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Abstract

The present thesis titled “Hydrodynamic analysis of an offshore multi — purpose
floating energy platform and evaluation of the annual wave energy yield at three
locations in Europe” aims at the calculation of the produced power of an offshore
structure, consisting of three oscillating water columns and a floating 10 MW wind
turbine (WT) mounted on deck of the floater. Power was calculated for the operation
conditions of the configuration at three different locations in Europe; one in the North
See and two in the Mediterranean Sea. For the exact calculation of the power, a
JONSWAP spectrum was used in combination with an analytical program, named
HAMVAB (Hydrodynamic Analysis of Multiple Vertical Axisymmetric Bodies), in
Fortran programming environment, which calculates the absorbed Power of a specific
configuration. In addition, the bivariate frequency of Hs - T, at these three locations
was taken into consideration for the final calculation of the power per year.

A validation of program HAMVAB was also made. The validation was referring to
the numerical results produced by HAMVAB software in the framework of
POSEIDON (www.aristeia-poseidon.naval.ntua.gr) program with the corresponding
experimental measurements that took place in the Laboratory for Ship and Marine
Hydrodynamics in the School of Naval Architecture and Marine Engineering at the
National Technical University of Athens. It has to be mentioned that the POSEIDON
program was dealt with a multi — purpose floating structure, similar to the one
investigated in the present Diploma Thesis, with the difference that it were designed
to support a SMW wind turbine (WT).

Naturally, reference was made to renewable energy sources, offshore structures and
their mooring systems, the wave energy converter devices, emphasizing on the
oscillating water columns and their historical background. Furthermore, a study on the
formulation of the hydrodynamic problem was conducted, considering the
configuration, with three oscillating water columns and a floating wind turbine.

Finally there is a presentation of the final results and conclusions, as well as
suggestions on further research.


http://www.aristeia-poseidon.naval.ntua.gr/

Hepidnyn

H moapovoa smlopatikn epyacia, pe titho “Hydrodynamic analysis of an offshore
multi — purpose floating energy platform and evaluation of the annual wave energy
yield at three locations in Europe” («YOopoduvapiky aviivon pog mTA®TAG mToAD-
YPNOTIKNG  VLWEPAKTIOG  EVEPYEWNKNG  TMAATQEOPUOC  CUUMIKTNG  EKUETAAAELONG
VIEPAKTION OLOAIKOV KOl KUHOTIKOD EVEPYEWKOD duvapukod Kot avdAlven g
KUUOTIKNG EVEPYELNKNG amOO0CONG TNG O TPELG TEPLOYES E€YKATAOTOONG TNG OTNV
Evponny) otoyedel 610V VITOAOYIGUO NG TOPOYOUEVIG EVEPYEWNG HLOG TAMTNG
KOTOGKELNG OMOTELOVUEVIG OO TPELG UNYOVIGLOVG OVAKTNONG KUUOTIKNAG EVEPYELOG
Kol poe TAOTA avepoyevvintpu woyvog 10MW. H evépysion vmoloyiotnke yo
Aertovpyio TNG KOTAOKELNG GE TPELS dapopeTikés Ttomobeaieg otnv Evpann, ek tov
omoiwv N pia oy Bopea Odracca kot ot dvo otnv Mecsoyswo OdAacca. o tov
axpiPn vroloyiopd g evépyewog, ypnowonomdnke to edopa tov JONSWAP ce
ouvovaopd pe to mpdypaupo HAMVAB (Hydrodynamic Analysis of Multiple
Vertical Axisymmetric Bodies) oe mpoypoppatiotikd mepipdiiov Fortran, mov
VTOAOYILEL TNV ATOPPOPOVUEVT EVEPYELD LLOG GLYKEKPLUEVNG KOTAoKEVNG. EmmAéov
Y0 TOV VTOAOYIGUO TNG TEMKNG £TNOCLOG EVEPYELNS AQUPAvVETAL LTTOYIV 1] GLYVOTNTA
EUOAVIONG TOV KAOE KOUOTOG 0TI 3 aVTEG TEPLOYEG E GLYKEKPLUEVO VYOS KOUOTOG
Kot TEPi0d0 KOPLPTG.

2V mopovco SIMAMUATIKY epyacia, £yve apykd emiPePaimon TV aroTeEAEoUATOV
tov mpoypdupatoc HAMVAB nov elye avamtuyfel oto Epyactmpio Iiotov
Kataockevov kor Xvommudtov Aykvpwong tov EMIL, péocm obdykpion tovg e
avtioTolo. TEWPAPATIKA amoteléopato mov elyav mopaydel katd tnv extéleom
nepapdtov vd KAipoke oto TAaiolo tov Tpoypdupatog IIOXZEIAQN (www.aristeia-
poseidon.naval.ntua.gr) oty Iepopatikn Ae&apevi tov Epyactnpiov Navtikng kot
Oordooiag Yopodvvaptkng g XyoAns Navanyov Mnyavoddyov Mnyovikdv tov
EMII. Enpeidveton 611 ota mhaicia tov mpoypaupotog [TOXZEIAQN peietnOnke
TAMTN VTEPAKTIOL TOAV-YPNOTIKY TAUTPOPLO TOPOLOLN LE QTN TOV €EETALETOL GTOL
mAoicl NG Topovoag OMAMUOTIKNG €pyoaciog, He v ow@opd OTL 1 TAMTY
EVEPYELOKT] TAATQOPLLA TOV peEAeTONKeE ota TAaicia tov [TOXEIAQN avaeepdtay o
A/T SMW.

[Mveton  oyetikn] ovo@opd OTIC OVOVEDGIUEG TNYEG EVEPYELNG, TIC TOPAKTIES
KOTOOKEVEG KOl TO GLOTNHOTO OYKUPWOGNG TOUG, TOLG UNYOVIGHOLS OVAKTINGNG
KOMOTOC, UE EUEOCT OTNV TOAVOPOUOVCH GTHAN VEPOD KOl TO 1GTOPIKO NG UEXPL
onUEPQL.

Téhog, mapovcrdloviot To TEAKA OTOTEAEGUOTO KOl CUUTEPACUATO GYETIKA LE TN
SaTaén avTn, KaBMOG Kot TPOTAGELS Y10 LEAAOVTIKY| £PELVL.
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1. Renewable Energy Sources

1.1 Introduction

Due to the continuing incensement in the population of our planet and the increasing
demand of energy, people have been forced to search for new ways of energy
production in the last few decades. So this need to serve human needs and demands
has led countries from all over the world to exploit the sun, the wind and the waves to
produce energy from them, the so-called ‘green’ energy.

1.2 Historical background

People used to invent ways of producing energy by exploiting natural resources from
the very past years. Exploiting the power of water and air in watermills, windmills
and sailing were some of these ways. With the discovery of mineral resources in
particular oil fields, the above ways stopped to find application to the high energy
demands of industry. In the late decades, the need for a more eco-friendly society has
bring back the application and development of renewable energy resources to a very
significant degree. In addition, the constant reduction in fossil fuel reserves results in
an increase in the cost of using these, which makes renewable energy sources also
economically efficient. (www.britannica.com)

Figure 1. Mill Wheel at Path Head Water Mill [www.gatesheadmill.co.uk]


http://www.britannica.com/

1.3 Types of Renewable Energy

1.3.1 Solar Energy
Solar Energy is called the exploitation of electromagnetic radiation and the
emitted heat of the sun. There plenty ways that this energy can be collected. Some
of them can be solar water heating or photovoltaic cells (www.altenergy.org).

Figure 2. Solar park at Charanka India, over 210 MW capacity
[www.urvishdave.wordpress.com]

1.3.2 Wind Power
This type of energy is related to the movement of the atmosphere due to
differences among the temperatures at the Earth’s surface. As a result, the Kinetic
energy from the wind turns into electrical or directly exploitable mechanical
energy (www.altenergy.org).



Figure 3. Wind farm in Xinjiang China, produced 22 000 Gwh in 2016
[www.wikipedia.org]

1.3.3 Ocean Energy

This type of energy is divided into three smaller categories (www.altenergy.org):

1. Energy that comes from the waves and their kinematic energy.

2. Energy that comes from the tides. This energy is stored as it goes up and is
forced to go through a turbine to produce electricity as it goes down again.

3. Energy that comes from the ocean because of the different temperatures
that exists at the different layers of it, using thermal cycles.

10



Figure 5. Tidal Energy [www.woodharbinger.com]
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Figure 6. Ocean thermal energy [www.takvera.blogspot.gr]
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1.3.4 Biomass
Biomass is the energy that comes from the plants and the carbohydrates they

contain. Usually these plants are found in municipal waste and waste from sugar,
wood and food industry. All these plants contain energy which was absorbed
through photosynthesis and remained at them (www.altenergy.org).

Types of Biomas

A e ) .»:‘g ; ;‘:
Landfill Gas Alcohol Fuels

Wood Crops Garbage www.ngdir.ir

.

aaaaaa

Figure 7. Types of Biomass [www.emaze.com]
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1.3.5 Geothermal Power

It is the thermal energy that comes from the interior of the earth. This type of
energy is contained in natural vapors, in surface or underground warm waters and

hot dry rocks (www.altenergy.org).

Cooling
tower

Injection
well
5

Figure 8. Geothermal Power Plant [www3.epa.gov]

13



2. Offshore Structures

2.1 Introduction

The development of technology and the need for people to exploit the seas has led
recently to the development and installation of a wide range of marine structures and
shipbuilding. Efforts in particular to export and exploit hydrocarbons from the marine
environment have resulted in the development of Offshore technology. Due to the
importance of having reliable and efficient offshore platforms, oil companies have
invested a lot of money in the research and development of floating structures.
Usually mobile platforms with special drilling systems initially go to a potential
hydrocarbon location and if they find sufficient quantity, they remain at the source
until a permanent production platform is built. (www.aoghs.org)

2.2 Historical background

The first attempts at offshore drilling for oil happened in America. Off the coast of
Summerfield, California, just south of Santa Barbara in 1896 people started to
construct a platform using the knowledge and the technics they had from the inshore
construction industry, with pounding 150 meters below the seabed. Unfortunately
these attempts brought a really bad image of the area with their completion. Dirty
coasts full of oil gas, abandoned piers and mining platforms were left there after the
offshore drilling was over. Since then the offshore industry has been significantly
developed and so far there are really strong offshore platforms in very distant points
from the coast, capable of withstanding very bad weather conditions and loads.
Despite this development, there is still need for qualified offshore structural
personnel, as the oil industry is getting into deeper water in order to find more oil and
gas supplies. At the same time technology is emerging for the development of new
projects and ideas for offshore platforms. (National Commission on the BP Deepwater
Horizon Oil Spill and Offshore Drilling, 2010)

14


http://www.aoghs.org/

Figure 9. .First submerged oil wells drilled in California [www.aoghs.org]

2.3 Types of Offshore Platforms

Some of the greatest structures that man ever built are the offshore platforms. There
are two main categories of offshore platforms:

2.3.1 Floating Platforms

Floating platforms have the ability to move from one place to the other as they float in
the  free  surface. Some examples  of  these  structures  are
(www.Ishipdesign.blogspot.de):

2.3.1.1 Semi-submersible Platforms

The need for a platform with greater freedom of movement in the deeper and more
harsh environment of the Gulf of Mexico led Shell Oil to convert a submersible
platform to the first semi-submersible platform. This happened in the beginning of
1960s and a few years later ODECO created the first new building semi-submersible
platform with the name Ocean Driller. This unit was designed for a depth of
approximately 100 m and had the ability to operate also as submersible platform.
Their position is maintained by a mooring system. These platforms can move from
one location to another by special ships called Heavy Lift ships.
(www.Ishipdesign.blogspot.de)

15



Figure 10. Semi-submersible platform in the North Sea [www.
wikipedia.org]

2.3.1.2 Spar Platforms

These structures have a large diameter cylindrical deck supporting the main deck.
There are three types of Spars:

I.  The one-piece cylindrical hull
ii.  The Truss Spar with characteristic the midsection that is composed of truss

elements connecting the upper hull with the bottom tank using permanent
ballast, and

iili.  The Cell Spar that is a configuration with multiple vertical cylinders.

The deep draft design of these structures gives them the advantage of withstanding
at strong winds and waves. Another characteristic of the vertical cylinder of Spars

is that they are surrounded by helical strakes in order to avoid vortex-induced
vibrations. (www:.strukts.com)

16



Figure 11. One-piece cylindrical hull Spar Platform [www.marinetalk.com]
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Figure 12. Truss Spar Platform [www.stoprust.com]

Figure 13. Cell Spar Platform [www.offshore-mag.com]
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2.3.1.3 Drill Ships

They are ships with a special installation on them in order to explore and drill of oil
and gas resources mainly for scientific exploratory purposes. The first drill ship was
designed from Robert F. Bauer in 1955. A usual problem with these vessels is that
they are extremely sensitive to waves, resulting in motions like rolling, heaving and
pitching, making it difficult to operate. (www.lshipdesign.blogspot.de)

Figure 14. Drill Ship Deepsea Metro 1 [www.northcoastcourier.co.za]

2.3.1.4 FPSOs

The name of this category of structures comes from Floating, Production, Storage and
Offloading and they are large ships equipped with a special installation and
processing facilities in order for the ship to have the ability to produce, storage and
offload oil and other hydrocarbon resources. These ships are moored and sometimes
apart from new buildings they come from converted oil tanker ships. It is very usual
FPSOs to be buoyed to a vicinal drilling platform. Apart from FPSOs, there are also
FSOs (Floating Storage and Offloading) and FSUs (floating storage unit) ships that
operate in a similar way. (www.lIshipdesign.blogspot.de)

19



Figure 15. FPSO ship [www.energyindustryonline.com]

2.3.2 Fixed Platforms

Are the type of platforms that are fixed permanently to one place with steel legs
anchored onto the seabed. These structures are stronger and more stable than the
floating ones, although their installation is irreversible as they cannot be relocated.
Some examples of these structures are (www.Ishipdesign.blogspot.de):

2.3.2.1 Jacket Platforms

The deck of these platforms is supported by a steel tubular structure called jacket and
it has its feet on the seabed. The pipes of the structure have a diameter of between 1
and 2 meters and they can have a penetration of about 100 m as maximum depth
(www.lIshipdesign.blogspot.de).

20



Figure 16. Jacket platform at the gulf of Thailand [www.dlubal.com]

2.3.2.2 Gravity Platforms/Concrete Platforms

In the early 1970s, a new type of stationary platforms emerged, gravity platforms. A
gravity platform is considered the safest mode of offshore industrial operations. They
are based on a submerged solid structure on the sea-bed reducing the risk of problems
from bad sea conditions (www.lIshipdesign.blogspot.de).

21



Figure 17.Gravity based Offshore Structure [www.Ishipdesign.blogspot.gr]

2.3.2.3 Compliant Towers Platforms

These platforms consist of narrow, flexible towers of 2 to 7 metres in diameter and a
piled foundation that is supporting a deck suitable for drilling and production
operations. Compliant towers are designed in order to be strong enough for significant
lateral deflections and forces. The water depth that they usually operate is between
400 and 900 meters and they can withstand high tides and really difficult sea
conditions (www.lshipdesign.blogspot.de).

22



Figure 18. Compliant Tower [www.writeopinions.com]

2.3.2.4 Jack-up Platforms

As can be easily understood from the name, these platforms have the ability to jack up
above the sea. A jack-up platform penetrates its legs, that are made of steel and they
are usually three or four, into the sea-bed in order to support deep sea drilling
operations. Although, they usually operate in low depth water and they have the
ability to move from one location to another and then anchor themselves anytime by
deploying the legs that they work like jacks (www.Ishipdesign.blogspot.de).

23



Figure 19. Jack-Up Platform [www.lIshipdesign.blogspot.gr]

2.3.2.5 Tension-Leg platforms

These structures use some specialized steel tubes in order to stay afloat and remain in
position. These tubes are called tethers or tendons and they work as legs of the
floating platform. With these legs the limitation of the vertical movement of the
structure is achieved. Tension-Leg platforms can operate for depths up to 1200 meters
and they have limited or no storage facility. For the whole installation the equation
applies: Tension = Buoyancy — Weight (www.Ishipdesign.blogspot.de).

Figure 20. Tension Leg Platform [www.drillingformulas.com]
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2.4 Loads of Offshore Structures

For the reliable design and construction of an offshore structure it is necessary to
undertake a detailed and analytical study of the environmental conditions prevailing at
the site of its installation and operation. There are two big categories of loads, the
environmental loads and the functional loads. They can also be divided as following
(Mavrakos, 1999):

2.4.1 Environmental Loads

As environmental loads we can assume the following loads (Mavrakos, 1999, DNV,
2011):

2.4.1.1 Wind Loads
At this category belongs all the loads due to the wind at all exposed areas of the
structure. (Mavrakos, 1999)

2.4.1.2 Wave Loads
All the loads that are related to the waves, belong to this category. (Mavrakos, 1999)

2.4.1.3 Current Loads
Ocean currents can usually cause drag loads on the structure. In combination with the
motion of the waves, dynamic loads are generated. (Mavrakos, 1999)

2.4.1.4 Tidal Loads
These loads come from the tides that exist at the location where the structure is
installed. (DNV, 2011)

2.4.1.5 Ice Loads
Ice loads appears in polar regions or cold countries, in cases that ice sheets hit the
offshore structure. (DNV, 2011)

2.4.1.6 Mud Loads
Mud flow can occur loads at the structure, if the structure is located in the vicinity of
the river mouth.

2.4.1.7 Earthquake Loads

This category of loads can take place at any structure when an earthquake appears
close to them, as a result of the waves and the currents that will appear after the end of
the earthquake. (Mavrakos, 1999)
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2.4.2 Functional Loads

Functional loads can be divided at the following categories (Mavrakos, 1999, DNV,
2011):

2.4.2.1 Dead Loads

Dead loads are defined as all the loads that are relatively constant over time. The
weight of the structure itself belongs to this category as well as the immovable
fixtures.

2.4.2.2 Fluid Loads
Fluid loads are referring to the weight of the water on the platform, while it is
operating.

2.4.2.3 Live Loads
The characteristic of live loads is that they are assumed as movable loads. These loads
appears at storage areas and other open areas, such as walkways, helipad etc.

2.4.2.4 Drilling Loads
Drilling loads appear at places where the drill rig is placed. (Mavrakos, 1999)
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3. Wave Energy Converter devices

3.1 Introduction

As we already referred, the limited supplies of fossil fuels from nature and the needs
in finding new resources of energy, have leaded the research and the market to the
renewable energy technology. An important category of these resources are the Wave
Energy Converter devices (WEC) which exploit energy from the waves.

3.2 Advantages of Wave Energy Converter devices

Possible noise pollution is negligible.

The visual noise is minimal in contrast with other offshore WECs (such as
floating wind turbines), so they can be installed and operated closer to the
coastline. Because of this, easier maintenance accessibility is achieved and the
cost of cable transport to the coast is also lower.

They have the highest density and power availability per unit area compared to
other Renewable Energy Sources. (Drew B. et al., 2009)

3.3 Disadvantages of Wave Energy Converter devices

The difficulty of storing surplus energy when the market demand is low.

The conversion of the energy of irregular and low frequency waves to the
required constant frequency of electricity.

