as sea wave refraction occurs, which leads
to a change in the height and direction of propagation of the water mass, which will
become substantially parallel to the shoreline bathymetry (regardless of offshore
developnent). Another phenomenon is the possible breaking of the wave in the
breakers or surf area, which may reach a greater height than it had in the open sea
and disperse all its energyhe formation of breakers occurs when, at the same
depth z of the sea, th valleys advance more slowly than the crests, then the wave
deforms until it breaks as the depth decreaBes.figure 61 shows the difference

between the waves near the coastline and far the coastline.

Figure 61. Wave evolution as it near the coast
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The waves begin to change from the moment the depth the sea area becomes
less than /2, it is at this moment that the waves begin to feel the effect of the
bottom, until they lose their character of oscillatory mati@ottom friction
changes the geometry of the particles motion towards an elliptical trajectory,
decreasing the vertical component as the bottom decreases; in shallow water, i.e.
with zv < _/20, the particles follow practically straight and almost horizontal
trajectories The significant parameters of the wave change as follows:

1 The period Y does not change

T The velocity () decreases

T The | ength (&) decreases

1 The height’© increases.
The |'imit value beyond which the wave
The orthogonalto the ridges, are equidistant on great depths and remain parallel,
on shallower depths, due to refraction, they may curve and diverge or converge,
moving away from or closer to each oth@ince in general the energy contained in
the section of a wave between two determined orthogarzal be considered
constant during propagation, an increase in the distances between the orthogonals
will correspond to a decrease in the average specific energy and therefore to a
decrease in the wave heigHt Instead a decrease in the distance between the
orthogonals will correspond to an increase in specific energy and thus an increase
in the wave height HThe following figure 62 shows the developments of the
orthogonalsgiue to the seabed variation.
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BOTTOM BOTTOM WAVE RAYS
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Figure 62. Development of wave orthogonals as a function of seabed characteristics
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4.Case studies

In this section of the thesis will be described the experimental tests carried out on
the generators designed and built nmarine technology laboratory of the
engineering department of the university of Palerfin@se are a power talodf for
onshore installation, a linear generator for-giffore installation and an ironless
linear generator with the same characteristics as the previous one, but without metal

components.

4.1 0n shore Power take off

The case study is represented by a mechanical system consisting of a transmission
to transmit a unidirectional rotational motion from a bidirectional motion controlled
by a rod. The mechanical pilot project was developed in the Marine Technology

Laboratoryat the University of Palermo.

4.1.1 PTO workingrinciple.

The main approach on which the PhD course was based was to perfect an existing
prototype. The device prior to the technical improvement made is shown in figure
63.

Figure 63. PTO before the technical improvements
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The working conditions are shown in the following figur¢7}

L‘ "?Z——:X

Figure 64. PTO idea ofworking conditions

Thefigure 64 shows anechanical motion converter that colde installed in the
harbours for the exploitation of sea waveoider to produce electrical energy and

at the same time protettte piers. The ideia afloating buoythatis usedo collect

the mechanical energy of waves and produce a rotatmmd the main hinge of

the device. The mechanical conversisroperated inside a gear box, that can be
installed on theéoreakwaters. On the output axis, a commercial generator can be
installed in ordeto produce electricity.

At an early stage, the PTO had a wooden frame and a sheet metal carriage. The lack
of solidity resulted in low mechanical strength, especially in shear and torsion. The
transmission system was unbalanced, and it was precisely this that led to the
emergencef a system of tensions that levered on the axes of rotation. The forces
unloaded on the frame, contributed to its torsikdre system consisis: a wooden
support structure, a rod tied to a steel transmission carriage, a transmission system
consisting 6 chains and pulleys, and finally a rotating generalbe carriage is
constrained to move along its guides, so it has a start and an end stop. Holes were
drilled in this structure to mechanically connect it to the connecting rod and drive
chains.The bidirectional linear motion of the carriage is effectively transmitted
through the chains to the connecting rods. This configuration is very efficient,

compared to the one initially planned, because the chains are not the site of shear
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forces that would put them under strain on the main rotating. &egransmission
carriage is shown in figure 65.

e

© (@]
QEQE@EOEGEO=S=OEE) (OROEORSEPRPEORE

© (@]

b g
JEQEQEQuQEQEQ=QrQEP=QuPE QOO P PuQ=PuPuPuPx()xg

Figure 65. Transmission carriage

The chains are connected to four connecting rods whose rotating axes have been
placed on four bearings, which in turn are installed inside the two panels containing
the system. Despite the presence of four connecting rods, only two of them are
responsibldor transmitting torque. The connecting rod connected to the carriage is
also connected to a rod, which is constrained to rotate around a Asigan be

seen in Figure 66, by giving the bar input a certain rotation, around the hinge at B,

the carriage mees, transferring torque to one of the four pulleys.