The extremely unfavorable conditions to which these devices and their
mooring lines are subject due to the waves

Complexity in designing optimal energy absorption mechanisms due to
undefined angles of incident, phases and frequencies of waves. (Drew B. et al.,
2009)
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3.4 Types of Wave Energy Converter devices

e Point absorbers

e Oscillating Wave Surge Converter
e Overtopping Device

e Attenuator

e Submerged Pressure Differential
e Oscillating Water Column Device

3.4.1 Point absorbers

A floating buoy is connected to a number of components that are located beneath the
surface and the energy is derived from the relative motion of the buoy with them. This

system is called Point Absorber wave energy converter. (Drew B. et al., 2009)

Figure 21. Point Absorber [www.beachapedia.org]
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3.4.2 Oscillating Wave Surge Converter

This term in essence refers to a paddle, rotating around a fixed seabed mounting. As a
result of the waves following a surge motion, the paddle is subject to rotation while

compressing water, via an onshore hydro power turbine. (Drew B. et al., 2009)

Figure 22. Oscillating Wave Surge Converter [www.drprem.com]

3.4.3 Overtopping Device

Overtopping Device operates according to a principle similar to hydro power. Waves

are driven into a raised deposit, to be subsequently returned to the sea, activating the
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movement of an installed hydro power turbine located at the bottom of the tank. Thus,

electricity is produced. (Drew B. et al., 2009)

Sea Water ™

[N
/\ Water /-\

mpoundment

Figure 23. Overtopping Device [www.alternative-energy-tutorials.com]

3.4.4 Attenuator

An attenuator is a device consisting of a series of longitudinal components oriented to
the direction of the waves. The joints between the components compress hydraulic oil
by means of two pistons that eventually produce power with an electric generator.

(Drew B. et al., 2009)

30



Figure 24. Attenuator [www.coastalenergyandenvironment.web.unc.edu]

3.4.5 Submerged Pressure Differential

This mechanism produces electricity, by taking advantage of the pressure differential,
caused by the movement of the waves. Power is produced by the means of a device
through which fluid is pumped due to the aforementioned differential. (Drew B. et al.,

2009)
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Figure 25. Submerged Pressure Differential [www.awsocean.com]

3.5 Oscillating Water Column

The Oscillating Water Column (OWC) concept is probably unique among all the
WEC systems and the most promising. A big number of several designs of these
devises has been already presented in the literature. The majority of these designs
refers to onshore devices. The last years some attempts have been made for the
design of free floating or moored devices in the open sea. (Konispoliatis, 2014)
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3.5.1 How OWC works

An OWC system is based on two main parts. Chamber is one of these two parts. The
function of the chamber is to take power from the motion of the waves and transfer it
to the air that already exists inside the chamber. The second main part is a Power
Take Off system (PTO), which has the ability to convert the pneumatic power into
electricity or other forms. The PTO system is usually a Wells air turbine (Mazarakos
et al., 2015) that turns only in one direction, either if the collector is pressurized as the
water column goes up or if the collector is decompressed as the water column goes
down. Due to this movement of the turbine, a generator is activated to generate
electricity, taking advantage of its kinetic energy. The above collector usually is a
blow hole in which the air escapes from the chamber. (Mazarakos et al., 2015)

Oscillating water column

Generator
Turbine — - q\ - Air out Airin }EI y
Wave ’[ ! ‘[, |
crest (. Wave \
trough ‘
Rising
water column Falling
water column

Figure 26. Partially Submerged Oscillating Water Column [www.energy.gov]

3.5.2 History

The first mechanism of OWC was noticed in the nineteenth century, as a device for
navigation aid. It used to be a warning device that was whistling. Creator of this
device was J. M. Courtney at New York. (Heath, 2012)
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Figure 27. Courtney’s whistling buoy [Heath, 2011]

An OWC was used for first time as a device that produces electricity from Masuda
(Heath, 2012), in Japan, when in 1947, he created a mechanism driving an impulse
turbine in order to produce electricity. The purpose of this device was again the
navigation, as navigation light was produced from the electricity, in Osaka Bay. In the
following years, many different devices were developed and installed around the
world, mainly at shorelines.

One important theory about a fixed OWC device under linear wave theory was
developed by Evans in 1978 (Martins-rivas et al., 2009). Two years before, Evans
published the ‘Theory of wave power absorption by oscillating bodies’. In 1978 he
took into account the free surface inside the chamber of OWC as a weightless piston.
Finally he managed to develop a theory in which, the free surface was allowed to
oscillate under the application of a uniform pressure. Sarmento & Falcao (1985) made
a research about the effect of air compressibility that exist inside the chamber of
OWC and the same year(1985) Falnes & Mclver studied about the ‘Surface wave
interactions with systems of oscillating bodies and pressure distributions’. They
worked on a theory for floating OWC device taking into consideration the interactions
between the several devices.
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Some characteristic examples of Oscillating Water Columns are the following:

e Wavegen (www.owcwaveenergy.weebly.com/wavegen)
e Oceanlinx (www.oceanlinx.com)
e Ocean Energy Buoy (www.oceanenergy.ie)

Turbine

Capture
Chamber

Air is compressed
inside chamber

Figure 28. Wavegen onshore OWC [www.esru.strath.ac.uk]
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Figure 29. Oceanlinx OWC [www.alternativeconsumer.com]

Figure 30. Ocean Energy Buoy [Heath, 2012]
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3.5.3 Oscillating Water Column Wave Power plant

The OWC wave power plant Pico (www.pico-owc.net) was completed in 1999 in the
Azores of Portugal. However, malfunctions occurred in the Wells turbine of OWC
when the device flooded. The construction was repaired and reopened in 2005. Its
output power is 0.4MW. (Falcao , 2005)

Specifications:

Park power: 0.4AMW

Year of construction: 1999, 2005
Type of WEC : OWC, Wells
Location: 38°28'19"N 28°51'50"W

Figure 31. Wave power plant Pico at the Azores [Falcio, 2005]
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3.6 Floating structure for offshore wind and wave energy sources exploitation

Another challenge that has presented the last years is the design of a device that
absorbs not only wave but also wind energy. For instance, a system of three identical
OWC devices which are placed at the corners of a triangular floater, in combination
with a WT in the center of the platform supported from a solid cylindrical body, can
take advantage of wind and wave energy at the same time. Lately, many attempts and
researches have been conducted related to the hydrodynamic analysis and the
optimization of devices like the ones mentioned above, studying different arrays and
characteristics of the configuration. Specifically, Mazarakos et al. (2015) studied the
coupled hydro—aero—elastic analysis of a device like the above, consisting of
concentric vertical cylinders, moored through tensioned tethers as a TLP platform,
under the action of regular surface waves. He calculated for two water depths (at
120m and 200m), the numerical results concerning the motions and the mean second
order loads of the floating structure. He also compared the results at the level of
RAOs. All the interaction phenomena with neighboring bodies were investigated by
Konispoliatis et al. (2016). He parametrically evaluated the wave power efficiency of
each device with first and mean second order wave forces, added masses and damping
coefficients, together with air volume flow rates. He examined three different arrays.
The first one was a three OWC triangle array and the second and third were a four
OWC square array, varying in wall thicknesses. In addition, Konispoliatis et al.
(2016) studied how OWC draught and thickness affects the total amount of output
mean power. The pneumatic admittance at device’s turbine was also a parameter that
he took into account for the presentation of the oscillating air pressure. Furthermore,
Mazarakos et al.(2016) made a parametric hydrodynamic analysis that compared the
analytical results of a triangular, quadrate and pentagonal floater with three, four and
five identical OWC devices respectively and concluded that firstly, there is no
influence of aerodynamics loads on the hydrodynamics of each system, secondly, the
interaction phenomena between the devices of the configuration affect the inner air
pressure distribution and therefore the mean total absorbed power and thirdly, each
examined system is effective for wave frequencies o < 1.4 rad/s. Finally several
attempts are taking place currently in order to examine the application of devices like
the above in real sea states and conditions. A related attempt in order to combine the
RAOs of the configuration with the Spectrum of the Sea had been made from Cruz
(2010) and Babarit et al. (2011). Taking under consideration the frequency of
occurrence of each sea state (Hs-Tp) is an important factor for the final calculation of
the absorbed power in a specific time period.
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Figure 32. Multi-purpose floating structure with three OWC devices and a WT
[Mazarakos et al. , 2015]

3.7 Formulation of the problem

3.7.1 Calculation of the velocity potential function

We assume that there is a group of N vertical axisymmetric oscillating water column
devices. This group is excited by a plane periodic wave of amplitude H/2, frequency
® and wave number k propagating in water of finite depth. Each device’s chamber q,
g=1, 2, 3, has an outer and inner radius that is denoted by ag, by, respectively. In
addition, hy denotes the distance between the bottom of the g device and the sea bed.
We assume that the fluid is non-viscous and incompressible and that the water flow is
irrotational. As a result, the linear water wave theory can be used. We use the global
Cartesian co—ordinate system O-XYZ with the vertical axis OZ directed positive
upwards and coinciding with the vertical axis of symmetry of the central body and
origin on the sea bed. In addition, there are N local cylindrical co—ordinate systems
(rg» g, 2g) 9 =1, 2,. . ., N with origins on the sea bottom and their vertical axes point
upwards and coincide with the vertical axis of symmetry of the q device. The fluid
flow around the q = 1,2,3,4 body (3 OWC and 1 cylinder for WT) can be described by
the potential function (Mazarakos et al., 2015):
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@ q(rq, 04, 2; t) = Re{d)q (rq, Hq,z)e_i“’t} (1)

According the Falnes and Mclver (1985) the spatial function @ 4 can

be decomposed, on the basis of linear modeling, as:

Dl =of + 0] + 37 N0,k DI+ TN Plo PR @)

@4 : Velocity potential of the undisturbed incident harmonic wave (Mavrakos et al.,
1987)

@ : Scattered potential around the g device, when it is considered fixed in waves
with the duct open to the atmosphere, so that the pressure in the chamber is equal to
the atmospheric one.

quqp: Motion-dependent radiation potential around the g device as a result from the
forced oscillation of the p—th device, p=1,2,3,4, moving with unit velocity amplitude
ify with 7 = Re{xfpe ™'}

cbﬁi : Pressure-dependent radiation potential around the g-th device, due to unit time
harmonic oscillating pressure head P}, = Re{pl,oe ™'t} in the chamber of the i-th
device which is considered fixed in calm water.

We express, in the cylindrical co-ordinate frame of the g-th body, the velocity
potential of the undisturbed incident wave system that is propagating at angle B, with
respect to the positive x—axis as follows (Mavrakos et al.,1987) :

ng (r , Hq,z) = —ia)gz;‘gz_m iml’"o(fm(r ,Z) eimbq @3)
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Where

1 wa _ ikl Boa—pB) Z0(2) —i
7 Wom(7g,2) = e™oac0Coa=P) 2 (ke e~ @)

The follow sketch defines the OWC device of the array and includes all the symbols
that are used here.

q‘\

\\\

N

~

M hg
rd

Figure 33. Definition sketch of the g OWC device of the array [Konispoliatis et
al., 2016]

In addition, J,, symbolizes the m—th order Bessel function of first kind. Finally, Z(z)
is defined as:

Zy(2) = [0.5 1+ %ﬂ_ cosh(kz) ©)

The frequency ® and the wave number k are connected by the dispersion equation.
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The diffraction, i.e. ®7 = ¢ + @], q=1,2,3,4 , the motion— and pressure— dependent
radiation potential around the isolated g device, when it is considered alone in the
field, can be expressed in its own cylindrical co-ordinate system, as follows:

@y (1,04, 2) = _iwgz;.rc{:—oo imy (1, z) e™Pa (6)
DM (1,,04,2) = —iw Lo oo P12 (15, 2) €O @
¢ﬁqO@HWZ):__i;2$=ﬂmwg%0@z)dm% ®)

Where:

p. Water density

L] = i S _ : - . :
@i (l=4q,0p;j=D, 1, ..., 6, P; p, =1,2,3,4, i=1,2,3) : Solutions of Laplace's equation
in the entire fluid domain, that satisfy the following boundary conditions
(Konispoliatis, 2014; Konispoliatis et al., 2014):

( quaq;r']quC

0 for l=4q,j=D;0
l=qp,j=12,..,6,P

20t _ a0} _ biq <714 < by;

(1) ] g _< — . 4

0z 0 for l=gq,j=D;n
l=gp,j=12,..56,
biq <714 < bgy;

iw
\ _Sq'ijfor { l=qr,j=P

(9)

on the outer and inner free sea surface (z=d) and also the zero normal velocity on the
sea bed (z=0). Furthermore, the kinematic conditions on the mean device’s wet
surface have to be fulfilled by the potentials. Moreover, a radiation condition must be
imposed in order states that propagate disturbances must be outgoing. The unknown

potential functions, Slj""ni k=1, I1l, M, 1V can be established in each fluid region that g-
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th device surrounds, using the method of matched axisymmetric eigenfunction
expansions.

Finally, the potentials @, &*(j=1....,6) around the device g of the configuration

can be expressed either due to oscillation of body p, p=1,2,3,4, in still water (where
motion— dependent radiation potential appears), or due to the inner time harmonic
oscillating pressure head in the air chamber of the device i=1,2,3, as follows:

P (15,60,2) = —iw Lm0 W (1, 2) €™ (10)
Qgi(rq, 04 Z) = ﬁz;’;’l:_w lpgin(rq' Z) eimbg (11)

In order to express the related potentials, with the above equations, we use the
multiple scattering approach (Twersky, 1952, Okhusu, 1974). This method has also
been used to solve the diffraction and the motion- dependent radiation problems
around arbitrarily shaped, floating or/and submerged vertical axisymmetric bodies
(Mavrakos et al., 1987, Mavrakos 1991). Finally the same method has been used for
the diffraction and the pressure— dependent radiation problems for an interacting array
of OWC’s devices (Konispoliatis et al., 2013).

3.7.2 Volume flow

The volume flow in respect of the time is produced by the oscillating internal water
surface in g-th OWC device, q = 1, 2, 3 and is defined as

Qq(rq' 0q,2, t) = Re[qq(rq, 6’q'z)e_im] (12)

Where:

dpd
q? = ffsf u,d Siq = ffgiqaizrqdrqdeq (13)
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u,: Vertical velocity of the water surface

Si% Inner water surface in the g-th device, =1, 2, 3

If we assume that the Wells turbine is placed between the q device’s chamber and the
outer atmosphere inside a duct and that it is characterized by a pneumatic admittance
A% then we can have the total volume flow as follows (Falnes, 2002, Evans et al.,
1996):

Q(t) = A7P; (1) (14)

In addition for the pneumatic admittance 4% we have (Sarmento et al., 1985):

q

KD . V.

AT = 0~ lw— > 0
Npair CairPair

(15)

Where:

N: Rotational speed
D: Outer diameter of turbhine rotor

Voq: the g-th device’s air chamber volume

cqair: Sound velocity in air and we assume isentropy so that the variations of pressure
q

and air density are proportional to each other with cZ;,. = ;:i

K: Empirical coefficient that depends on the design, the setup and the number of

turbines

As long as we assume that the effect of air compressibility is disregarded, then the
imaginary part of A9 that represents the effect of the air compressibility inside the
chamber of each OWC device will be negligible.
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If we decompose the total volume flow g of the g-th device, as we did for the
velocity potential above, into three terms that are related with the diffraction, qp9, the
motion— and the pressure— dependent radiation problems gz®, gp” respectively, we
have:

q? = q} +q + X3 phaoql (16)

Where:

g = Lp=1 2?:1 56,%6123”,,- - 553?05120 17)

With S is symbolized the inner water surface in the p device, p=1, 2, 3.

3.7.3 Hydrodynamic forces

The forces on each OWC device can be calculated from the pressure distribution that
is given by the linearized Bernoulli’s equation

P(7,,64,2; t) = —p% = iwpPile~t@t (18)
Where:

@9 is the g device’s velocity potential in each fluid domain I, III, M and IV as it
presented at the above figure.

The exciting forces and moments (vertical and horizontal) acting on the configuration
can be calculated by the following equations (Konispoliatis et al., 2013):

F= fsp pndS (19)

and
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M= fsp p(r X n)dS (20)

Where r denotes a position vector of an arbitrary point on the wetted surface of the p-
th body, S,. with respect to the p body fixed co-ordinate system of body p. Moreover,
n is the normal vector to the wetted surface Sy pointing inside of the body.

The complex form i;?p of hydrodynamic reaction forces and moments acting on each

device q, g=1,2,3,4, in the i—th direction due to the oscillation of device p, p=1,2,3,4,
in the j—th direction, can be written in the form (Newman, 1977):

ap _ ,2(.ap | L,ap\.p _ , 2_4p.Dp
j =w (aij +wbij)xj0—cu T Xjo (21)

Where aff and b7’ are the well-known added mass and damping coefficients
respectively.

Similarly, for the hydrodynamic pressure forces and moments qul.l acting on the
device q in the i—th direction due to oscillating pressure head in the 1=1,2,3 we have:

mi = (e +id")  pino (22)
Where eﬁland dfl denote the pressure damping coefficients.

By superposing the corresponding forces on each device with respect to the reference
point of motion, G, of the entire structure we can calculate the total hydrodynamic
forces on the entire multi— body configuration (Mavrakos, 1991) and we have:

Fototat =~ 2izh [BO] [F] (23)

Here, B® is the coordinate of the corresponding body p (square matrix 6 x 6) with
respect to the central coordinate system of structure G:
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; 0 1 0 00
[B ] = O _Zi yi 1 O 0 (24)

z' 0 -x" 010

-y X 0 01

3.7.4 Aerodynamic loading

Analyzing in the frequency domain formulation, we can examine the contribution of
the WT on the 6 floater motion. This is performed with use of the dynamic model of
Hamilton, with gravity and aerodynamics being the external forcing. The Blade
Element Momentum (BEM) theory can define the aerodynamic loading as a function
of the conditions the floater operates and its motions that changes the effective angles
of incident at the blades. If we linearize all the terms with respect to static position of
the floater (static equilibrium), we can define the additional mass, damping and
stiffness matrices which contribute at the WT as aerodynamic, inertial-gyroscopic and
gravitational loads (Papadakis et al., 2014)

3.7.5 Mooring System

A very important factor for the design of the OWC and the wave energy absorption is
the mooring system that is used for its station keeping. The stability and dynamic
positioning are directly related to this system. Therefore, a reliable mooring system is
needed, in order to protect the structure from the extreme environmental forces of
wind, currents and waves that will present. In the following study, a TLP type
mooring system is considered. This system comprises of tethers fixed to the bottom of
the interior coaxial cylindrical body of an OWC device. The high tension in the
tension legs contains horizontal offsets to a relatively small fraction of the water
depth. The heave, roll and pitch motions remain minute, due to the high axial stiffness
in the tendons. It is quite common, to employ multiple tension legs (Parker, 2007,
Bachynski et al., 2012; Wang et al., 2013) in offshore tension leg platform wind
turbines, to capture offshore wind resources in waters of moderate depth. The
mooring forces,fl-,Tmom-ng, that act on the platform in the i-th direction can be

expressed as follows:
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T — . P
fi,mooring - Ci,j,mooring Xjo, L] = 1..,6 (25)

Where:

Xjo: Motion component of the entire configuration in j-th direction with respect to the
global reference point, G, of the platform’s motions.

Ci jmooring: Conventional and geometrical mooring line stiffness coefficient of the
platform

Regarding the total restoring stiffness matrix C;  to¢qi, Of the OWC, includes three

parts. The first part is the conventional mooring line stiffness; the second part is the
platform hydrostatic restoring stiffness including the influence of tendons and the
third part is the tendon geometric stiffness (Senjanovic et al., 2011).

Therefore, the elements of the (6x6) square stiffness matrix C; j;o¢q; Can be expressed
as follows:

Tn
C1,1 = Cz,z = 2111‘4:1? (26)
EA
C33 = pgAw, + - (27)
M Elyy
Cas = pglwix + Uz, — Qzp — Xn=1TnZpn + (28)
EI
Css = pglyry + Uy, — QzG - 2%=1 Tz, + % (29)
Tn
Cop = 2111‘4:1? (x3 + y7) (30)

Where:

M: Number of tendons

T,,: Tendon pretension forces in kN

A: Total cross-section area in m?

Ly, L,,: Moments of inertia about x and y axis respectively in t-m?

XnYn,Zn: Horizontal and vertical coordinates of the attaching point of the n tendon with
respect to the platform’s global reference point of motion, G, in m

L: Length of the tendon in m
Ayy.: Water plane area of the platform in m?

Iwix, lwiy: Moments of inertia of Ay, about x and y axis, respectively in tm?
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U, Q: Buoyancy and weight of the platform, respectively, in t

zg, Zg: Vertical coordinates of buoyancy and gravity center, respectively , in m

3.7.6 Response Amplitude Operators-RAOs

In order to investigate the dynamic equilibrium of all the forces that are acting on the moored
multi-body configuration we use the following well - know system of differential equations of
motions. This equation describes the couple hydro-aero-elastic problem in the frequency
domain. (Mazarakos et al., 2015)

i i
]6-=1 [ —6()2 (Mi,j + Ai,j + MWT + ZBi’j + ZBZ‘]/T) + Ki,j + Ki‘,/b{T + Cmooring] on =

F+F,, (31)

for i=1,...,6.

The M; ;, Kij symbolize the elements of the (6x6) mass and stiffness matrices of the
entire configuration. In addition, A;j, B;j; are the hydrodynamic masses and potential
damping of the entire configuration. F; are the exciting forces acting on the multi—
body system at the i-th direction. F,; are the pressure induced hydrodynamic forces
acting on the multi-body system at the i-th direction. x;, is the motion displacement
of the entire OWC system at the j—th direction with respect to a global co — ordinate
system G. The M"T, BY", k" symbolize the mass, damping and stiffness matrices
that contribute to the inertial-gyroscopic, aerodynamic and gravitational loading of the
WT respectively. Finally, Crooring is the stiffness matrix of the mooring lines.
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3.8 Examined device

In the current thesis we study an array of multiple interacting vertical axisymmetric
oscillating water column devices as the one presented above. Our configuration
consists of three identical OWC devices which are placed at the corners of a triangular
floater in combination with a central solid cylinder that works as a base for a 10MW
WT. The WT of 10 MW is the main difference between this specific energy platform
and the one we took the experimental measurements. The whole system is exposed to
the action of regular surface waves in finite water depth. In addition each device has
finite wall thickness and floats independently, as well as the geometric configuration
of each one of them consists of a partially immersed toroidal oscillating chamber of
finite volume that is formed between an exterior cylindrical shell and a concentric
interior truncated cylinder. At these concentric interior truncated cylinders, TLP
tethers are mounted on.
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Figure 34. 3D model of the examined configuration [Mazarakos, 2016]

In addition there are four more sets of smaller members:

e Two sets of three pontoons (for a total of six members) connecting the offset
columns with each other (forming a triangle, both at the top (AOB1- AOB3)
and bottom (KOB1- KOB3))

e Two sets of three pontoons (for a total of six members) connecting the offset
columns with the main column (forming a y-connection, both at the top
(AKB1- AKB3) and bottom (KKB1- KKB3))
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e Three cross braces connecting the bottom of the main column with the top of
the offset columns (AB1- AB3)

e Nine sets of three pontoons (for a total of twenty seven members) connecting
the offset columns with the oscillating chambers (forming a y-connection, at
the top (AK11,12,13 - AK13,23,33), middle (KK11,12,13 - KK13,23,33) and
bottom (BK11,12,13 - BK13,23,33) )

Geometric Characteristics

Depth of platform base below SWL (total | 20.00 m
draught)

Elevation of main column (tower base) | 10.00 m
above SWL

Elevation of offset columns above SWL | 10.00 m
Spacing between columns 50.00 m
Draught of the structure 20.00 m
Diameter of main column 12.00 m
Diameter of inner concentric cylindrical | 14.00 m
body

Oscillating chamber thickness of each | 1.50 m
device

Outer radius of the Oscillating chamber | 15.50 m
on each device

Oscillating chamber’s draught 8.00 m
Diameter of pontoons 1.60 m
Diameter of cross braces 0.0175m
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Figure 35. Top view of examined device [Mavrakos, 2018]
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Figure 36. Side view of examined device [Mavrakos, 2018]
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Regarding the mass of the structure, the total mass including the water ballast is
9550tn. This mass has been calculated such that the combined weight of the rotor-
nacelle assembly, tower, and platform, plus the weight of the mooring system in
water, and the applied total pretension balances to the buoyancy of the platform in the
static equilibrium position in still water.

Here is the Mass Distribution of the structure:

Mass of the platform (including ballast) 7531.1tn
Mass of the 10 MW WT 1100.0 tn
Mass of each Wells turbine (including 3.3tn
generator)

Mass of each mooring tendon in water 151.5tn
Total mass 9550 tn

As we already referred, in order to secure the platform, the floating structure is
moored with a TLP type mooring system of three sets of two tendon pipes each (for a
total of six members) spread symmetrically about the platform z-axis.

The body-fixed locations, where the sets of the mooring tendon pipes are connected to
the platform, are found at the base of the offset columns, at a depth of 20.0m below
the SWL. The anchors (fixed to the inertia frame) are located at a water depth of
200m below the SWL. Each of the 6 tendon pipes has an unstretched length of 180m,
an outer diameter of 1.117m, an equivalent mass per unit length of 963.63kg/m, an
equivalent mass in fluid per unit length of 841.61kg/m. The pretension of each tendon
is 9420kN. ( Mavrakos, 2018)
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Below appears the mooring system properties and stiffness:

Where:

Number of mooring tendon pipes 6

Depth to Anchors Below SWL (Water | 200 m
Depth)

Depth to Fairleads Below SWL 20 m
Mooring Line Length, L; 180 m
Mooring Line Outer Diameter 1.117 m
Mooring Line Inner Diameter 1.099 m
Equivalent Mooring Line Mass in Water | 841.61 kg/m
Pretension of each tendon, Fy, 9420 kN
Yeung’s modulus of elasticity, E; 200 Gpa
0112022:Fp/|_t 52.34 kN/m
C33:EtAt/Lt 134313 kN/m
A 0.121 m*

Cy1, Cyy: Stiffness of each mooring tendon pipe offered to the floating structure in the
horizontal directions along the x- and y-directions.

Cas: Stiffness of each mooring tendon pipe along it’s longitudinal direction.

A:: Cross - sectional area of each mooring tendon pipe.
Fp: Pretension of each tendon.
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3.8.1 TLP Design Criteria

The TLP Design Criteria are the following (Mavrakos,2018, Bachynski et al., 2012):
1) The surge and sway natural periods T,; should be longer than 25s, therefore:

C11 <1707.85 KN/m

2) The heave, roll/bending and pitch/bending natural periods Tns should be shorter
than 3.5s, therefore:

Cs3 > 32415.2 KN/m

3) The mean offset should not exceed 5% of the water depth, thus for significant wave
height 4 m; wave period 10 s; drag coefficient Cp =1 the mean horizontal force due to
waves is F; = 1479.9 kN

The mean turbine thrust is 1660 kN (wind speed 11.4m/s). Thus Cy; = 313.99 kN/m
and pretension is 56517.6 kN

4) The tendon area must be sufficient to prevent yield within a safety factor SF=2, for
tensions up to twice the initial tension, therefore:

Ca3 > 707575.4 kKN/m and A> 0.637 m”

5) A minimum displacement may be required to survive extreme wind and wave
conditions, i.e. 14835 m*> 2000 m®

Here Cy; and Css are the total stiffness of the mooring tendon pipes and A is the total
cross - sectional area of the mooring tendon pipes.

Figure 37. 3D design of the chambers and the main central cylinder [Mazarakos,
2016]
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Figure 38. Photo from the construction of the platform [Mazarakos, 2016]

Figure 39. Sensors at the chamber at three different positions [Mazarakos, 2016]
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4. Numerical Modelling

4.1 Introduction to HAMVAB

Hydrodynamic Analysis of Multiple Vertical Axisymmetric Bodies (HAMVAB) is a
program developed by S. A. Mavrakos, Professor in the School of Naval Architecture
and Marine Engineering at the National Technical University of Athens, to solve the
linearized diffraction-radiation problems for the interaction between waves and
multiple vertical axisymmetric bodies. The shape of the bodies is arbitrary and they
can be free-floating or moored. They are also allowed to move as a unite or as
independent bodies. HAMVAB provides the first-order exciting wave forces, the
mean second — order forces (drift forces) in the horizontal directions and the yaw drift
moment, as well as the motions of the configuration.

4.2 Structure and Operation of HAMVAB

HAMVAB uses single body hydrodynamic characteristics and the physical idea of
multiple scattering in order to calculate first-order exciting wave forces and motions
from the wave. In addition, the program uses finite control volumes around each
body and in that way calculates the drift forces in x- and y- directions for the entire
multi-body configuration and for each body individually. The hydrodynamic
characteristics of the single body are evaluated using matched axisymmetric
eigenfunctions expansions. According to this method the flow field around the body is
divided into ring shaped regions. In each one of these regions the velocity potential is
written in terms of Fourier-Bessel axisymmetric eigenfunctions expansions. By
fulfilling the kinematic boundary conditions on the wetted surface of the body and the
continuity requirements for the flow velocity and the potential at the common
boundaries of adjacent fluid regions, the unknown Fourier coefficients can be
calculated. As far as the air pressure head is concerned, it is calculated as a function of
the corresponding air turbine characteristics. (Mavrakos, 1996)
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4.3 Input File of HAMVAB

As an input file, we prepare a file, having any name, with five characters, containing
data like the radiation problem and the diffraction problem. This file defines, if the
group of the cylinders is considered as a unit or not, if the individual inertia
characteristics of each cylinder of the multi-body configuration are given or not, so
that in the first case the inertial characteristics of the entire structure will be evaluated
internally by the computer code, as well as if the motions of the entire configuration
or of the individual bodies are to be calculated. In addition, data contains information
about the water depth, the number of the bodies, the number of the mooring lines, the
number of frequencies considered, the radial distance among the structures, the
number of interactions considered and more information that the user has to provide
at the input file. The geometric characteristics of each individual body are also
required.

In fact, it is asked if the bodies have fields above their greater diameter or if they float
with their maximum diameter, if they have fields below their greater diameter or if
they stand on the sea-bottom with their greater diameter, if the bodies float and pierce
the free-surface or if they are submerged under the free-surface, if the bodies stand or
not on the sea-bottom, if we have free-floating body etc. The exciting wave forces, the
hydrodynamic parameters such as added mass and damping and the motions are
computed. In case, there are fields below the greater diameter of the bodies, the user
must also report the number of ring elements used for the discretization of the body
surface below its greater diameter, the distance of the upper horizontal surface of the
discretized body in its middle lower ring element measured from the sea-bottom, the
number of terms to be considered in the vertical direction for eigenfunction expansion
of velocity potential in the middle lower ring element, the radii of the ring elements
measured outbound from the body’s vertical axis of symmetry. In case there are fields
above the greater diameter of the bodies, the information demonstrated above is
requested. In the end, the user must refer the vertical distance of the reference point of
body motions located on the body’s vertical axis of symmetry and measured from the
sea-bottom, the vertical distance of body’s center of gravity measured from the
reference point of motions (this may be negative in case the center of gravity is
located below the reference point of motions), the mass moment of inertia relative to
the reference point of motions and the mass of cylinder. Corresponding information
and geometric characteristics are asked for the cylinder supporting the Wind Turbine
as well.

Appendix lists the input file used in the HAMVAB program for the analysis of
floating structure.
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4.4 Output File - Results of HAMVAB

In the Output file exist the calculations of the pressure hydrodynamic parameters for
each individual device and the complete multi component configuration, the
calculations of the wave elevation inside and outside each device as a function of time
analysis, the calculations of the inner air pressure head in each device for different
values of turbine characteristic, the calculations of drift forces and moments with the
direct integration method, the calculation of the total absorbed power from the waves
of all the devices as a function of the turbine characteristics, the calculation of the
total capture width of all the devices, calculation of the air volume flow , such us
diffraction, motion radiation and pressure radiation flow, in each device, the
calculation of the first order motions of the complete multi component configuration
where the tendors are connected, the calculations of the forces at the tension lines, the
calculation of the optimum turbine characteristic as in single floating or moored
Oscillation Water Column and as a multiple restrained Oscillation Water Column.
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5. Validation of HAMVAB

As mentioned above, by giving the characteristics of the floating structure to be
investigated with HAMBAB in the way described above, we receive the theoretical
results for values such as the motions of the entire configuration, the inner air pressure
head in each device, the stresses and so on.

To validate the numerical results of the HAMVAB program, comparisons with
experimental ones will be made for a multi — purpose floating energy platform that
supports a SMW WT. The numerical results were plotted as a function of the wave
frequency expressed in rad/sec so that we can compare them with the results we have
from the experimental measurements that were conducted in the Laboratory for Ship
and Marine Hydrodynamics in the School of Naval Architecture and Marine
Engineering at the National Technical University of Athens, in the framework of the
POSEIDON program (www.aristeia-poseidon.naval.ntua.gr).

The depth of installation is 120 m, and the sizes used for the dimensionless are as
follows:

e Water density p = 1.025t/ m?®

e Acceleration of gravity g = 9.81 m /s

e Maximum radius of construction ref = 12.5 m
e Number of bodies nubo = 4

e Wave height H=2m

e Angular frequency o inrad /s

e Wave number k in m™

The following diagrams depict the comparisons of the generalized motions, pressures
and tensions at the top of the mooring lines of the structure, respectively, under the
action of harmonic waves. In order to convert chamber pressure into air flow,
perforated orifice plates are used at the top of the chamber cone with various bore
diameters. Two different cases of bore diameter are presented here. In the first case
there is an orifice with bore diameter 20mm and in the second case there is an orifice
with bore diameter 50mm.
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Figure 40. Sketch of pressure flow through the orifice plate [www.aristeia-

poseidon.naval.ntua.gr]

5.1 Orifice diameter 20mm
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Figure 41. Motions of the entire Configuration in the surge direction
[Mazarakos, 2017]
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Figure 42. First order line tension for Line No. 1 [Mazarakos, 2017]
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Figure 43. First order line tension for Line No. 2 [Mazarakos, 2017]
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Figure 44. First order line tension for Line No. 3 [Mazarakos, 2017]
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Figure 45. Pressure in chamber No. 1 [Mazarakos, 2017]
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5.2 Orifice diameter 50mm
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Figure 46. Motions of the entire Configuration in the surge direction
[Mazarakos, 2017]
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Figure 47. First order line tension for Line No. 1 [Mazarakos, 2017]
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Ttotal 2
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Figure 48. First order line tension for Line No. 2 [Mazarakos, 2017]
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Figure 49. First order line tension for Line No. 3 [Mazarakos, 2017]
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——HAMVAB ¢ Experiments
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Figure 50. Pressure in chamber No. 1 [Mazarakos, 2017]

5.3 Comparison of different angles of incident wave

In the framework of the POSEIDON program, for the configuration with the WT of 5
MW, one more study took place concerning the comparison of different angles of
incident wave

Here are the results, received by HAMVAB, in a diagram form:
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Figure 51. Exciting Force Fx for different angles of incidence
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Figure 52. Exciting Force Fy for different angles of incidence
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Figure 53. Exciting Force Fz for different angles of incidence
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Figure 54. Exciting Moments Mx for different angles of incidence
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Figure 55. Exciting Moments My for different angles of incidence
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Figure 56. Exciting Moments Mz for different angles of incidence
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6. Absorbed Power in Several Real Sea States

In this section, an attempt is made in order to calculate the amount of energy that the
under study device with the 10 MW WT can produce in real sea conditions. In fact,
three different sea areas were studied according to data provided by the technical
report Environmental design conditions of the selected installation locations
elaborated within the REFOS project (www.refos-project.eu), accurate measurements
were made for the three different regions that took place over 31 years (from 1980 to
2010).

These three sea areas are the following:

1. Location L1 in the Aegean Sea with coordinates 35.34° N, 26.80° E

2. Location L2 in the southern part of Sicily Island with coordinates 37.30° N,
12.69° E

3. Location L3 in the North Sea with coordinates 59.42° N, 3.40° E

All these three locations correspond to water depths around 200m and we can say that
as far as the available wind and wave potential that exists in these locations is
exploitable, then they may be consider as suitable for offshore floating wind or wave
farm development.
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Figure 57. Location L1 in the Aegean Sea with coordinates 35.34° N, 26.80° E
[www.google.gr]
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Figure 58. Location L2 in the southern part of Sicily Island with coordinates
37.30° N, 12.69° E [www.google.gr]
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Figure 59. Location L3 in the North Sea with coordinates 59.42° N, 3.40° E
[www.google.gr]

In the above report the significant wave height, wind speed and wave spectral peak
period are presented. The particular time series that were analyzed at this project are
referring to the following values:

e Significant wave height Hg, m

e Mean wave direction 6y, deg, i.e., the direction from which the waves (sea-
states) propagate

e Wind speed Uy, m/s

e Mean wind direction 0y, deg, i.e., the direction from which the wind blows

o Spectral peak period T, sec

Firstly, for our study we will use the significant wave height Hs and the spectral peak
period T, in order to produce a Wave Spectrum in the domain of frequency.

Here, one can find the tables of the frequency of occurrence of Hs - T, of the three
locations (www.refos-project.eu):
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Tp
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Tp
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Frequency of occurrence of each Tp-Hs pair

Hs 0-1

221
6702
24291
18937
6869
462
100
24

0

0

Table 1. Frequency of occurrence of each Hs-Tp pair of Location 1

1-2

1634
11619
11028

2492

463
58
9

1

2-3

o O O

41
1498
2328

747

8
1

3-4

_ O O O O

223
517
121
5
0

45

O O O O o

Frequency of occurrence of each Tp-Hs pair

Hs 0-1

1282
16291
21745
13591

7622

1571

505
101
6
0

Table 2. Frequency of occurrence of each Hs-Tp pair of Location 2

1-2

29
1962
6880
7404
3363
1113

163

24

0

2-3

o O o

58
1481
2389
1093

229

32

0

34

o O O O o

232
655
332
35
2

45

N O O O O O

57
218
52
0

5-6

5-6

O W NO OO O o oo

R O O OO o o

16
34
3

6-7

6-7

O O OO OO oo oo

W oo OO o oo o o o
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Frequency of occurrence of each Tp-Hs pair
Hs 0-1 1-2 2-3 34 4-5 5-6 6-7 7-8 8-9 9-10

Tp
3-4 51 2 0 0 0 0 0 0 0 0
4-5 1189 325 0 0 0 0 0 0 0 0
5-6 4103 3882 68 0 0 0 0 0 0 0
6-7 4136 9074 1960 31 0 0 0 0 0 0
7-8 2655 6836 5666 947 14 0 0 0 0 0
8-9 2469 5066 5430 3349 542 14 0 0 0 0
9-10 1713 4203 2722 2755 1598 306 12 0 0 0
10-11 956 2913 2154 1190 1091 640 185 10 0 0
11-12 530 1710 1639 721 390 326 194 67 4 0
12-13 236 930 793 459 181 129 84 55 22 7
13-14 59 417 318 229 82 53 43 26 9 2
14-15 5 142 124 69 41 24 9 7 1 1
15-16 1 47 56 7 8 2 0 0 0 0
16-17 1 18 22 8 3 0 0 0 0 0
17-18 0 0 5 11 0 0 0 0 0 0

Table 3. Frequency of occurrence of each Hs-Tp pair of Location 3

As we can notice from the tables 1, 2 and 3, the pair Hs-Tp with the highest
occurrence in 31 years, is Tp=4-5 sec and Hs=0-1 m for Location 1 and 2 and Tp=6-7
sec and Hs=1-2 m for Location 3 respectively.