Figure 66. Internal view of the prototype of mechanical motion converter
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Thus, the drive wheels are mounted, with the same direction of rotation, in such a
way that torque is transferred during two periods of carmageementThe pulley

in D transfers torque when the rod rotates clockwise, the pulley in E transfers torque
when the rod rotatesounter clockwiseThe torques generated by the two drive
pulleys are transferred externally from two-t®8&th sprockets to two i®oth
sprockets, which are installed on the same axis of rotation, via a chain connection
On the other axds, which also appear in the interior view of the prototype, a series
of 42-tooth wheels and Xfboth wheels are mounted with the aim of amplifying the
angular speed to reach the optimum operating speed range for the generator. A
flywheel has also been aefdlbefore the alternator to stabilise the angular speed and

at the same time regularise the power generafiem figure 67 and @.

Figure 67. Right view of the prototype
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Figure 68. Left view of the prototype

The heart of the PTO is the chassis and drive bogie.lafttex is appropriately
constrained to move only along the axis of the rails. The chassis body is made
entirely of black steel with a 25 mm wide and 15 mm high, hollow, and rectangular
section 2 mm thick. The rails are welded on the inside of the bodyubpper and

lower. The carriage is shown in figure 69.

Figure 69. Lateral view of the carriage

Analysing the kinematic mechanism, it is possible to derive the angular rotation

exiting the system, following a series of steps which will be reported below.
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The system was designed and set up in such a way that the horizontal connecting
rod is parallel to the external movement rod and the carriage is arranged in the
centreline of the frame within which it is constrained. In this discussion it is
assumed thahe xaxis originates at the centre of the hinge B, and the clockwise
rotation of the manoeuvring rod will be considered positive.

It is possible to describe the position of the carriage as a function of the angle of

rotat i on inbymgvingteissgstem ef equatiofiem 66 to 68:

a  a Yo (66)
YO @ Qo§ i (67)
o7 a o Q¢ (68)

Solving the system leads tousdion 69.

o7 8 0 p Wi o Q¢ (69)
Where the termsdnd b are respectively the length of the horizontal connecting rod

connected to the carriage and the length of the vertical section of the rod.
Differentiating equation 69 gives equation 70

w0 § | (70)

If «inis zero, the equation 70 is equal to b. With this approximation occur a 5%
error.Under the assumption of small displacement variations, we can approximate
Eq. 69 agequation 71

Wi G (71)
It is possible tacalculate the rotation of the first positioned pulldth equation 72

[ (72)

with ry radius of the pulley positioned at D.
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On the second axis, rotation is unidirectional since the two wheels in D and E
transmit the same direction of rotation. The angle of rotation of thissagisown

in equation 73
T 8sq § s O (73)

The term k1 is the transmission ratio between axis 2 and axis 1.
As has already been expressed, the other sprocketsspansible for multiplying
the number of revolutions per minute, hence the angular speed. On the last axis,

output of the system, we obtaquation 74
T8 & Q5050 (74)

In terms of angular velocity, the output axis collects kinetic energy by means of the

flywheel, see equation 75.

NMQQ, 1 © ) Oo— — Tt f (75)
Qai°Q o 1 Qs 6 T3 0O0S
In fact, thanks to the freewheel, the output axis rotates antpelar speed set by
themechanical converter. Vice versa, if tmegular speed produced by the rotation
of the input bar is lowethan the instantaneous angular speed of output axis, the
output wheel does not receive torque from the previous axis,candequently
reduces its regime removing kinetic energy fribva flywheel.

In the following figure 70, is shown the PTO after improvements.

Figure 70. PTO after improvements
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4.1.2 Experimental tests

Mechanical tests performed in the marine technology laboratory were used to
characterise the operation of the PTO under varying strdssss in the laboratory
were carried out by powering an alternator with a rated power of 250W (output), a
rated voltage of 24V, direct current, and a rated current of 14A. The nominal
operating speed is 2550 rpithe control of the experiments was carried wsihg

Ardunio cardsThe wiring of the measuring system is shown in figure 71.

-~

/ ™~

.-'f A

I'I Generatar |

._\

ey
=
o i

moa

Figure 71. Wiring of Arduino system

After wiring up the measurement system, the next step was to define the operating
conditions for the tests. These were carried out for different values of the resistance
of the bench rheostat, by varying the mechanical load supplied. There are three
valuesof user resistancel3q, 8 q, 2 q, and for each condition the tests were
carried out with weights, applied to the end of the bar, of 2.5 kg, 5 kg and 10 kg
respectively. Another test carried out is theload test. In addition, each test was
repeated tlee times in order to have a minimum of feedback with the measurements

made, and therefore to understand if these were consistent
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4.1.2.1 No loadest

To perform the ndoad test, the generator and rheostat terminals were disconnected
and connected to the Arduino's voltage reading sensor. The voltages obtained, for
given weight load test, will be the maximum becatis®e is notactive power
generation, so there is no resistant torque opposing the driving tdfguequation

76 shows the drive torque.

6 aWmATO (76)
Where:

1 mgis the weightorce.

1 Ipis the distance between the centre of mass and the point of application of
theforce.
T « is the angle between the rod and t hi
The graph shown in figure 72 shows the trend in voltages in the three measurements
carried out with no load and withveeight of 5 kg.

6,00 -

5,00 1 5,0 kg test]
_ ] 5,0 kg test?
2.4,00 5,0 kg test3
S
S
S 3,00 +
>

2,00 +

1,00 }

0,00 +———— e

0 1000 2000 3000 4000 5000 6000 7000
Time [ms]

Figure 72. Voltage: no load test with 5kg weight
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4.1.2.21oad test with 18| resistance

Load tests were carried out by connecting the rheostat to the measuring $jstem.
graphs shown in the following figures referred to the tests carried out varying the

weight with the rheostat locked to §3

3,0
e M‘ —2,5 kg testl
. (Y 2,5 kg test2
_ \’AA" V\
E 203+ (\« \ 2,5 kg test3
o ] Y \\
(@) 4
g .0 \
6 1,5 T Y
> ] W
10} /
|
051
oo—/\
0 1000 2000 3000 4000 5000 6000
Time [ms]
Figure 73. Voltage: 13q load test with 2,5 kg weight
0,30 7
0.5 , ——2,5kg test]
] Aofl f'r W“\ﬁ 2,5 kg test]
— 1 FURN )
< o201 JW\'\ ‘A ’I "I 2,5 kg test3
= ]
o ] '\f 1
5 0,15+ | ‘\ﬂ\
O ] \
0,10 } y \
i \
0,05 + ' W,
W Vil
0,00
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Time [ms]

Figure 74. Current: 13 q load test with 2,5 kg weight
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Figure 75. Voltage: 13q load test with 5 kg weight
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Figure 76. Current: 13 q load test with 5 kg weight
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Figure 77. Voltage: 13q load test with 10 kg weight
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Figure 78. Current: 13 q load test with 10 kg weight
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4.1.2.3 Load test with @ resistance

Load tests were carried oirt the same wayy connecting theheostat to the
measuring systeni.he graphs shown in the following figures referred to the tests

carried out varying the weight with the rheostat lockeddo 8

2,50 1
] —2,5 kg testl

2,00 ™, oy 2,5 kg test2
> 'J,\/“/‘ v \ 2,5 kg test3
1,50 1 \f ‘
[0}
S ,,[‘ \‘
s

100} 2 \*

0,50 +

0,00-----I----I----I---'\ i

L e e e B e L |

0 1000 2000 3000 4000 5000 6000
Time [ms]

Figure 79. Voltage: 8 q load test with 2,5 kg weight
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Figure 80. Current: 8 q load test with 2,5 kg weight
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Figure 81. Voltage: 8 q load test with 5 kg weight
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Figure 82. Current: 8 g load test with 5 kg weight
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Figure 83. Voltage: 8 q load test wth 10 kg weight
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Figure 84. Current: 8 g load test with 10 kg weight
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4.1.2.4 Load test with @ resistance