In order to calculate the real Power that can be produced at each location, the
JONSWAP Spectrum, provided by DNV (DNV, 2007), will be used. Then we will
estimate the exact power that would be produced for the period of 31 years. This
Spectrum was calculated in Matlab. The formula for the JONSWAP ocean wave
spectrum is the following:

4,
S() = 4, =L eThory? (33)

(w-wp)?
2

a.e ?2@p

a2

o : Frequency in radians per second

w, : Peak frequency in radians per second
Hs : Significant wave height in m

A,: 1- 0,287In(y) is a normalizing factor
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. Tp
5 if =S 3.6
y: non-dimensional peak shape parameter, < exp(5.75 — 1.15 \/%) if 3.6 < % <5
.o T
L lif =25

(0,07 if w<awpy
"'{0,09 if 0> w,

Instead of w, , we will use the ratio 2n/w, that equals to the T, which is provided by
the technical report Environmental design conditions of the selected installation
locations (www.refos-project.eu).

Following, one can find the curve of spectrum received from Matlab for the pair Hs-
Tp that appeared most in Location 1 during the 31 years.

Sea Wave Spectrum
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Figure 60. Indicative spectrum for the pair Tp=4-5 sec and Hs=0-1 m
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HAMVAB gives us the non-dimensional absorbed energy that equals to:

Eabs

Eabs’ = w REF? p g (Hs/2)*

(34)

Eabs : Dimensional absorbed energy
o : Frequency in rad/s

REF : Outer Radius of each individual cylinder of the OWC configuration, equal to
155m

p : 1025, Water Density in kg/m3

g :9.81, Acceleration due to gravity in m/52

Hs : Significant wave height in m

So, for the Power (divided with (Hs/Z)Z) which has dimensions of KW/m? we have:

Eabs = (Eabs") w REF%p g

The above absorbed power [power/(unit wave amplitude squared)] is the RAO of the
OWTC device. This power is also equal to the following (Cruz, 2010):

1 _ 12
Eabs = - Bf - w? - |x)| (35)

Where:
B : Radiation damping matrix of the oscillation x;

X, : Normalized complex amplitude of oscillation x; with the wave amplitude A
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Additionally, the result of multiplying the curve of Figure 60 with the values of Eabs
received by HAMVAB, we conclude to the following curve:

S*Eabs
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PIkW s/rad]
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Figure 61. The product of multiplication between the Spectrum and Eabs for the
pair Tp=4-5 sec and Hs=0-1 m in Location 1

And thus the real final P can be given by (Vijfhuizen, 2006, Cruz, 2010,):

P = [2Eabs S(w) dw (36)
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This power corresponds to one specific cell of the Tables 1, 2, 3. Every cell represents
a pair of significant wave height Hs and spectral peak period Tp. As a result, we will
repeat the procedure for every cell and then we will multiply all the results with the
Tables 1, 2, 3, in order to calculate the total absorbed power of every cell for 31 years.
Finally, we will multiply with 3, because of the repeated three-hour measurements
that we had during the day and we will divide with 31, so as to reach the annual final
absorbed power of every cell and then we will compute the sum of all the cells that
corresponds to the total final total power of each location for a specific angle of
incidence. The integral of the eq. (36) was calculated with trapezoidal integration and
the Simpson's rule also, in order to achieve more accurate results.

Finally we will study different angles of incidence, so that to find the optimum one.

Another brief study took place, referring to the power that is absorbed by the WT for
a range of different wind speeds and a comparison of it with the corresponding most
probable sea states. More specifically, we used data from the following tables:

Wind Speed(m/s) 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18.62
Hs(m) 0,548 0,709 0,944 1,576 1,886 2,488 3,116 3,994
Tp(s) 3,777 3,792 4,906 4,906 6,256 6,914 7,573 8,331
Subsample Size 17292 24182 24565 15133 6527 2175 621 89

Table 4. Most probable values of Hs and Tp and subsample’s size for various
bins of the wind speed at Location 1 [www.refos-project.eu]

Wind Speed(m/s)  2-4 4-6 6-8 8-10 10-12 12-14 1416 1618 18-20,13
Hs(m) 0,335 0,756 0,865 1,335 1,982 2,83 3824 4,897 6,186
Tp(s) 2,821 3,61 4,542 5,404 6,596 6,396 8,556 8,848 10,282
Subsample Size 30024 22419 17505 11100 6040 2479 806 184 27

Table 5. Most probable values of Hs and Tp and subsample’s size for various
bins of the wind speed at Location 2 [www.refos-project.eu]
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Wind Speed(m/s)  2-4 4-6 6-8 810 10-12 1214 1416 1618
Hs(m) 1,429 0984 1,799 2162 2466 284 3,48 509
Tp(s) 586 568 5584 5548 7,129 7,735 8297 9,695
Subsample Size 14199 16965 18597 16083 = 12134 7256 3691 1304

1820  20-23,19
6352 7,254

10,442 11,102
305 50

Table 6. Most probable values of Hs and Tp and subsample’s size for various
bins of the wind speed at Location 1 [www.refos-project.eu]

In addition, we used the following figure in order to receive the amount of the
absorbed wind power over the wind speed.

Rotational Speed Schedule (RPM) & Power (MW)

— 25

— 20

Pitch Schedule (degs)

12 14 16 18
wind Speed (m/s)

Figure 62. Turbine rotor speed, blade pitch and electrical power over the wind
speed, of the 10 MW WT. The blue vertical line distinguishes the variable speed
part from the variable pitch part[www.refos-project.eu]

Regarding the absorbed wave power of the sea states at these specific wind speed
ranges, we will follow the same procedure that was described above.
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7. Results

In this part of the thesis, the results concerning the wave power absorbed by the multi
— purpose floating offshore energy platform for the 3 different examined areas are
presented, as well as the results of the comparisons among the absorbed power from
the WT and the OWC devices over some specific wind speeds at the same locations.

A first check was made on the different wind speeds, which the wind turbine is
exposed to. We received seven different output files for seven different wind speeds
respectively. As it seems at the below diagram, there are no significant differences in
the RAO’s of the Absorbed Wave Powers for different wind speeds.
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Figure 63. Absorbed wave power received by HAMVAB for several speeds of
wind for the Mediterranean Sea
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Figure 64. Absorbed wave power received by HAMVAB for several speeds of
wind for the North Sea

Therefore, in the input file of HAMVAB we gave as wind speed the value of 11 m/s
that is very close to operating speed, 11.4 m/s.

7.1 Location 1

According the eq. (36) for every pair Hs - Tp we calculated the integral of
2*Eabs*S(w) with the use of Matlab and we found the absorbed powers for location 1
for various angles of incident waves. These absorbed wave powers for every cell are
gathered at the following tables:
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,31
3,65
10,37
15,35
17,15
16,82
15,50
13,86

1-2

0,00
0,08
2,01
28,94
87,33
138,14
154,35
151,42
139,51
124,73

421,30 1060,15

428,75
420,61
387,53
346,48

2-3 3-4
0,00 0,00
0,21 0,42
5,45 10,69

61,03 119,62

303,30

45

0,01
0,70
17,67
197,75

628,66 1039,22

1949,02

887,11 1565,32
824,40 1355,60
759,56 1250,57
679,11 1122,61

5-6

0,01
1,04
26,39
295,40
1552,41
2911,50
2417,36
2024,33
1809,06
1656,65

6-7

0,02
1,45
36,86
412,58
2168,25
4066,48
3380,59
281431
2480,15
2200,91

Table 7. Matlab results achieved by using Simpson's code for angle of incident
wave 0 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,29
3,28
9,40
14,19
16,11
15,99
14,87
13,39

1-2

0,00
0,08
191
26,16
80,04
127,67
144,97
143,95
133,82
120,47

2-3

0,00
0,21
5,19
55,98
272,99
388,22
402,69
399,86
371,73
334,63

3-4

0,00
0,41
10,18
109,72
566,73
973,99
841,69
783,73
728,60
655,87

4-5

0,01
0,68
16,82
181,37
936,84
1794,29
1508,21
1302,97
1200,02
1084,20

5-6

0,01
1,02
25,13
270,94
1399,47
2680,35
2360,79
1966,95
1739,02
1601,95

6-7

0,02
1,42
35,10
378,42
1954,63
3743,63
3304,49
2760,17
2380,93
2143,61

Table 8. Matlab results achieved by using trapezoidal integration for angle of
incident wave 0 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,35
2,66
7,49
11,81
13,88
14,13
13,38
12,22

1-2

0,00
0,07
2,19
22,34
67,43
106,27
124,95
127,17
120,41
109,94

2-3

0,00
0,18
591
53,28
209,80
320,57
347,08
353,25
334,46
305,39

3-4

0,01
0,36
11,58
104,43
433,87
793,70
745,33
692,37
655,54
598,57

45

0,01
0,59
19,15
172,63
717,21
1458,99
1367,62
1161,31
1080,84
989,48

5-6

0,01
0,88
28,61
257,88
1071,39
2179,47
2162,56
1762,09
1586,42
1463,39

6-7

0,02
1,23
39,96
360,18
1496,40
3044,06
3028,33
2477,85
2201,78
1963,00

Table 9. Matlab results achieved by using Simpson's code for angle of incident
wave 30 degrees
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Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,36
2,71
7,54
11,81
13,86
14,10
13,35
12,19

1-2

0,00
0,06
2,23
22,78
64,89
106,32
124,74
126,87
120,13
109,72

2-3

0,00
0,18
6,02
54,41
212,97
320,58
346,49
352,43
333,69
304,77

3-4

0,00
0,35
11,81
106,64
443,48
795,64
742,71
690,76
654,02
597,34

4-5

0,01
0,58
19,52
176,28
733,11
1468,80
1366,00
1162,22
1078,15
987,45

5-6

0,01
0,87
29,16
263,34
1095,13
2194,13
2171,27
1771,18
1576,55
1461,31

6-7

0,02
1,22
40,73
367,80
1529,57
3064,53
3041,83
2502,13
2174,75
1969,33

Table 10. Matlab results achieved by using trapezoidal integration for angle of
incident wave 30 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kKW]

Hs [m] 0-1

0,00
0,01
0,29
4,39
12,66
18,15
19,53
18,57
16,71
14,69

1-2

0,00
0,06
1,85
33,97
103,90
163,34
175,80
167,12
150,38
132,18

2-3

0,00
0,16
5,04
66,16
374,41
503,59
488,34
464,23
417,72
367,15

3-4

0,00
0,32
9,87
129,67
778,92
1299,56
994,09
909,89
818,73
719,62

45

0,01
0,53
16,32
214,35
1287,61
241470
1718,53
1451,65
1345,60
1189,58

5-6

0,01
0,79
24,38
320,20
1923,46
3607,15
2615,21
2109,54
1911,52
1752,14

6-7

0,01
1,10
34,05
447,22
2686,49
5038,08
3653,95
2871,09
2580,79
2308,42

Table 11. Matlab results achieved by using Simpson’s code for angle of incident

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

wave 60 degrees

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,27
3,96
11,51
16,76
18,29
17,58
15,95
14,12

1-2

0,00
0,06
1,74
30,69
97,56
150,84
164,60
158,20
143,58
127,07

2-3

0,00
0,16
4,73

60,34

338,11

464,41

457,22

439,43

398,83

352,97

3-4

0,00
0,32
9,26
118,27
705,04
1200,60
939,03
861,29
781,71
691,82

4-5

0,01
0,52
15,31
195,50
1165,48
2241,36
1645,45
1388,32
1285,20
1143,62

5-6

0,01
0,78
22,87
292,05
1741,03
3348,21
2534,47
2038,94
1829,14
1686,54

6-7

0,01
1,09
31,94
407,90
2431,68
4676,42
3544,07
2801,14
2467,18
2237,89

Table 12. Matlab results achieved by using trapezoidal integration for angle of
incident wave 60 degrees
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Tp [sec]
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m] 0-1

0,00
0,01
0,35
2,66
7,49
11,80
13,87
14,11
13,36
12,20

Absorbed Power from Matlab Code [kW]

1-2

0,00
0,06
2,15
22,33
67,40
106,18
124,81
127,00
120,23
109,77

2-3

0,00
0,18
5,82
53,26
209,85
320,31
346,69
352,78
333,97
304,92

3-4

0,00
0,35
11,41
104,40
434,12
793,04
744,40
691,45
654,58
597,64

45

0,01
0,58

18,85
172,58
717,62
1457,75
1365,71
1159,61
1079,24

987,94

5-6

0,01
0,86
28,16
257,80
1072,00
2177,63
2159,36
1759,32
1583,92
1461,11

6-7

0,01
1,20
39,34
360,06
1497,26
3041,48
3023,84
2473,75
2198,13
1959,83

Table 13. Matlab results achieved by using Simpson’s code for angle of incident
wave 90 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-

1

0,00
0,01
0,36
2,71
7,54
11,80
13,84
14,08
13,33
12,17

1-2

0,00
0,06
2,20
22,78
66,87
106,24
124,60
126,71
119,95
109,55

2-3 3-4
0,00 0,00
0,18 0,35
5,93 11,63

54,40 106,62

213,04 443,78

320,33 795,02

346,11 741,81

351,97 689,87

333,21 653,08

304,30 596,43

45

0,01
0,57
19,22
176,24
733,60
1467,65
1364,14
1160,55
1076,59
985,94

5-6

0,01
0,85
28,71
263,28
1095,87
2192,41
2168,13
1768,43
1574,12
1459,06

6-7

0,01
1,19
40,10
367,72
1530,60
3062,13
3037,41
2498,04
2171,21
1966,18

Table 14. Matlab results achieved by using trapezoidal integration for angle of
incident wave 90 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Hs [m] 0-1

0,00
0,01
0,30
3,64
10,35
15,33
17,12
16,80
15,47
13,84

Absorbed Power from Matlab Code [kW]

1-2

0,00
0,07
1,98
28,88
87,19
137,94
154,11
151,17
139,27
124,52

2-3

0,00
0,21
5,37
60,87
302,94
420,67
428,07
419,92
386,87
345,89

34

0,00
0,41
10,53
119,31
627,97
1058,59
885,64
823,04
758,27
677,94

45

0,01
0,67

17,41

197,23
1038,07
1946,14
1562,59
1353,32
1248,44
1120,67

5-6

0,01
1,00
26,01
294,63
1550,70
2907,20
2413,05
2020,88
1805,92
1653,79

6-7

0,01
1,40
36,33
411,51
2165,85
4060,47
3374,55
2809,45
2475,76
2197,06

Table 15. Matlab results achieved by using Simpson’s code for angle of incident
wave 120 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kKW]

Hs [m] 0-1

0,00
0,01
0,29
3,27
9,39
14,16
16,08
15,97
14,84
13,36

1-2 2-3 3-4
0,00 0,00 0,00
0,07 0,20 0,40
1,88 511 10,02

26,10 55,82 109,40

80,04 272,62 566,01
127,47 387,60 972,43
144,73 402,02 840,23
143,70 399,17 782,38
133,59 371,08 727,31
120,25 334,04 654,71

4-5

0,01
0,66
16,57
180,85
935,64
1791,37
1505,52
1300,69
1197,90
1082,28

5-6

0,01
0,98
24,75
270,16
1397,69
2676,00
2356,51
1963,48
1735,91
1599,10

6-7

0,01
1,37
34,57
377,33
1952,14
3737,55
3298,50
2755,27
2376,61
2139,75

Table 16. Matlab results achieved by using trapezoidal integration for angle of
incident wave 120 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1 1-2
0,00 0,00
0,01 0,06
0,35 2,16
2,66 22,34
7,49 67,43
11,80 106,22
13,87 124,84
14,11 127,03
13,36 120,25
12,20 109,79

2-3

0,00
0,18
5,82
53,28
209,96
320,43
346,79
352,86
334,04
304,97

34

0,00
0,35
11,41
104,43
434,35
793,34
744,58
691,61
654,71
597,75

45

0,01
0,58
18,86
172,64
718,01
1458,31
1365,99
1159,85
1079,46
988,12

5-6

0,01
0,86
28,18
257,89
1072,58
2178,47
2159,75
1759,65
1584,21
1461,36

6-7

0,01
1,20
39,35
360,19
1498,06
3042,66
3024,37
247417
2198,51
1960,15

Table 17. Matlab results achieved by using Simpson’s code for angle of incident
wave 150 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,36
2,71
7,54
11,81
13,85
14,08
13,33
12,17

1-2

0,00
0,06
2,20
22,79
64,89
106,28
124,63
126,74
119,98
109,57

2-3

0,00
0,18
5,94
54,41
213,14
320,44
346,20
352,05
333,27
304,35

34

0,00
0,35
11,63
106,65
444,00
795,29
741,97
690,02
653,21
596,53

45

0,01
0,57
19,23
176,29
733,96
1468,14
1364,40
1160,78
1076,79
986,10

5-6

0,01
0,85
28,73
263,35
1096,41
2193,15
2168,48
1768,73
1574,38
1459,30

6-7

0,01
1,19
40,12
367,82
1531,35
3063,16
3037,90
2498,43
2171,55
1966,48

Table 18. Matlab results achieved by using trapezoidal integration for angle of
incident wave 150 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,29
4,40
12,67
18,16
19,54
18,57
16,70
14,68

1-2

0,00
0,06
1,87
34,04
103,03
163,44
175,84
167,10
150,32
132,09

2-3

0,00
0,17
5,10
66,37
374,92
503,92
488,44
464,17
417,55
366,92

34

0,00
0,33
9,99
130,08
780,09
1300,47
994,13
909,77
818,39
719,17

45

0,01
0,54
16,51
215,03
1289,54
2416,45
1718,22
1451,09
1345,02
1188,83

5-6

0,01
0,81
24,67
321,22
1926,35
3609,75
2614,36
2108,23
1910,31
1751,00

6-7

0,01
1,14
34,46
448,64
2690,53
5041,72
3652,73
2868,77
2578,69
2306,63

Table 19. Matlab results achieved by using Simpson's code for angle of incident
wave 180 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]
3-4 4-5

Hs [m] 0-1

0,00
0,01
0,27
3,96
11,52
16,77
18,29
17,58
15,95
14,11

1-2

0,00
0,06
1,76
30,76
97,69
150,95
164,64
158,18
143,52
126,99

2-3

0,00
0,17
4,79
60,54
338,62
464,75
457,33
439,38
398,66
352,74

11
70
120
93
86
78
69

0,00 0,01
0,33 0,54
9,38 15,51
8,67 196,16
6,23 1167,45
1,56 2243,22
9,08 1645,16
1,18 1387,77
1,38 1284,64
1,38 1142,89

5-6

0,01
0,80
23,16
293,03
1743,96
3350,98
2533,60
2037,62
1827,96
1685,41

6-7

0,01
1,12
32,35
409,27
2435,78
4680,29
3542,83
2798,78
2465,16
2236,10

Table 20. Matlab results achieved by using trapezoidal integration for angle of
incident wave 180 degrees

After that, we have the final absorbed power of every cell/pair Hs - Tp per year. As it
was explained before, this absorbed wave power is named final because is a result of
multiplication each of the above tables with the corresponding table with the
frequency of occurrence of each Hs - Tp pair for location 1, divided with 31, that are
the total years and multiplying with 3, because of the repeated three-hour
measurements that we had during the day. This value differs from the Absorbed
Power value of the previous tables because here is taking under consideration the
frequency of occurrence of each pair and the total number of the years that
measurements took place.
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWhlyear]

Hs [m] 0-1

0,00
8,48
720,24
6680,06
6893,12
686,27
165,97
39,08
0,00
0,00

1-2

0,00

0,05
317,21
32541,43
93197,10
33315,17
6915,87
849,91
121,51
12,07

2-3 3-4 4-5
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
242,16 0,00 0,00
43968,53 60,84 0,00
9491394  22878,62 188,62
30994,43  44384,32 4544,46
3093,54 9653,48 7477,67
300,02 367,53 363,07
33,53 0,00 0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1371,32
525,21
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 21. Final results achieved by using Simpson’s code for angle of incident
wave 0 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1 1-2 2-3
0,00 0,00 0,00
8,24 0,05 0,00