Load tests were carried out in the same way by connecting the rheostat to the
measuring system. The graphs shown in the following figures referred to the tests

carried out varying the weight with the rheostat locke® qo
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Figure 85. Voltage: 2q load test with 2,5 kg weight
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Figure 86. Current: 2 g load test with 2,5 kg weight
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Figure 87. Voltage: 2 q load test with 5 kg weight
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Figure 88. Current: 2 g load test with 5 kg weight
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Figure 89. Voltage: 2q load test with 10 kg weight
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Figure 90. Current: 2 q load test with 10 kg weight
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After all tests have been performed, the average energy delivered to the load in each
test is calculated. The set of equations, which allows this assessment to be made, is

shownin equationsg7, 78, 79

0 O (77)
0 w O (78)
0O . wo6Qd B —— 0o 0o (79)

Where:

1 P isthe power [W]

1 Visthe voltage [V]

1 [listhe current [A]

1 Terms with subscript "i" are those evaluated at {theinstant

1 The terms with subscript-1" are those preceding th¢hiinstant

1 E s the energy [J].
The results obtained from the tests carried out are summari3edbla 8, which
shows the values afrossenergyproduction and net energielivered to the load

for each weightoad value pair.

Table 8. On shorePTO characteristics

Gross Net Energy
. Electric energy .
Weight [kg] load [q ] production production
[J]
[J]
2.5 13 24.83 1.26
2.5 8 24.83 1.38
2.5 2 24.83 1.22
5 13 43.21 2.11
5 8 43.21 2.84
5 2 43.21 3.05
10 13 79.96 5.04
10 8 79.96 5.14
10 2 79.96 5.47

After measuring the producibility of the system, it was decided to characterise the

device by calculating the efficiency using the following equagian
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- — (80)

Where:

1 Enis the net energy production [J]

1 Egis the gross energy production [J]
The next diagramfigure 74, shows how the mechanical efficiency varies with
respect to the total resistance value measured in the electrical circuit. There is a
maximum, which corresponds to the minimum resistance value. This is also an
expected result, because at that value thrdrman electrical energy is produced.
So, the active power gives rise to a braking torque, the generator slows down its
rotation. This results in a reduction of mechanical energy lost through friction.
Conversely, as the resist&nof the circuit increases, the opposite occurs, and the

efficiency decreases with a steep slope to a value of 10 %.
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Figure 91. PTO efficiency
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4.2 Linear generator

Linear generator is a machine composed by two main pwesfixed one (stator)
is equipped with coils where the power output is produced. The movable part, called
translator, is equipped with permanent magnets, necessary for the excitation of
coilg80,81] In literature, lhere are linear generators with different characteristics
They differ according to the interaction characteristics between the magnetic field
lines and the direction of motion of the translator. The magnetic field is generated
with permanent magnets or exciter coils. But given the small power involved in the
device under study, it was decided to use the first solution. There are two types of
classification according to the relationship between the magnetic flux field lines
and the direcan of motion of the moving part

1 Generators with longitudinal flux

1 Generators with transverse flux
The first generator works with magnetic field lines parallel to the translator
movement, for this reason the coils are installed in such a way as to have their
perpendicular parallel to the motion field of the moving part. The second generator
works with nagnetic field lines perpendicular to the movement of the
translatof82,83] The following figure 92 shows the linear generator and his
translator designed by the engineering department of the university of Palermo
during the experimental tests.
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Figure 92. Linear generator experimental tests

In sea technology laboratory of the department of engineering of Palermo the
producibility has been tested varying weights and resistance applied. The
experimentation was performed fixing the stator to the workbench, connecting the
translator to the loadith rigid cable, and using a pulley to allow the weight to pull
the load. The aim of the tests was carried out values of Voltage, cyrosver
producton and electrical efficiencylhe need to have as much data as possible was
met by using different weightg5, 7 kg)and4 different resistance@®, 5, 10, 20
ohm)applied The following section lists the main test graphs, considering only one

of them for each load.

4.2.1 No load tests.

In this section are shown the results ofload tests.