685,76 302,11 0,00
6002,99 29410,43 222,11
6251,69 85420,75 39574,96

634,25 30789,99 8746257

155,88  6495,60 29110,95

37,15 807,98  2940,93
0,00 116,56 287,79
0,00 11,66 32,38

34

0,00

0,00

0,00

0,00
54,84
21019,43
42111,72
9177,23
352,55
0,00

45

0,00
0,00
0,00
0,00
0,00
173,64
4378,67
7187,35
348,39
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1332,45
504,88
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 22. Final results achieved by using trapezoidal integration for angle of
incident wave 0 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1

0,00
7,77
822,43
4876,00
4980,19
527,93
134,35
32,82
0,00
0,00

1-2

0,00

0,04
345,76
25118,88
71960,12
25628,59
5598,50
713,79
104,87
10,64

2-3

0,00

0,00

0,00
211,41
30414,67

34

0,00
0,00
0,00
0,00
41,99

72222,33 17128,62
25090,47 37290,70

2598,09
258,94
29,55

8107,39
317,20
0,00

45

0,00
0,00
0,00
0,00
0,00
141,19
3970,51
6405,92
313,79
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1193,67
460,57
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 23. Final results achieved by using Simpson’s code for angle of incident
wave 30 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,00
7,69
841,27
4968,09
5014,34
528,19
134,12
32,74
0,00
0,00

1-2

0,00

0,04
352,52
25619,54
69251,86
25641,42
5588,95
712,13
104,63
10,62

2-3

0,00

0,00

0,00
215,88
30874,37
72222,90
25047,67
2592,06
258,34
29,49

3-4

0,00

0,00

0,00

0,00
42,92
17170,38
37159,35
8088,59
316,46
0,00

4-5

0,00
0,00
0,00
0,00
0,00
142,14
3965,80
6410,95
313,01
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1199,83
457,71
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 24. Final results achieved by using trapezoidal integration for angle of
incident wave 30 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,00
6,66
669,97
8052,55
8412,97
811,42
189,03
43,13
0,00
0,00

1-2

0,00

0,04
293,02
38191,29
110889,01
39390,53
7877,06
938,04
130,97
12,79

2-3

0,00

0,00

0,00
262,49
54276,84
113454,75
35302,16
3414,33
323,39
35,53

3-4

0,00

0,00

0,00

0,00
75,38
28045,37
49736,82
10654,52
396,16
0,00

45

0,00
0,00
0,00
0,00
0,00
233,68
4989,27
8007,51
390,66
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1429,04
554,96
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 25. Final results achieved by using Simpson’s code for angle of incident
wave 60 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,00
6,51
632,74
7249,40
7648,62
749,34
176,99
40,82
0,00
0,00

1-2

0,00

0,04
275,11
34505,70
104113,60
36377,18
7375,10
887,94
125,05
12,30

2-3

0,00

0,00

0,00
239,41
49014,39
104627,03
33052,57
3231,96
308,77
34,16

3-4

0,00

0,00

0,00

0,00
68,23
25909,78
46981,63
10085,41
378,25
0,00

4-5

0,00
0,00
0,00
0,00
0,00
216,91
4777,12
7658,17
373,12
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1381,22
531,04
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 26. Final results achieved by using trapezoidal integration for angle of
incident wave 60 degrees
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Tp [sec]
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]
4-5

Hs [m] 0-1

0,00
7,52
817,99
4875,02
4978,23
527,50
134,20
32,77
0,00
0,00

1-2

0,00

0,04
340,68
25112,96
71931,72
25607,61
5592,21
712,84
104,72
10,62

2-3 3-4
0,00 0,00
0,00 0,00
0,00 0,00
211,34 0,00
30421,78 42,01

72163,05 17114,30
25062,28 37243,87

2594,63 8096,60
258,56 316,73
29,51 0,00

0,00
0,00
0,00
0,00
0,00

141,07
3964,98
6396,54

313,33

0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1191,80
459,85
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 27. Final results achieved by using Simpson's code for angle of incident
wave 90 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kWh/year]
Hs [m] 0-1

4967,59
5012,75

0,00
7,45
836,95

1-2 2-3
0,00 0,00
0,04 0,00

347,39 0,00

25616,11 215,83
71363,30 30884,48

3-4

0,00
0,00
0,00
0,00
42,95

527,79 25622,01 72168,08 17157,10
133,98 5582,94 25020,74 37114,31
711,21 2588,71 8078,13

32,70
0,00
0,00

104,48 257,97
10,60 29,45

316,01
0,00

45

0,00
0,00
0,00
0,00
0,00

142,03
3960,42
6401,76

312,56

0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1197,97
457,00
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 28. Final results achieved by using trapezoidal integration for angle of
incident wave 90 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]
4-5

Hs [m] 0-1

0,00
8,15
714,63
6668,66
6883,36
685,24
165,70
39,01
0,00
0,00

1-2

0,00

0,05
312,80
32478,21
93056,11
33265,33
6904,91
848,51
121,30
12,05

2-3 3-4
0,00 0,00
0,00 0,00
0,00 0,00

241,53 0,00

43916,09 60,77

94773,29  22844,99
30945,33  44310,66
3088,43 9637,53
299,51 366,90
33,47 0,00

0,00
0,00
0,00
0,00
0,00
188,34
4536,56
7465,09
362,45
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1368,98
524,30
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 29. Final results achieved by using Simpson's code for angle of incident
wave 120 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kKWh/year]
34

Hs [m] 0-1

0,00
7,92
680,16
5991,32
6241,81
633,22
155,62
37,08
0,00
0,00

1-2

0,00

0,05
297,69
29345,91
85420,75
30740,06
6484,68
806,58
116,35
11,64

2-3

0,00

0,00

0,00
221,47
39521,02
87321,65
29062,00
2935,84
287,29
32,33

0,00
0,00
0,00
0,00

54,77
20985,58
42038,72

9161,36
351,93

0,00

4-5

0,00
0,00
0,00
0,00
0,00
173,36
4370,85
7174,78
347,78
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1330,10
503,97
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 30. Final results achieved by using trapezoidal integration for angle of
incident wave 120 degrees

Tp [sec]
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1 1-2 2-3 3-4
0,00 0,00 0,00 0,00
7,52 0,04 0,00 0,00

818,17 340,81 0,00 0,00
487742 2512417 21141 0,00
498046 71963,92 3043750 42,03
527,68  25616,67 7218939 1712087
134,24 5593,81 25069,43  37252,99
32,78 713,01  2595,24 8098,53
0,00 104,74 258,61 316,80
0,00 1062 29,51 0,00

4-5

0,00
0,00
0,00
0,00
0,00
141,13
3965,78
6397,89
313,39
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1192,02
459,93
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 31. Final results achieved by using Simpson's code for angle of incident
wave 150 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kWhlyear]

Hs [m] 0-1

0,00
7,46
837,10
4969,76
5014,73
527,96
134,01
32,71
0,00
0,00

1-2

0,00

0,04
347,53
25626,14
69257,55
25630,09
5584,38
711,37
104,50
10,60

2-3

0,00

0,00

0,00
215,89
30898,88
72191,46
25027,17
2589,27
258,01
29,45

34

0,00
0,00
0,00
0,00
42,97

17162
37122

,88
56

8079,87
316,07
0,00

45

0,00
0,00
0,00
0,00
0,00
142,08
3961,15
6402,99
312,62
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1198,17
457,08
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 32. Final results achieved by using trapezoidal integration for angle of
incident wave 150 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1

0,00
6,84
675,21
8068,62
8422,60
811,93
189,08
43,12
0,00
0,00

1-2 2-3 3-4 4-5
0,00 0,00 0,00 0,00
0,04 0,00 0,00 0,00
296,46 0,00 0,00 0,00
3827843 263,33 0,00 0,00
109960,95 54351,29 7549 0,00

39415,61 113529,25 28065,08 233,85
7878,77 35309,83 49738,75  4988,39
937,92 3413,88 10653,11  8004,41
130,92 323,26 395,99 390,49
12,78 35,51 0,00 0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1428,16
554,61
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 33. Final results achieved by using Simpson's code for angle of incident

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

wave 180 degrees

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1

0,00
6,69
637,89
7265,23
7658,24
749,87
177,03
40,82
0,00
0,00

1-2 2-3 3-4 4-5
0,00 0,00 0,00 0,00
0,04 0,00 0,00 0,00

278,55 0,00 0,00 0,00

34591,01 240,22 0,00 0,00

104252,53  49089,20 68,35 0,00
36402,54 104702,92 25930,38 217,09
7376,89 33060,58 46984,05 4776,26
887,82 3231,54 10084,11 7655,10
125,00 308,64 378,09 372,96
12,29 34,14 0,00 0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
0,00
1380,32
530,70
0,00

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Table 34. Final results achieved by using trapezoidal integration for angle of
incident wave 180 degrees

Furthermore, the sum of all the cells that corresponds to the total final power per year

depending on the angle of incidence of Location 1, if we apply Simpson's code is:
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Figure 65. Total amount of Power per year for Location 1 depending on the
angle of incidence achieved by using Simpson’s code

Respectively, the sum of all the cells that corresponds to the total final power per year
depending on the angle of incidence of Location 1, if we apply trapezoid integration
is:

93



600,00
500,00
=
S 400,00 ~ e
N
E
s 300,00
S
3
2 200,00
o
100,00
0,00
0,00 30,00 60,00 90,00 120,00 150,00 180,00

Angle of Incident wave

Figure 66. Total amount of Power per year for Location 1 depending on the
angle of incidence achieved by using trapezoidal integration

Finally, if we compare the two integration methods, we have the following diagram:
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Figure 67. Comparison of two Integration methods



7.2 Location 2

For the Location 2 the calculated absorbed powers received by HAMVAB for every
pair Hs - Tp and for various angles of incidence are the following tables:

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,31
3,65
10,37
15,35
17,15
16,82
15,50
13,86

1-2

0,00
0,08
2,01
28,94
93,33
138,14
154,35
151,42
139,51
124,73

2-3 3-4
0,00 0,00
0,21 0,42
5,45 10,69

61,03 119,62
303,30 628,66
421,30 1060,15
428,75 887,11
420,61 824,40
387,53 759,56
346,48 679,11

45

0,01
0,70
17,67
197,75
1039,22
1949,02
1565,32
1355,60
1250,57
1122,61

5-6

0,01
1,04
26,39
295,40
1552,41
2911,50
2417,36
2024,33
1809,06
1656,65

6-7

0,02
1,45
36,86
412,58
2168,25
4066,48
3380,59
2814,31
2480,15
2200,91

Table 35. Matlab results achieved by using Simpson’s code for angle of incident
wave 0 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,29
3,28
9,40
14,19
16,11
15,99
14,87
13,39

1-2

0,00
0,08
191
26,16
84,64
127,67
144,97
143,95
133,82
120,47

2-3

0,00
0,21
519
55,98
272,99
388,22
402,69
399,86
371,73
334,63

34

0,00
0,41
10,18
109,72
566,73
973,99
841,69
783,73
728,60
655,87

4-5

0,01
0,68
16,82
181,37
936,84
1794,29
1508,21
1302,97
1200,02
1084,20

5-6

0,01
1,02
25,13
270,94
1399,47
2680,35
2360,79
1966,95
1739,02
1601,95

6-7

0,02
1,42
35,10
378,42
1954,63
3743,63
3304,49
2760,17
2380,93
2143,61

Table 36. Matlab results achieved by using trapezoidal integration for angle of

incident wave 0 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,35
2,66
7,49
11,81
13,88
14,13
13,38
12,22

1-2

0,00
0,07
2,19
22,34
67,43
106,27
124,95
127,17
120,41
109,94

2-3

0,00
0,18
591
53,28
209,80
320,57
347,08
353,25
334,46
305,39

3-4

0,01
0,36
11,58
104,43
433,87
793,70
745,33
692,37
655,54
598,57

45

0,01
0,59
19,15
172,63
717,21
1458,99
1367,62
1161,31
1080,84
989,48

5-6

0,01
0,88
28,61
257,88
1071,39
2179,47
2162,56
1762,09
1586,42
1463,39

6-7

0,02
1,23
39,96
360,18
1496,40
3044,06
3028,33
2477,85
2201,78
1963,00

Table 37. Matlab results achieved by using Simpson’s code for angle of incident

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,36
2,71
7,54
11,81
13,86
14,10
13,35
12,19

wave 30 degrees

1-2

0,00
0,06
2,23
22,78
67,89
106,32
124,74
126,87
120,13
109,72

2-3

0,00
0,18
6,02
54,41
212,97
320,58
346,49
352,43
333,69
304,77

3-4

0,00
0,35
11,81
106,64
443,48
795,64
742,71
690,76
654,02
597,34

45

0,01
0,58
19,52
176,28
733,11
1468,80
1366,00
1162,22
1078,15
987,45

5-6

0,01
0,87
29,16
263,34
1095,13
2194,13
2171,27
1771,18
1576,55
1461,31

6-7

0,02
1,22
40,73
367,80
1529,57
3064,53
3041,83
2502,13
2174,75
1969,33

Table 38. Matlab results achieved by using trapezoidal integration for angle of
incident wave 30 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Table 39

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,29
4,39
12,66
18,15
19,53
18,57
16,71
14,69

1-2

0,00
0,06
1,85
33,97
113,90
163,34
175,80
167,12
150,38
132,18

2-3

0,00
0,16
5,04
66,16
374,41
503,59
488,34
464,23
417,72
367,15

3-4

0,00
0,32
9,87
129,67
778,92
1299,56
994,09
909,89
818,73
719,62

4-5

0,01
0,53
16,32
214,35
1287,61
2414,70
1718,53
1451,65
1345,60
1189,58

5-6

0,01
0,79
24,38
320,20
1923,46
3607,15
2615,21
2109,54
1911,52
1752,14

6-7

0,01
1,10
34,05
447,22
2686,49
5038,08
3653,95
2871,09
2580,79
2308,42

. Matlab results achieved by using Simpson's code for angle of incident

wave 60 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1 1-2
0,00 0,00
0,01 0,06
0,27 1,74
3,96 30,69

11,51 103,56
16,76 150,84
18,29 164,60
17,58 158,20
15,95 143,58
14,12 127,07

2-3 3-4
0,00 0,00
0,16 0,32
4,73 9,26

60,34 118,27
338,11 705,04
464,41 1200,60
457,22 939,03
439,43 861,29
398,83 781,71
352,97 691,82

45

0,01
0,52
15,31
195,50
1165,48
2241,36
1645,45
1388,32
1285,20
1143,62

5-6

0,01
0,78
22,87
292,05
1741,03
3348,21
2534,47
2038,94
1829,14
1686,54

6-7

0,01
1,09
31,94
407,90
2431,68
4676,42
3544,07
2801,14
2467,18
2237,89

Table 40. Matlab results achieved by using trapezoidal integration for angle of
incident wave 60 degrees

Tp [sec]
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m] 0-1

0,00
0,01
0,35
2,66
7,49
11,80
13,87
14,11
13,36
12,20

Absorbed Power from Matlab Code [kW]

1-2

0,00
0,06
2,15
22,33
67,40
106,18
124,81
127,00
120,23
109,77

2-3

0,00
0,18
5,82
53,26
209,85
320,31
346,69
352,78
333,97
304,92

3-4

0,00
0,35
11,41
104,40
434,12
793,04
744,40
691,45
654,58
597,64

45

0,01
0,58

18,85
172,58
717,62
1457,75
1365,71
1159,61
1079,24

987,94

5-6

0,01
0,86
28,16
257,80
1072,00
2177,63
2159,36
1759,32
1583,92
1461,11

6-7

0,01
1,20
39,34
360,06
1497,26
3041,48
3023,84
2473,75
2198,13
1959,83

Table 41. Matlab results achieved by using Simpson’s code for angle of incident
wave 90 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]
Hs [m] 0-1

0,00
0,01
0,36
2,71
7,54
11,80
13,84
14,08
13,33
12,17

1-2

0,00
0,06
2,20
22,78
67,87
106,24
124,60
126,71
119,95
109,55

2-3

0,00
0,18
5,93
54,40
213,04
320,33
346,11
351,97
333,21
304,30

34

0,00
0,35
11,63
106,62
443,78
795,02
741,81
689,87
653,08
596,43

45

0,01
0,57
19,22
176,24
733,60
1467,65
1364,14
1160,55
1076,59
985,94

5-6

0,01
0,85
28,71
263,28
1095,87
2192,41
2168,13
1768,43
1574,12
1459,06

6-7

0,01
1,19
40,10
367,72
1530,60
3062,13
3037,41
2498,04
2171,21
1966,18

Table 42. Matlab results achieved by using trapezoidal integration for angle of
incident wave 90 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

0-1

0,00
0,01
0,30
3,64
10,35
15,33
17,12
16,80
15,47
13,84

Absorbed Power from Matlab Code [kW]

1-2 2-3
0,00 0,00
0,07 0,21
1,98 5,37

28,88 60,87

93,19 302,94
137,94 420,67
154,11 428,07
151,17 419,92
139,27 386,87
124,52 345,89

3-4

0,00
0,41
10,53
119,31
627,97
1058,59
885,64
823,04
758,27
677,94

45

0,01
0,67
17,41

197,23
1038,07
1946,14
1562,59
1353,32
1248,44
1120,67

5-6

0,01
1,00
26,01
294,63
1550,70
2907,20
2413,05
2020,88
1805,92
1653,79

6-7

0,01
1,40
36,33
411,51
2165,85
4060,47
3374,55
2809,45
2475,76
2197,06

Table 43. Matlab results achieved by using Simpson’s code for angle of incident
wave 120 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kKW]

0-1

0,00
0,01
0,29
3,27
9,39
14,16
16,08
15,97
14,84
13,36

1-2

0,00
0,07
1,88
26,10
84,51
127,47
144,73
143,70
133,59
120,25

2-3

0,00
0,20
511
55,82
272,62
387,60
402,02
399,17
371,08
334,04

34

0,00
0,40
10,02
109,40
566,01
972,43
840,23
782,38
727,31
654,71

4-5

0,01
0,66
16,57
180,85
935,64
1791,37
1505,52
1300,69
1197,90
1082,28

5-6

0,01
0,98
24,75
270,16
1397,69
2676,00
2356,51
1963,48
173591
1599,10

6-7

0,01
1,37
34,57
377,33
1952,14
3737,55
3298,50
2755,27
2376,61
2139,75

Table 44. Matlab results achieved by using trapezoidal integration for angle of
incident wave 120 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

0-1

0,00
0,01
0,35
2,66
7,49
11,80
13,87
14,11
13,36
12,20

Absorbed Power from Matlab Code [kW]

1-

2 2-3
0,00 0,00
0,06 0,18
2,16 5,82

22,34 53,28
67,43 209,96

106,22 320,43
124,84 346,79
127,03 352,86
120,25 334,04
109,79 304,97

34

0,00
0,35
11,41
104,43
434,35
793,34
744,58
691,61
654,71
597,75

45

0,01
0,58
18,86
172,64
718,01
1458,31
1365,99
1159,85
1079,46
988,12

5-6

0,01
0,86
28,18
257,89
1072,58
2178,47
2159,75
1759,65
1584,21
1461,36

6-7

0,01
1,20
39,35
360,19
1498,06
3042,66
3024,37
247417
2198,51
1960,15

Table 45. Matlab results achieved by using Simpson’s code for angle of incident
wave 150 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,36
2,71
7,54
11,81
13,85
14,08
13,33
12,17

1-2

0,00
0,06
2,20
22,79
67,89
106,28
124,63
126,74
119,98
109,57

2-3

0,00
0,18
5,94
54,41
213,14
320,44
346,20
352,05
333,27
304,35

34

0,00
0,35
11,63
106,65
444,00
795,29
741,97
690,02
653,21
596,53

45

0,01
0,57
19,23
176,29
733,96
1468,14
1364,40
1160,78
1076,79
986,10

5-6

0,01
0,85
28,73
263,35
1096,41
2193,15
2168,48
1768,73
1574,38
1459,30

6-7

0,01
1,19
40,12
367,82
1531,35
3063,16
3037,90
2498,43
2171,55
1966,48

Table 46. Matlab results achieved by using trapezoidal integration for angle of
incident wave 150 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,29
4,40
12,67
18,16
19,54
18,57
16,70
14,68

1-2

0,00
0,06
1,87
34,04
114,03
163,44
175,84
167,10
150,32
132,09

2-3

0,00
0,17
5,10
66,37
374,92
503,92
488,44
464,17
417,55
366,92

34

0,00
0,33
9,99
130,08
780,09
1300,47
994,13
909,77
818,39
719,17

45

0,01
0,54
16,51
215,03
1289,54
2416,45
1718,22
1451,09
1345,02
1188,83

5-6

0,01
0,81
24,67
321,22
1926,35
3609,75
2614,36
2108,23
1910,31
1751,00

6-7

0,01
1,14
34,46
448,64
2690,53
5041,72
3652,73
2868,77
2578,69
2306,63

Table 47. Matlab results achieved by using Simpson’s code for angle of incident
wave 180 degrees

Tp [sec]

2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12

Absorbed Power from Matlab Code [kW]

Hs [m] 0-1

0,00
0,01
0,27
3,96
11,52
16,77
18,29
17,58
15,95
14,11

1-2

0,00
0,06
1,76
30,76
103,69
150,95
164,64
158,18
143,52
126,99

2-3

0,00
0,17
4,79
60,54
338,62
464,75
457,33
439,38
398,66
352,74

34

0,00
0,33
9,38
118,67
706,23
1201,56
939,08
861,18
781,38
691,38

45

0,01
0,54
15,51
196,16
1167,45
2243,22
1645,16
1387,77
1284,64
1142,89

5-6

0,01
0,80
23,16
293,03
1743,96
3350,98
2533,60
2037,62
1827,96
1685,41

6-7

0,01
1,12
32,35
409,27
2435,78
4680,29
3542,83
2798,78
2465,16
2236,10

Table 48. Matlab results achieved by using trapezoidal integration for angle of
incident wave 180 degrees
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After that, we have the final absorbed power of every cell/pair Hs - Tp for location 2

per year.

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1

0,01
20,61
644,75
4794,25
7648,76
2333,61
838,14
164,45
9,00
0,00

1-2

0,00
0,22
380,88
19268,87
66869,95
44959,44
16624,97
2388,54
324,02
0,00

2-3 3-4
0,00 0,00
0,00 0,00
0,00 0,00
342,57 0,00
43469,55 0,00

97400,95 23801,97
45350,62 56231,59
9321,33 26487,22
1200,09 2572,70
0,00 131,44

45

0,00

0,00

0,00

0,00

0,00
377,23
8634,48
28598,81
6293,19
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
233,94
3134,45
5952,40
480,96

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1920,11
638,97

Table 49. Final results achieved by using Simpson's code for angle of incident
wave 0 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1

0,01
20,04
613,89
4308,32
6937,02
2156,73
787,20
156,33
8,63
0,00

1-2

0,00

0,21
362,75
17414,90
60647,53
41551,65
15614,69
2270,70
310,82
0,00

2-3 3-4
0,00 0,00
0,00 0,00
0,00 0,00

314,21 0,00

39125,85 0,00

89754,33 21867,75
42594,73 53352,38
8861,47 25180,51
1151,17  2467,82
0,00 126,94

4-5

0,00

0,00

0,00

0,00

0,00
347,28
8319,47
27488,45
6038,81
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
228,46
3045,60
5721,94
465,08

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1843,30
622,34

Table 50. Final results achieved by using trapezoidal integration for angle of

incident wave 0 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,01
18,89
736,23
3499,48
5526,14
1795,19
678,48
138,11
7,77
0,00

1-2

0,00

0,18
415,17
14873,73
48312,72
34586,26
13458,17
2006,00
279,65
0,00

2-3

0,00

0,00

0,00
299,06
30069,51
74114,76
36712,03
7828,44
1035,75
0,00

34

0,00

0,00

0,00

0,00

0,00
17819,90
47244,50
22245,08
2220,39
115,85

4.5

0,00

0,00

0,00

0,00

0,00
282,38
7543,97
24499,82
5439,08
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
209,28
2728,40
5219,84
424,86

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1704,60
569,90

Table 51. Final results achieved by using Simpson’s code for angle of incident
wave 30 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,01
18,70
753,09
3565,57
5564,03
1796,09
677,33
137,79
7,75
0,00

1-2

0,00

0,18
423,28
15170,19
48644,00
34603,56
13435,21
2001,34
279,00
0,00

2-3

0,00

0,00

0,00
305,39
30524,00
74115,34
36649,40
7810,28
1033,35
0,00

34

0,00

0,00

0,00

0,00

0,00
17863,36
47078,09
22193,48
2215,24
115,62

4-5

0,00

0,00

0,00

0,00

0,00
284,28
7535,03
24519,08
5425,54
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
210,12
274247
5187,37
424,25

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1683,68
571,74

Table 52. Final results achieved by using trapezoidal integration for angle of

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

incident wave 30 degrees

Absorbed Power from Matlab Code [kWh/year]

Hs [m] 0-1
0,01
16,20
599,75
5779,28
9335,23
2759,16
954,62
181,50
9,70
0,00

1-2

0,00

0,16
351,84
22614,35
81614,04
53158,24
18935,57
2636,23
349,27
0,00

2-3

0,00

0,00

0,00
371,33
53660,88
116427,57
51653,63
10287,93
1293,58
0,00

34

0,00

0,00

0,00

0,00

0,00
29177,25
63012,79
29233,89
2773,10
139,28

45

0,00

0,00

0,00

0,00

0,00
467,36
9479,61
30625,23
6771,41
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
253,08
3266,39
6289,51
508,69

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1998,03
670,19

Table 53. Final results achieved by using Simpson's code for angle of incident
wave 60 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWhlyear]

0-1

0,01
15,82
566,42
5202,86
8487,09
2548,09
893,79
171,80
9,26
0,00

1-2

0,00

0,16
330,34
20431,98
74199,09
49091,68
17728,92
2495,41
333,47
0,00

2-3

0,00

0,00

0,00
338,68
48458,15
107368,55
48362,05
9738,40
1235,09
0,00

3-4

0,00

0,00

0,00

0,00

0,00
26955,47
59522,18
27672,37
2647,72
133,90

4-5

0,00

0,00

0,00

0,00

0,00
433,81
9076,54
29289,16
6467,47
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
245,27
3157,07
6018,46
489,64

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1910,08
649,71

Table 54. Final results achieved by using trapezoidal integration for angle of

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

incident wave 60 degrees

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
18,27
732,26
3498,78
5523,96
1793,72
677,72
137,92
7,76
0,00

1-2

0,00

0,18
409,06
14870,23
48293,66
34557,94
13443,04
2003,33
279,24
0,00

2-3

0,00

0,00

0,00
298,97
30076,54
74053,92
36670,78
7818,02
1034,23
0,00

3-4

0,00

0,00

0,00

0,00

0,00
17805,01
47185,17
22215,47
2217,13
115,67

4-5

0,00

0,00

0,00

0,00

0,00
282,15
7533,46
24463,98
5431,04
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
208,97
272411
5211,61
424,19

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1701,78
568,98

Table 55. Final results achieved by using Simpson's code for angle of incident
wave 90 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
18,11
749,22
3565,22
5562,26
1794,73
676,60
137,61
7,74
0,00

1-2

0,00

0,18
417,12
15168,16
48628,55
34577,37
13420,77
1998,75
278,60
0,00

2-3

0,00

0,00

0,00
305,32
30533,99
74059,08
36610,00
7800,18
1031,86
0,00

3-4

0,00

0,00

0,00

0,00

0,00
17849,54
47021,03
22164,78
2212,06
115,44

4-5

0,00

0,00

0,00

0,00

0,00
284,06
7524,79
24483,93
5417,69
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
209,82
2738,21
5179,35
423,60

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1680,94
570,83

Table 56. Final results achieved by using trapezoidal integration for angle of

incident wave 90 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
19,81
639,73
4786,07
7637,93
2330,12
836,81
164,17
8,99
0,00

1-2

0,00

0,21
375,59
19231,44
66775,29
44892,17
16598,63
2384,59
323,47
0,00

2-3

0,00

0,00

0,00
341,68
43417,71
97256,61
45278,77
9305,93
1198,05
0,00

34

0,00

0,00

0,00

0,00

0,00
23766,99
56138,27
26443,47
2568,33
131,21

4.5

0,00

0,00

0,00

0,00

0,00
376,67
8619,47
28550,68
6282,48
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
233,52
3129,10
5942,06
480,13

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1916,72
637,86

Table 57. Final results achieved by using Simpson's code for angle of incident
wave 120 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
19,24
608,87
4299,94
6926,05
2153,23
785,88
156,06
8,62
0,00

1-2

0,00

0,20
357,45
17376,70
60551,61
41484,28
15588,43
2266,78
310,27
0,00

2-3

0,00

0,00

0,00
313,30
39072,52
89609,71
42523,11
8846,15
1149,14
0,00

34

0,00

0,00

0,00

0,00

0,00
21832,53
53259,89
25136,96
2463,48
126,72

4-5

0,00

0,00

0,00

0,00

0,00
346,72
8304,62
27440,37
6028,15
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
228,05
3040,22
5711,69
464,26

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1839,96
621,22

Table 58. Final results achieved by using trapezoidal integration for angle of

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

incident wave 120 degrees

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
18,28
732,42
3500,50
5526,43
1794,35
677,91
137,96
7,76
0,00

1-2

0,00

0,18
409,22
14876,86
48315,27
34570,16
13446,88
2003,80
279,30
0,00

2-3

0,00

0,00

0,00
299,07
30092,08
74080,95
36681,24
7819,88
1034,44
0,00

3-4

0,00

0,00

0,00

0,00

0,00
17811,85
47196,72
22220,76
2217,58
115,69

45

0,00

0,00

0,00

0,00

0,00
282,25
7534,99
24469,11
5432,13
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
209,01
2724,62
5212,58
424,27

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1702,07
569,08

Table 59. Final results achieved by using Simpson’s code for angle of incident
wave 150 degrees
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Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
18,12
749,36
3566,77
5564,46
1795,30
676,77
137,64
7,74
0,00

1-2

0,00

0,18
417,29
15174,10
48647,82
34588,28
13424,21
1999,19
278,66
0,00

2-3

0,00

0,00

0,00
305,41
30548,23
74083,07
36619,40
7801,87
1032,06
0,00

34

0,00

0,00

0,00

0,00

0,00
17855,55
47031,49
22169,57
2212,47
115,46

4.5

0,00

0,00

0,00

0,00

0,00
284,16
7526,19
24488,61
5418,69
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
209,85
2738,68
5180,23
423,67

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1681,20
570,91

Table 60. Final results achieved by using trapezoidal integration for angle of

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

incident wave 150 degrees

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
16,62
604,44
5790,81
9345,91
2760,92
954,83
181,47
9,70
0,00

1-2

0,00

0,17
355,97
22665,94
81707,47
53192,09
18939,68
2635,88
349,12
0,00

2-3

0,00

0,00

0,00
372,51
53734,49
116504,03
51664,85
10286,57
1293,04
0,00

3-4

0,00

0,00

0,00

0,00

0,00
29197,75
63015,24
29230,03
2771,96
139,19

4-5

0,00

0,00

0,00

0,00

0,00
467,70
9477,94
30613,36
6768,50
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
253,00
3264,36
6285,53
508,35

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1996,41
669,67

Table 61. Final results achieved by using Simpson's code for angle of incident
wave 180 degrees

Tp [sec]
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12

Hs [m]

Absorbed Power from Matlab Code [kWh/year]

0-1

0,01
16,26
571,03
5214,22
8497,75
2549,87
894,01
171,78
9,26
0,00

1-2

0,00

0,17
334,47
20482,50
74292,36
49125,91
17733,21
2495,09
333,33
0,00

2-3

0,00

0,00

0,00
339,83
48532,12
107446,43
48373,77
9737,15
1234,57
0,00

34

0,00

0,00

0,00

0,00

0,00
26976,90
59525,25
27668,80
2646,61
133,82

45

0,00

0,00

0,00

0,00

0,00
434,17
9074,90
29277,41
6464,62
0,00

5-6

0,00
0,00
0,00
0,00
0,00
0,00
245,19
3155,03
6014,58
489,31

6-7

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1908,51
649,19

Table 62. Final results achieved by using trapezoidal integration for angle of

incident wave 180 degrees
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Furthermore, the sum of all the cells that corresponds to the total final power per year
depending on the angle of incidence of Location 2, if we apply Simpson's code is:

700,00

»

600,00 AN
500,00 [ / \ P /
\/ \/

Power (MWh/year)

0,00 30,00 60,00 90,00 120,00 150,00 180,00
Angle of Incident wave

Figure 68. Total amount of Power per year for Location 2 depending on the
angle of incidence achieved by using Simpson’s code

Respectively, the sum of all the cells that corresponds to the total final power per year
depending on the angle of incidence of Location 2, if we apply trapezoid integration
is:
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Angle of Incident wave

Figure 69. Total amount of Power per year for Location 2 depending on the
angle of incidence achieved by using trapezoidal integration

Finally, if we compare the two integration methods, we have the following diagram:

=¢=—Simpson's rule  =ll=Trapezoidal integration
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Figure 70. Comparison of two Integration methods
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7.3 Location 3

For the Location 3 the calculated absorbed powers received by HAMVAB for every
pair Hs - Tp and for various angles of incidence are the following tables:

Hs [m]
Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

0-1

0,03

0,46

3,49

9,66
15,70
19,78
21,74
22,10
21,45
20,29
18,91
17,46
16,06
14,77
13,60

1-2

0,19
3,46
29,03
86,96
141,27
177,99
195,65
198,86
193,08
182,65
170,16
157,12
144,54
132,95
122,44

Absorbed Power from Matlab Code [kW]

2-3

0,54
9,51
68,96
276,65
419,06
494,42
543,47
552,39
536,33
507,37
472,68
436,45
401,50
369,31
340,11

3-4

1,06
18,64
135,17
571,26
987,12
1041,48
1065,19
1082,68
1051,21
994,45
926,45
855,43
786,94
723,84
666,62

45

1,75
30,81
223,44
944,33
1764,22
1878,61
1857,85
1793,22
1737,72
1643,89
1531,48
1414,08
1300,87
1196,56
1101,97

5-6

2,62
46,03
333,78
1410,66
2635,44
2946,26
2913,40
2754,82
2589,06
2455,69
2287,76
2112,40
1943,27
1787,45
1646,15

6-7

3,66
64,29
466,19
1970,27
3680,91
412411
4197,85
3967,15
3584,70
3415,36
3195,30
2950,37
2714,16
2496,52
2299,16

7-8

4,87
85,60
620,67
2623,14
4900,61
5490,68
5636,11
5419,74
4741,49
4503,61
4228,78
3928,01
3613,52
3323,76
3061,02

8-9

6,25
109,94
797,22

3369,27
6294,57
7052,48
7239,27
7087,11
6044,25
5772,16
5303,15
5030,08
4641,37
4269,19
3931,70

Table 63. Matlab results achieved by using Simpson’s code for angle of incident
wave 0 degrees

Hs [m]
Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

0-1

0,03

0,45

3,20

8,91
14,79
18,96
21,09
21,60
21,09
20,01
18,69
17,30
15,95
14,68
13,51

1-2

0,19
3,35
26,89
80,20
133,10
170,67
189,82
194,43
189,78
180,10
168,20
155,71
143,54
132,10
121,59

Absorbed Power from Matlab Code [kW]

2-3

0,53
9,19
65,16
253,77
392,86
474,08
527,27
540,07
527,16
500,29
467,22
432,53
398,71
366,95
337,75

34

1,04
18,02
127,72
525,39
915,40
1006,38
1033,44
1058,55
1033,23
980,56
915,74
847,75
781,47
719,23
661,98

45

1,72
29,79
211,13
868,50
1631,18
1838,49
1821,98
1753,46
1707,99
1620,92
1513,78
1401,39
1291,82
1188,93
1094,30

5-6

2,57
44,50
315,38
1297,39
2436,70
2917,19
2888,77
2689,42
2548,19
2421,38
2261,33
2093,43
1929,76
1776,05
1634,70

6-7

3,58
62,15
440,50
1812,06
3403,32
4086,70
4202,59
3853,04
3557,06
3365,31
3158,38
2923,89
2695,29
2480,60
2283,17

7-8

4,77
82,74
586,46
2412,50
4531,05
5440,87
5665,02
5228,32
4752,18
4418,76
4182,23
3892,75
3588,40
3302,58
3039,73

8-9

Table 64. Matlab results achieved by using trapezoidal integration for angle of
incident wave 0 degrees
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9-10

7,81
137,33
995,83

4208,67
7862,76
8809,50
9042,82
8853,31
7472,88
7218,77
6500,19
6092,71
5797,69
5332,80
4911,23

9-10

6,13 7,66
106,28 132,75
753,27 940,94

3098,73 3870,73
5819,88 7269,81
6988,49 8729,57
7276,40 9089,21
6787,21 8478,38
6123,28 7652,95
5629,94 6992,99
5259,74 6467,11
4987,00 6072,62
4609,10 5757,39
4241,98 5298,80
3904,36 4877,07



Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Table 65. Matlab

Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

Hs [m]

0-1

0,03

0,59

3,06

7,82
13,17
17,24
19,49
20,22
19,94
19,09
17,95
16,70
15,46
14,29
13,21

1-2

0,16
4,02
27,32
70,40
118,53
155,15
175,43
182,02
179,48
171,82
161,58
150,30
139,10
128,59
118,91

Absorbed Power from Matlab Code [kW]

2-3

0,44
10,94
73,91

218,86

346,28

430,98

487,30

505,60

498,55

477,29

448,82

417,51

386,40

357,18

330,31

34

0,87
21,44
144,87
455,04
789,91
926,89
955,10
990,97
977,15
935,48
879,69
818,32
757,34
700,08
647,40

45

1,44
35,45
239,47
752,21
1398,53
1708,32
1683,07
1642,88
1615,29
1546,40
1454,19
1352,73
1251,93
1157,27
1070,20

5-6

2,15
52,95
357,73
1123,67
2089,16
2713,58
2658,84
254721
2410,45
2310,06
2172,31
2020,74
1870,17
1728,77
1598,69

6-7

3,00
73,96
499,64
1569,42
2917,92
3801,13
3849,47
3694,48
3359,59
3217,63
3034,05
2822,36
2612,06
2414,56
2232,89

7-8

4,00
98,46
665,21
2089,47
3884,80
5060,68
5176,95
5075,19
4467,73
4266,67
4018,75
3757,58
3477,59
3214,65
2972,78

8-9

5,13
126,47
854,42

2683,81
4989,81
6500,17
6649,50
6665,17
5720,41
5495,43
5058,69
4813,03
4466,77
4129,04
3818,37

results achieved by using Simpson's code for angle of incident

0-1

0,03

0,61

3,12

7,87
13,17
17,21
19,46
20,19
19,92
19,07
17,93
16,69
15,46
14,29
13,19

1-2

0,16
4,09
27,88
70,81
118,50
154,88
175,10
181,72
179,27
171,59
161,37
150,24
139,15
128,57
118,72

wave 30 degrees

Absorbed Power from Matlab Code [kW]