Andrea Guercio



Case studies pag.104

Current [A]

Current [A]

0.600 1
0.400 1
0.200 1
0.000 ¥
-0.200
-0.400 1

-0.600 L

0.800
0.600
0.400
0.200

0,000

-0.200
-0.400
-0.600

-0.800

—1I1]]

- 12[1]

—I3[1]

Y Y SYIRVAW
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Time [s]
Figure 93. Current: no load test with 5 kg weight
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Figure 94. Current: no load test with 7 kg weight
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4.2.2 Load test with § resistance.
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Figure 95. Voltage: 5q load test with 5 kg weight
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Figure 96. Current: 5 g load test with 5 kg weight
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Figure 97. Voltage: 5q load test with 7 kg weight
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Figure 98. Current: 5 g load test with 7 kg weight
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4.2.3 Load test with 1@ resistance.
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Figure 99. Voltage: 10q load test with 5 kg weight
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Figure 100. Current: 10 q load test with 5 kg weight
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Figure 101. Voltage: 10q load test with 7 kg weight
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Figure 102. Current: 10 q load test with 7 kg weight
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4.2.4 Load test with 2@ resistance.
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Figure 103. Voltage: 20q load test with 5 kg weight
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Figure 104. Current: 20 q load test with 5 kg weight
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Figure 105. Voltage: 20q load test with 7 kg weight
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Figure 106. Current: 20 q load test with 7 kg weight

After all tests have been performed, the average energy delivered to the load in each

test is calculatedith the same approach of 4.1.2.4 paragraph.
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Table 9.  Linear generator characteristics

Gross

Weight [kg] Electric energy glritdeur::?i?r?/ Efficiency
load [q ] production 1]
[J]

5 0 26,46 / /

5 5 26,46 4,13 15,6
5 10 26,46 5,88 22,22
5 20 26,46 7,83 29,60
7 0 37,04 / /

7 5 37,04 5,86 15,83
7 10 37,04 8,63 23,29
7 20 37,04 7,83 21,14

The efficiency of the systenaarying weights and electric loads is shown in figure
107.

100%
90%
80%
T 70% Skg
= 60% 7 kg
)
5§ 50%
k2
‘dm:‘ 40%
30%
20%
10%
0%EI
2 7 12 17 22
Electric load[Q2]

Figure 107. Iron linear generator efficiency
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4.3Ironless linear generator

The ironless generator is a kind of linear generator designed and built by the
EngineeringDepartment of University of Palermohd& generator is composed by
afixed part, stator, comprising the coils where the power ousportoduced. The
movable part, called translator, is equippeth permanent magnets, necessary for
the excitation of coilsThe main innovation of this device is related to the adoption
of an ironless stator. This solution is introduced in ordeenoove the disturbing
phenomenon of cogging force. Indeedtha classical iron stator the alternance of
teeth and slots producespulsating variation of the magnetic flux in the entire
stator. Asconsequence, vibrations are produced. Also, the activation wigbieine
could require greater value of force; thence, ifdbeice is adopted in a sea wave
harvesting, the energy extractimreducedAs secondary effect, the removal of
iron from the statoalso reducethe internal loss of generator, eliminating the eddy
currents inside the stator and reducing the total weight oytbiem for a fixed
geometryThe device is a threghase machine. The step betweenadjacent coils

is equal to one sixth of the step between magnets with the same magnetic pole.
This geometricatonfiguration allows with a block of six adjacent coils, and by
selecting one of them, to always have one that producesitage in phase
opposition. The phenomenon of cogging force, causedthy passage of the
translator magnets alternately in front of teeth and in front of the stator slots.
This difference of cogginfprce has been measured andantified in laboratory
The following figure 108 shows the cogging force values of iron and ironless
generators. fie cogging force in the iron generator reaches 45 N whereas in the

iron less machine it is almost negligible
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Figure 108. Cogging force difference between iron and ironless generator

In sea technology laboratory of the department of engineering of Palermo the
producibility has been tested varying weights and resistance applied. The
experimentation was performed fixing the stator to the workbench, connecting the
translator to the load it rigid cable, and using a pulley to allow the weight to pull
the load. The aim of the tests was carried out values of Voltage, cyrosver
productsand electrical efficiencyThe equipment required was an oscilloscope,
three rheostats and probes dapaof providing instantaneous monitoring of

electrical quantitiesThe following figurel09shows all devices employed.

Figure 109. Ironless linear generator experimental tests

The need to have as much data as possible was met by using 3 different weights
(2.5, 5, 7 kgland4 different resistance@®, 5, 10, 20 ohmapplied. In this way it
was possible t@haracterizeéhe linear generatorThe measurements were carried
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out by testing the generator at all resistance levels for each weight repeated 3 times
each.The following section lists the main test graptensidering only one of them

for each load.

4.3.1 No loadtests

In this section are shown the resultsiofloadtests.

Figure 110. Current: no load test with 2,5 kg weight
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