2-3

0,44
11,12
75,49

222,17
345,51
430,22
486,38
504,79
497,96
476,64
448,25
417,34
386,53
357,13
329,77

3-4

0,86
21,80
147,96
464,87
785,16
924,53
953,30
989,39
976,00
934,22
878,57
817,99
757,59
699,97
646,36

4-5

1,43
36,04
244,59
768,45
1390,05
1710,13
1688,27
1639,77
1613,39
1544,32
1452,33
1352,19
1252,34
1157,09
1068,46

5-6

2,13
53,84
365,38
1147,93
2076,49
2732,94
2684,99
2527,97
2409,83
2306,95
2169,53
2019,94
1870,78
1728,49
1596,10

6-7

2,97
75,20
510,32
1603,31
2900,22
3830,08
3913,60
3636,13
3380,58
3209,75
3030,17
2821,24
2612,91
2414,17
2229,27

7-8

3,96
100,12
679,43

2134,59
3861,24
5099,22
5278,86
4949,23
4534,97
4231,43
4015,18
3756,09
3478,73
3214,14
2967,96

8-9

5,08
128,60
872,68

2741,76
4959,55
6549,67
6780,41
6440,51
5863,27
5410,15
5065,00
4812,94
4468,24
4128,38
3812,18

Table 66. Matlab results achieved by using trapezoidal integration for angle of
incident wave 30 degrees
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9-10

6,41
157,98
1067,29
3352,44
6232,95
8119,58
8306,13
8326,37
7098,23
6902,06
6221,33
5845,06
5579,60
5157,72
4769,65

9-10

6,35
160,64
1090,10
3424,82
6195,14
8181,42
8469,65
8045,38
7348,61
6740,34
6244,63
5873,82
5581,43
5156,90
4761,92



Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,37

3,91
11,26
17,57
21,14
22,48
22,40
21,51
20,22
18,78
17,32
15,93
14,65
13,50

1-2

0,15
291
30,99
101,31
158,11
190,25
202,36
201,62
193,57
182,02
169,06
155,89
143,35
131,87
121,49

Absorbed Power from Matlab Code [kW]

2-3

0,41
8,01
64,45
328,13
476,22
528,47
562,12
560,05
537,69
505,60
469,61
433,03
398,20
366,30
337,47

34

0,81
15,70
126,33
682,24
1164,59
1098,89
1101,76
1097,69
1053,86
990,98
920,44
848,75
780,47
717,95
661,43

4-5

1,34
25,95
208,83
1127,79
2116,23
1951,28
1869,23
1815,30
1742,10
1638,15
1521,54
1403,03
1290,17
1186,82
1093,39

5-6

2,00
38,77
311,95
1684,72
3161,28
3027,07
2865,76
2747,99
2592,38
244711
2272,92
2095,88
1927,28
1772,91
1633,33

6-7

2,79
54,15
435,70
2353,04
4415,34
4234,43
4062,43
3913,69
3571,03
3402,07
3174,57
2927,31
2691,83
2476,21
2281,27

7-8

3,72
72,10
580,07
3132,75
5878,42
5637,55
5421,66
5302,26
4704,40
4479,79
4201,12
3897,30
3583,79
3296,73
3037,19

8-9

4,77
92,60
745,07
4023,84
7550,50
7241,12
6963,82
6889,56
5977,75
5735,07
5267,28
4990,86
4603,18
4234,46
3901,10

Table 67. Matlab results achieved by using Simpson’s code for angle of incident

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,36

3,59
10,37
16,48
20,16
21,71
21,81
21,07
19,88
18,52
17,13
15,79
14,54
13,39

1-2

0,15
2,77
28,57
93,32
148,35
181,48
195,36
196,29
189,59
178,95
166,70
154,18
142,11
130,84
120,49

wave 60 degrees

Absorbed Power from Matlab Code [kW]

2-3

0,41
7,61
60,34
301,37
445,04
504,10
542,67
545,25
526,63
497,09
463,07
428,28
394,76
363,44
334,69

34

0,80
14,92
118,27
629,42
1081,07
1056,13
1063,64
1068,69
1032,20
974,31
907,61
839,43
773,73
712,34
656,00

45

1,32
24,66
195,51
1040,47
1964,19
1898,58
1824,67
1767,61
1706,29
1610,59
1500,34
1387,64
1279,02
1177,54
1084,40

5-6

1,98
36,84
292,05
1554,29
2934,16
2979,06
2829,69
2672,86
2542,72
2405,94
2241,25
2072,89
1910,63
1759,03
1619,91

6-7

2,76
51,45
407,91
2170,86
4098,12
4170,54
4052,04
3789,04
3532,62
3342,71
3130,34
2895,19
2668,57
2456,83
2262,52

7-8

3,68
68,50
543,07
2890,20
5456,08
5552,49
5430,61
5100,86
4701,97
4383,88
4145,10
3854,55
3552,83
3270,93
3012,22

8-9

4,72
87,99
697,54
3712,30
7008,03
7131,87
6975,31
6581,86
6040,79
5580,18
5213,11
4938,23
4563,42
4201,33
3869,04

Table 68. Matlab results achieved by using trapezoidal integration for angle of
incident wave 60 degrees
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9-10

5,96
115,68
930,69

5026,32
9431,59
9045,13
8698,75
8606,30
7371,61
7165,76
6455,05
6046,45
5750,00
5289,41
4873,00

9-10

5,90
109,91
871,33

4637,17
8753,98
8908,67
8713,11
8221,67
7532,23
6925,87
6410,03
6015,42
5700,32
5248,03
4832,95



Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,59

3,05

7,81
13,15
17,20
19,45
20,18
19,90
19,05
17,92
16,67
15,43
14,26
13,19

1-2

0,16
3,94
27,25
70,28
118,31
154,83
175,05
181,61
179,08
171,45
161,24
150,00
138,84
128,35
118,71

Absorbed Power from Matlab Code [kW]

2-3

0,43
10,69
73,70

218,61

345,65

430,10

486,24

504,48

497,44

476,25

447,88

416,67

385,66

356,53

329,74

34

0,85

20,95
144,45
454,65
788,54
924,95
953,02
988,77
974,99
933,45
877,85
816,67
755,89
698,80
646,29

45

1,40
34,64
238,78
751,57
1396,18
1704,65
1679,26
1639,22
1611,72
1543,05
1451,13
1350,00
1249,52
1155,16
1068,35

5-6

2,10
51,74
356,70
1122,71
2085,65
2707,65
2652,62
2541,37
2405,09
2305,05
2167,74
2016,67
1866,57
1725,61
1595,94

6-7

2,93
72,27
498,20
1568,09
2913,01
3792,83
3840,27
3685,82
3352,05
3210,65
3027,67
2816,67
2607,03
2410,15
2229,04

7-8

3,90
96,22
663,29
2087,69
3878,27
5049,63
5164,47
5063,11
4457,63
4257,44
4010,32
3750,00
3470,90
3208,78
2967,65

8-9

5,01
123,59
851,95

2681,52
4981,42
6485,97
6633,47
6649,11
5707,39
5483,58
5048,17
4803,33
4458,18
4121,50
3811,78

Table 69. Matlab results achieved by using Simpson’s code for angle of incident

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,60

3,11

7,86
13,14
17,17
19,41
20,15
19,87
19,02
17,89
16,66
15,43
14,26
13,17

1-2

0,15
4,00
27,81
70,70
118,28
154,57
174,72
181,33
178,87
171,22
161,03
149,94
138,88
128,33
118,51

wave 90 degrees

Absorbed Power from Matlab Code [kW]

2-3

043
10,87
75,30

221,94

344,91

429,36

485,34

503,68

496,87

475,62

447,31

416,51

385,79

356,48

329,21

34

0,84
21,31
147,58
464,53
783,86
922,63
951,26
987,22
973,86
932,21
876,74
816,35
756,14
698,70
645,24

45

1,39
35,23
243,96
767,89
1387,82
1706,51
1684,49
1636,16
1609,85
1541,00
1449,30
1349,48
1249,95
1154,99
1066,63

5-6

2,08
52,63
364,43
1147,09
2073,16
2727,05
2678,76
2522,22
2404,53
2301,98
2165,00
2015,89
1867,20
1725,35
1593,36

6-7

2,91
73,50
509,00
1602,14
2895,57
3821,83
3904,29
3627,68
3373,05
3202,84
3023,84
2815,58
2607,91
2409,79
2225,43

7-8

3,87
97,86
677,66
2133,02
3855,05
5088,23
5266,19
4937,54
4524,78
4222,32
4006,81
3748,55
3472,07
3208,30
2962,85

8-9

4,97
125,69
870,41

2739,75
4951,60
6535,55
6764,13
6425,10
5849,99
5398,52
5054,54
4803,30
4459,69
4120,88
3805,62

Table 70. Matlab results achieved by using trapezoidal integration for angle of
incident wave 90 degrees

110

9-10

6,26
154,38
1064,20
3349,58
6222,46
8101,85
8286,10
8306,30
7082,00
6887,22
6208,49
5833,45
5568,87
5148,31
4761,43

9-10

6,21
157,01
1087,26
3422,32
6185,22
8163,78
8449,31
8026,13
7331,87
6725,87
6231,85
5862,23
5570,75
5147,53
4753,73



Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,45

3,48

9,64
15,67
19,74
21,70
22,06
21,41
20,26
18,87
17,43
16,03
14,75
13,58

Absorbed Power from Matlab Code [kW]

1-2 2-3
0,19 0,52
3,39 9,32

28,93 68,65

86,79 276,19
141,02 418,33
177,68 493,54
195,30 542,50
198,50 551,39
192,73 535,37
182,33 506,47
169,87 471,86
156,86 435,71
144,31 400,85
132,74 368,73
122,26 339,61

3-4

1,02
18,26
134,56
570,37
985,44
1039,62
1063,29
1080,73
1049,33
992,69
924,84
853,99
785,67
722,71
665,63

45

1,69
30,19
222,43
942,86
1761,24
1875,23
1854,56
1789,99
1734,60
1640,97
1528,82
1411,70
1298,75
1194,69
1100,33

5-6

2,53
45,10
332,27
1408,48
2630,99
2940,96
2908,27
2749,81
2584,40
2451,33
2283,79
2108,83
1940,11
1784,66
1643,70

6-7

3,53
62,98
464,08
1967,21
3674,68
4116,69
4190,50
3959,87
3578,19
3409,29
3189,75
2945,39
2709,74
2492,63
2295,75

7-8

4,70
83,86
617,86
2619,07
4892,33
5480,79
5626,26
5409,71
4732,80
4495,57
4221,44
3921,38
3607,65
3318,59
3056,47

8-9

6,03
107,71
793,61

3364,05
6283,92
7039,78
7226,61
7073,91
6033,08
5761,80
5293,95
5021,60
4633,82
4262,54
3925,87

Table 71. Matlab results achieved by using Simpson's code for angle of incident
wave 120 degrees

Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1 1-2
0,03 0,18
0,44 3,28
3,19 26,79
8,89 80,03

14,76 132,85
18,93 170,36
21,05 189,47
21,56 194,07
21,05 189,43
19,98 179,78
18,66 167,90
17,27 155,45
15,92 143,30
14,66 131,90
13,49 121,41

Absorbed Power from Matlab Code [kW]

2-3

34

0,51 1,00
9,00 17,64

64,85 127,10
253,31 524,48
392,13 913,73
473,22 1004,54
526,30 1031,55
539,09 1056,61
526,20 1031,35
499,39 978,80
466,40 914,14
431,79 846,32
398,06 780,20
366,38 718,10
337,24 661,00

4-5

1,66
29,16
210,11
867,00
1628,21
1835,15
1818,69
1750,26
1704,89
1618,02
1511,13
1399,01
1289,71
1187,07
1092,67

5-6

2,47
43,56
313,87
1295,14
2432,26
2911,93
2883,60
2684,47
2543,55
2417,04
2257,37
2089,88
1926,61
1773,28
1632,26

6-7

3,45
60,84
438,38
1808,92
3397,12
4079,33
4195,12
3845,90
3550,51
3359,27
3152,85
2918,93
2690,89
2476,72
2279,77

7-8

4,60
81,00
583,64
2408,33
4522,80
5431,05
5654,97
5218,58
4743,36
4410,80
4174,92
3886,14
3582,54
3297,41
3035,19

8-9

591
104,04
749,65

3093,36
5809,28
6975,89
7263,49
6774,51
6111,84
5619,77
5250,57
4978,55
4601,58
4235,34
3898,54

Table 72. Matlab results achieved by using trapezoidal integration for angle of
incident wave 120 degrees

111

9-10

7,54
134,54
991,33

4202,15
7849,47
8793,63
9027,02
8836,82
7459,00
7205,77
6488,92
6082,53
5788,27
5324,49
4903,94

9-10

7,38
129,96
936,41

3864,03
7256,58
8713,83
9073,08
8462,52
7638,57
6980,31
6455,86
6062,42
5747,99
5290,52
4869,80



Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,59

3,06

7,82
13,16
17,22
19,46
20,19
19,91
19,06
17,92
16,67
15,43
14,27
13,19

Absorbed Power from Matlab Code [kKW]

1-2 2-3
0,16 0,43
3,94 10,70

27,28 73,78
70,35 218,87

118,42 345,95

154,96 430,43

175,17 486,58

181,73 504,80

179,18 497,73

171,54 476,50

161,31 448,09

150,06 416,84

138,89 385,80

128,39 356,65

118,74 329,84

3-4

0,85
20,98
144,61
455,21
789,20
925,64
953,70
989,41
975,55
933,93
878,25
817,00
756,16
699,03
646,48

45

1,41
34,68
239,05
752,50
1397,30
1705,88
1680,47
1640,27
1612,65
1543,85
1451,80
1350,56
1249,98
1155,54
1068,67

5-6

2,10
51,81
357,10
1124,10
2087,33
2709,57
2654,54
2542,96
2406,47
2306,24
2168,74
2017,50
1867,26
1726,18
1596,41

6-7

2,94
72,36
498,76
1570,02
2915,36
3795,51
3843,07
3688,10
3353,90
3212,29
3029,07
2817,83
2607,99
2410,95
2229,69

7-8

3,91
96,34
664,03
2090,27
3881,39
5053,19
5168,25
5066,18
4460,00
4259,48
4012,15
3751,54
3472,18
3209,84
2968,53

8-9

5,02
123,74
852,91

2684,83
4985,43
6490,54
6638,33
6653,10
5710,34
5486,07
5050,35
4805,30
4459,82
4122,86
3812,91

Table 73. Matlab results achieved by using Simpson’s code for angle of incident
wave 150 degrees

Tp [sec]
3-4
4-5
5-6
6-7

8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,60

3,12

7,86
13,15
17,19
19,43
20,16
19,89
19,03
17,90
16,67
15,44
14,26
13,17

1-2

0,16
4,01
27,84
70,76
118,38
154,69
174,84
181,44
178,97
171,31
161,11
150,00
138,93
128,37
118,55

Absorbed Power from Matlab Code [kW]

2-3

0,43
10,89
75,36

222,19
345,19
429,69
485,68
504,00
497,15
475,86
447,52
416,68
385,93
356,59
329,30

3-4

0,84
21,34
147,71
465,08
784,47
923,31
951,93
987,84
974,42
932,68
877,13
816,68
756,42
698,92
645,43

45

1,40
35,27
244,18
768,81
1388,86
1707,72
1685,67
1637,19
1610,77
1541,78
1449,96
1350,03
1250,40
1155,36
1066,94

5-6

2,08
52,69
364,76
1148,47
2074,71
2728,96
2680,66
2523,79
2405,88
2303,16
2165,99
2016,71
1867,88
1725,91
1593,82

6-7

2,91
73,59
509,45
1604,06
2897,74
3824,50
3907,09
3629,90
3374,87
3204,45
3025,22
2816,73
2608,86
2410,57
2226,08

7-8

3,88
97,98
678,27
2135,58
3857,93
5091,79
5269,98
4940,53
4527,13
4224,33
4008,61
3750,08
3473,34
3209,34
2963,72

8-9

4,98
125,85
871,20

2743,04
4955,30
6540,12
6769,00
6428,95
5852,93
5400,96
5056,69
4805,25
4461,31
4122,22
3806,73

Table 74. Matlab results achieved by using trapezoidal integration for angle of
incident wave 150 degrees

112

9-10

6,27
154,57
1065,40
3353,72
6227,47
8107,56
8292,17
8311,29
7085,56
6890,19
6211,05
5835,73
5570,92
5150,01
4762,84

9-10

6,22
157,20
1088,24
3426,43
6189,84
8169,49
8455,40
8030,94
7335,46
6728,78
6234,37
5864,48
5572,77
5149,21
4755,12



Hs [m]

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9

9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

0-1

0,03

0,38

3,92
11,27
17,57
21,13
22,47
22,38
21,48
20,20
18,76
17,30
15,91
14,63
13,48

1-2

0,15
2,96
31,09
101,43
158,17
190,21
202,23
201,42
193,34
181,78
168,83
155,68
143,16
131,69
121,33

Absorbed Power from Matlab Code [kW]

2-3

0,42
8,15
64,78
328,59
476,41
528,35
561,75
559,51
537,06
504,95
468,98
432,44
397,66
365,82
337,03

3-4

0,83
15,97
126,97
683,28
1165,12
1098,48
1101,03
1096,63
1052,64
989,71
919,20
847,59
779,41
717,00
660,58

45

1,38
26,40
209,89
1129,50
2117,24
1950,22
1867,55
1813,51
1740,07
1636,05
1519,49
1401,11
1288,41
1185,24
1091,98

5-6

2,06
39,43
313,53
1687,28
3162,80
3025,10
2862,63
2744,75
2589,30
2443,97
2269,86
2093,02
1924,67
1770,55
1631,23

6-7

2,87
55,08
437,91
2356,61
4417,46
4231,64
4057,43
3908,48
3566,39
3397,65
3170,30
2923,31
2688,17
247291
2278,32

7-8

3,82
73,33
583,01
3137,50
5881,23
5633,83
5414,71
5294,56
4697,87
4473,66
4195,45
3891,98
3578,93
3292,34
3033,27

8-9

4,91
94,18
748,85
4029,95
7554,11
7236,35
6954,89
6878,91
5969,01
5726,90
5259,99
4984,04
4596,93
4228,83
3896,07

Table 75. Matlab results achieved by using Simpson’s code for angle of incident
wave 180 degrees

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,03

0,36

3,60
10,38
16,49
20,16
21,69
21,79
21,04
19,86
18,50
17,11
15,77
14,52
13,37

1-2

0,15
2,82
28,67
93,44
148,41
181,43
195,23
196,10
189,36
178,72
166,48
153,97
141,92
130,66
120,33

Absorbed Power from Matlab Code [kW]

2-3

0,42
7,75
60,66
301,82
445,23
503,98
542,30
544,71
526,01
496,45
462,44
427,69
394,22
362,95
334,26

3-4

0,82
15,19
118,89
630,47
1081,62
1055,73
1062,92
1067,63
1030,97
973,04
906,38
838,28
772,67
711,38
655,14

4-5

1,36
25,11
196,53
1042,20
1965,27
1897,53
1822,98
1765,83
1704,26
1608,49
1498,30
1385,72
1277,27
1175,96
1082,99

5-6

2,03
37,50
293,58
1556,87
2935,77
2977,08
2826,51
2669,66
2539,64
2402,80
2238,20
2070,03
1908,02
1756,68
1617,80

6-7

2,84
52,38
410,04
2174,47
4100,37
4167,74
4046,90
3783,95
3527,94
3338,30
3126,08
2891,20
2664,92
2453,54
2259,57

7-8

3,78
69,74
545,91
2895,01
5459,07
5548,76
5423,43
5093,44
4695,29
4377,82
4139,43
3849,23
3547,97
3266,55
3008,31

8-9

4,86
89,58
701,19
3718,48
7011,88
7127,08
6966,09
6571,71
6031,75
5572,16
5205,83
4931,42
4557,17
4195,70
3864,00

Table 76. Matlab results achieved by using trapezoidal integration for angle of
incident wave 180 degrees

After that, we have the final absorbed power of every cell/pair Hs - Tp for location 3

per year.

113

9-10

6,13
117,65
935,41

5033,95
9436,11
9039,18
8687,60
8593,00
7360,39
7155,20
6445,93
6038,15
5742,19
5282,37
4866,71

9-10

6,07
111,89
875,89

4644,88
8758,78
8902,68
8701,59
8208,98
7520,47
6915,59
6400,92
6007,08
5692,52
5240,99
4826,66



Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,16
52,80
1384,87
3867,25
4033,10
4725,34
3603,70
2044,18
1100,35
463,51
107,95
8,45
1,55
1,43
0,00

1-2

0,04
108,92
10905,39
76359,40
93458,57
87260,97
79578,04
56058,94
31951,67
16438,90
6866,94
2159,14
657,43
231,59
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
453,83
52474,03
229781,43
259807,79
143159,27
115145,66
85069,50
38936,81
14546,27
5237,34
2175,88
786,27
164,57

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

171378 0,00

90464,36 2390,24
337539,49  98535,88
283993,91 287307,62
124682,33 189328,95

73347,66  65585,00

44172,90 28794,58

20531,28  12153,00

5712,08 5610,72
533,09 1007,12
560,39 347,39
709,63 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3991,71
86274,17
170621,40
81680,65
30656,48
11733,99
4906,21
376,12
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4874,92
71024,82
67299,85
27763,54
13296,57
2569,68
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
524491
30743,19
23970,83
10640,17
2660,91
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2339,71
12289,11
4618,87
486,78
0,00
0,00
0,00

Table 77. Final results achieved by using Simpson's code for angle of incident
wave 0 degrees

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,16
51,47
1272,16
3566,75
3799,73
4531,02
3496,28
1998,62
1081,52
457,03
106,71
8,37
1,54
1,42
0,00

1-2

0,04
105,37
10103,67
70426,07
88050,72
83672,45
77205,90
54809,52
31404,99
16209,24
6787,59
2139,75
652,86
230,12
0,00

Final Absorbed Power per year [kWhlyear]

2-3

0,00

0,00
428,81
48135,10
215416,07
249123,45
138891,83
112579,35
83614,00
38392,86
14378,20
5190,33
2160,76
781,25
163,43

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1576,17 0,00

83891,98 2209,98
326164,40 96431,59
275528,33 281760,80
121903,47 185131,66

72092,72  64462,87

43555,80 28392,32

20294,06 12012,58

5660,81 5560,35
529,39 1000,12
556,82 345,17
704,69 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3952,33
85544,98
166570,58
80391,30
30228,20
11598,41
4862,17
373,50
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4880,43
68981,82
66780,86
27356,72
13142,94
2546,61
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
5059,66
30812,52
23519,20
10523,04
2637,02
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2370,30
11986,33
4581,06
482,61
0,00
0,00
0,00

Table 78. Final results achieved by using trapezoidal integration for angle of
incident wave 0 degrees

114

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4890,13
1258,10
589,62
0,00
0,00
0,00

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4737,19
1251,70
587,67
0,00
0,00
0,00



Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,14
68,30
1215,96
3130,93
3383,93
4119,05
3231,24
1871,04
1022,83
436,02
102,51
8,08
1,50
1,38
0,00

1-2

0,03
126,57
10263,03
61820,63
78415,40
76064,81
71353,22
51310,79
29700,59
15464,04
6520,40
2065,46
632,70
223,99
0,00

Final Absorbed Power per year [KWh/year]

2-3

0,00

0,00
486,39
41513,61
189873,65
226472,74
128362,98
105392,91
79076,12
36627,78
13812,19
5010,10
2094,03
760,45
159,83

3-4

0,00

0,00

0,00
1365,12
72391,01
300403,12
254641,59
114121,83
68180,12
41553,36
19495,17
5464,25
513,04
542,00
689,17

45

0,00

0,00

0,00

0,00
1894,78
89604,23
260279,35
173456,08
60964,36
27087,01
11539,69
5367,28
969,24
335,98
0,00

5-6

0,00

0,00

0,00

0,00

0,00
3676,46
78736,05
157762,51
76045,67
28838,49
11141,83
4693,34
361,97
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4470,36
66143,15
63073,51
26156,23
12625,56
2458,18
0,00

0,00

0,00

Table 79. Final results achieved by using Simpson’s code for angle of incident
wave 30 degrees

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,14
69,76
1239,36
3149,11
3382,84
4111,84
3225,16
1868,05
1021,62
435,44
102,37
8,08
1,50
1,38
0,00

1-2

0,03
128,73
10473,71
62179,64
78390,21
75931,64
71219,00
51228,69
29665,64
15443,25
6512,06
2064,64
632,90
223,95
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
496,78
42140,00
189453,16
226076,23
128121,53
105224,28
78983,08
36578,54
13794,54
5008,12
2094,72
760,33
159,57

34

0,00

0,00

0,00
1394,60
71955,94
299638,30
254162,62
113939,23
68099,90
41497,50
19470,26
5462,08
513,21
541,91
688,06

4-5

0,00

0,00

0,00

0,00
1883,29
89698,81
261083,17
173127,83
60892,63
27050,59
11524,95
5365,15
969,56
335,93
0,00

5-6

0,00

0,00

0,00

0,00

0,00
3702,69
79510,45
156570,85
76026,40
28799,72
11127,60
4691,47
362,09
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4544,83
65098,46
63467,62
26092,18
12609,43
2457,21
0,00

0,00

0,00

Table 80. Final results achieved by using trapezoidal integration
incident wave 30 degrees

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,13
42,69
1553,64
4505,70
4513,72
5050,80
372741
2072,53
1103,12
461,89
107,25
8,38
1,54
1,42
0,00

1-2

0,03
91,47
11641,96
88965,86
104595,97
93271,05
82309,82
56836,44
32032,20
16381,50
6822,38
2142,26
652,02
229,71
0,00

Final Absorbed Power per year [KWh/year]

2-3

0,00
0,00
424,14
62238,74
261122,88
277702,00
148073,69
116742,67
85283,91
38800,87
14451,89
5196,40
2157,98
779,87
163,29

3-4

0,00

0,00

0,00
2046,73
106729,14
356148,18
293742,94
126411,61
73532,53
44018,68
20398,07
5667,43
528,71
555,84
704,11

45

0,00

0,00

0,00

0,00
2867,15
102347,89
289067,88
191660,52
65750,31
28694,05
12074,14
5566,86
998,84
344,56
0,00

5-6

0,00

0,00

0,00

0,00

0,00
4101,20
84863,41
170198,26
81785,45
30549,44
11657,86
4867,86
373,02
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4717,66
70067,69
67043,18
27655,57
13210,30
2549,59
0,00

0,00

0,00

7-8 8-9 9-10
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00

4911,48 0,00 0,00
28968,18 2214,35 0,00
22709,68 11699,95 4675,59
10111,69 4405,95 1204,13

2545,46 465,78 565,65

0,00 0,00 0,00

0,00 0,00 0,00

0,00 0,00 0,00

7-8 8-9 9-10

0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00

4789,58 0,00 0,00
29404,19 2269,65 0,00
22522,12 11518,38 4566,04
10102,71  4411,45 1208,64

254445 465,77 568,43

0,00 0,00 0,00

0,00 0,00 0,00

0,00 0,00 0,00

for angle of
7-8 8-9 9-10

0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00
5131,21 0,00 0,00

30502,71 2313,97 0,00

23844,02 12210,14 4854,23

10570,57 4587,63 1249,36

2640,11 482,99 585,14
0,00 0,00 0,00
0,00 0,00 0,00
0,00 0,00 0,00

Table 81. Final results achieved by using Simpson’s code for angle of incident
wave 60 degrees
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Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m]

0-1

0,12
41,41
1423,97
4150,26
4235,12
4817,92
3598,46
2017,77
1080,44
454,12
105,76
8,29
1,53
1,41
0,00

1-2

0,03
87,06
10734,25
81947,53
98139,95
88970,46
79462,29
55334,62
31373,65
16105,86
6727,33
2118,76
646,39
227,91
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
397,08
57162,16
244027,15
264897,56
142951,03
113657,90
83530,57
38148,00
14250,54
5139,40
2139,34
773,77
161,95

34 45
0,00 0,00
0,00 0,00
0,00 0,00

1888,27 0,00

99074,42 2661,16
342288,77  99583,73
283580,81 282175,78
123071,35 186625,78

72020,78  64398,55

43278,01 28211,24

20113,88 11905,93

5605,26 5505,79
524,14 990,21
551,49 341,87
698,32 0,00

5-6

0,00

0,00

0,00

0,00

0,00
4036,15
83795,40
165544,99
80218,82
30035,41
11495,44
4814,45
369,80
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4705,60
67835,99
66322,08
27173,02
13026,25
2521,62
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4936,31
30486,95
23333,55
10429,59
2611,15
0,00

0,00

0,00

Table 82. Final results achieved by using trapezoidal integration for angle of
incident wave 60 degrees

Tp [sec]
3,50
4,50
5,50
6,50
7,50
8,50
9,50
10,50
11,50
12,50
13,50
14,50
15,50
16,50
17,50

Hs [m]

0-1

0,14
67,61
1212,82
3125,53
3377,63
4110,60
3224,22
1866,89
1020,56
435,08
102,29
8,06
1,49
1,38
0,00

1-2

0,03
123,79
10235,38
61714,08
78269,53
75908,73
71198,26
51196,86
29634,81
15430,48
6506,70
2061,29
631,48
223,58
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
484,98
41466,06
189527,62
226008,03
128084,21
105158,91
78901,01
36548,31
13783,17
5000,00
2090,01
759,07
159,55

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1363,96 0,00

72266,01 1891,59
299772,34  89411,49
254088,58 259689,50
113868,45 173069,75

68029,13  60829,36

41463,20 27028,23

19454,21  11515,45

5453,22 5356,45
512,05 967,37
541,01 335,37
687,98 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3668,43
78551,79
157400,70
75876,86
28775,91
11118,43
4683,87
361,27
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4459,66
65988,15
62932,08
26099,52
12599,03
2453,22
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4899,78
28902,71
22660,57
10090,49
2540,32
0,00

0,00

0,00

8-9 9-10

0,00 0,00

0,00 0,00

0,00 0,00

0,00 0,00

0,00 0,00

0,00 0,00

0,00 0,00

0,00 0,00

2338,37 0,00

11880,38 4691,72

4540,45 1240,65

477,89 582,14

0,00 0,00

0,00 0,00

0,00 0,00

8-9 9-10

0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
2209,31 0,00
11674,73 4665,54
4396,79 1201,64
464,84 564,53
0,00 0,00
0,00 0,00
0,00 0,00

Table 83. Final results achieved by using Simpson's code for angle of incident

wave

90 degrees
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Tp [sec]
34
4-5
5-6
6-7
7-8
89
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,14
69,09
1236,44
3144,07
3376,81
4103,60
3218,26
1863,95
1019,38
434,50
102,16
8,06
1,49
1,38
0,00

1-2

0,03
125,93
10448,22
62080,23
78250,34
75779,56
71066,72
51116,20
29600,50
15409,95
6498,46
2060,49
631,69
223,55
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
495,49
42097,10
189122,16
225623,44
127847,58
104993,22
78809,66
36499,68
13765,72
4998,07
2090,71
758,95
159,29

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1393,58 0,00

71837,28 1880,27
299021,78  89508,96
253619,16 260497,89
113689,04 172746,43

67950,37 60758,93

41408,04 26992,27

19429,58  11500,87

5451,12 5354,38
512,22 967,70
540,93 335,32
686,87 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3694,72
79325,73
156215,16
75859,00
28737,63
11104,35
4682,06
361,39
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4534,01
64947,22
63326,23
26035,95
12583,08
2452,28
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4778,26
29338,07
22473,64
10081,65
2539,34
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2264,51
11493,62
4402,34
464,84
0,00
0,00
0,00

Table 84. Final results achieved by using trapezoidal integration for angle of
incident wave 90 degrees

Tp [sec]

34
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1 1-2

0,15

Final Absorbed Power per year [kWh/year]
2-3

0,04

52,15 106,76
1380,65 10867,40

3859,76  76211,62
4025,92  93292,19
4716,99 87106,73
3597,27  79436,14
2040,51  55958,24
1098,38  31894,34

462,69 16409,74

107,77 6855,01

0,00
0,00
451,77

52386,83

229379,06 9
259348,56 33
142904,00 28
114938,83 124458,37 188988,49 1
84916,86 7
38867,76  44094,57  28743,52
14521,01 2

8,43 215550  5228,51
1,55 656,36 2172,35
1,43 231,23 785,04
0,00 0,00 164,33

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1711,12 0,00

0310,62 2386,19
6937,40  98358,85
3487,51 286798,78

3216,06 65467,33

0495,63 12131,89
5702,45  5601,25
532,22 1005,49
559,52 346,85
708,58 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3984,52
86122,34

6-7

0,00
0,00
0,00
0,00
0,00
0,00

4866,39

70311,08 70894,40
81533,74 67177,54
30602,11 27714,24
11713,62 13273,48

4897,93
375,51
0,00
0,00

2565,34

0,00
0,00
0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
5235,20
30686,84
23928,04
10621,70
2656,42
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2335,39
12267,07
4610,86
485,96
0,00
0,00
0,00

Table 85. Final results achieved by using Simpson's code for angle of incident
wave 120 degrees

Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,15
50,82
1267,91
3559,25
3792,58
4522,72
3489,89
1994,97
1079,56
456,22
106,52
8,36
1,54
1,42
0,00

1-2

0,04
103,21
10065,47
70277,90
87885,10
83519,20
77064,86
54709,36
31347,91
16180,20
6775,71
2136,13
651,79
229,76
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
426,75
48046,46
215015,98
248667,17
138638,10
112373,62
83462,04
38324,08
14353,03
5181,52
2157,23
780,03
163,18

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1573,44 0,00

83739,19 2205,96
325568,56  96256,49
275025,00 281251,82
121680,70 184793,10

71961,69 64345,72

43477,77  28341,45

20258,54  11991,55

5651,20 5550,92
528,52 998,49
555,95 344,63
703,64 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3945,19
85391,85
166263,81
80244,87
30174,05
11578,11
4853,92
372,89
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4871,75
68853,99
66658,02
27307,65
13119,94
2542,29
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
5050,24
30755,36
23476,83
10504,63
2632,55
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2365,88
11964,66
4573,07
481,80
0,00
0,00
0,00

Table 86. Final results achieved by using trapezoidal integration for angle of
incident wave 120 degrees
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9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4556,23
1206,16
567,31
0,00
0,00
0,00

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4881,33
1255,92
588,63
0,00
0,00
0,00

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4728,59
1249,52
586,69
0,00
0,00
0,00



Tp [sec]
34
4-5
5-6
6-7
7-8
8-9

9-10
10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Final Absorbed Power per year [kWh/year]

Hs[m]  0-1 12 2-3 34 45 5-6 6-7
0,14 0,03 0,00 0,00 0,00 0,00 0,00
6767 123,95 0,00 0,00 0,00 0,00 0,00

121422 1024697 485,53 0,00 0,00 0,00 0,00
312868 6177633 4151433  1365,64 0,00 0,00 0,00
338057 78337,66 18969115 7232598 189312 0,00 0,00
4113,82 7596826 22618528 299997,99 8947612 367103 0,00
3226,52 7124902 12817553 254269,74 25987601 78608,70 446292
1868,09 5122987 105226,70 113941,86 173181,09 157499,71 66028,89
1021,15 2965197 78946,70 6806853 6086458 75920,38 62966,71
43530 1543847 3656722 4148466 27042,22 28790,81 26112,82
102,34 650970 1378954 19463,19 11520,77 11123,56 12604,85
807 206214 5002,06 545547 535866 468580 245424
149 63171 209078 51224 967,73 36141 0,00
138 22365 759,32 54119 33548 0,00 0,00
0,00 000 15960 688,19 0,00 0,00 0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4902,76
28918,06
22671,44
10095,10
2541,37
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2210,45
11680,02
4398,69
465,03
0,00
0,00
0,00

Table 87. Final results achieved by using Simpson's code for angle of incident
wave 150 degrees

Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,14
69,13
1237,71
3147,02
3379,61
4106,72
3220,50
1865,13
1019,96
434,72
102,21
8,06
1,49
1,38
0,00

1-2

0,03
126,08
10458,40
62138,40
78315,24
75837,05
71116,17
51148,52
29617,36
15417,82
6501,42
2061,33
631,92
223,62
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
495,94
42143,89
189277,05
225794,62
127936,53
105059,61
78854,54
36518,30
13772,00
5000,10
2091,47
759,20
159,34

3-4 45
0,00 0,00
0,00 0,00
0,00 0,00

1395,25 0,00

71893,07 1881,68
299241,36  89572,67
253795,63 260681,23
113760,92 172855,46

67989,07  60793,53

41429,16  27006,05

19438,44  11506,11

5453,34 5356,56
512,41 968,05
541,10 335,43
687,07 0,00

5-6

0,00

0,00

0,00

0,00

0,00
3697,30
79382,19
156312,09
75901,78
28752,29
11109,41
4683,97
361,53
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4537,27
64986,96
63360,43
26049,05
12588,82
2453,28
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4781,15
29353,33
22484,35
10086,19
2540,38
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2265,65
11498,82
4404,22
465,02
0,00
0,00
0,00

Table 88. Final results achieved by using trapezoidal integration for angle of
incident wave 150 degrees
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9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4667,55
1202,14
564,75
0,00
0,00
0,00

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4558,20
1206,65
567,53
0,00
0,00
0,00



Tp [sec]
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Hs [m] 0-1

0,13
43,21
1557,93
4511,04
4515,41
5049,66
3724,94
2070,53
1101,84
461,30
107,11
8,37
1,54
1,42
0,00

1-2

0,03
93,01
11681,03
89071,14
104634,98
93250,07
82255,22
56781,48
31994,90
16360,49
6813,21
2139,33
651,13
229,40
0,00

Final Absorbed Power per year [kWh/year]

2-3

0,00

0,00
426,29
62325,47
261226,36
277639,54
147975,46
116629,76
85184,59
38751,10
14432,47
5189,31
2155,05
778,83
163,08

34

0,00

0,00

0,00
2049,83
106777,52

4-5

0,00
0,00
0,00
0,00
2868,52

356015,23 102292,42
293548,09 288808,24
126289,35 19147141

73446,90
43962,22
20370,66
5659,70
527,99
555,10
703,20

65673,74
28657,24
12057,92
5559,26
997,48
344,10
0,00

5-6

0,00

0,00

0,00

0,00

0,00
4098,52
84770,83
169997,44
81688,10
30510,26
11642,19
4861,21
372,52
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4711,85
69974,32
66956,09
27619,60
13192,55
2546,11
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
5123,76
30460,37
23811,43
10556,29
2636,50
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2310,58
12192,75
4581,28
482,33
0,00
0,00
0,00

Table 89. Final results achieved by using Simpson's code for angle of incident
wave 180 degrees

Tp [sec]
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18

Final Absorbed Power per year [kWh/year]

Hs [m] 0-1 1-2 2-3 3-4
0,13 0,03 0,00 0,00
41,92 88,60 0,00 0,00

142818 1077225 399,16 0,00
415553 82051,54 57248,83 189141
4236,80 98178,83 24413144 99124,83
4816,79 88949,73 26483586 342157,61
3506,00 79407,97 14285332 283386,98
201577 5527984 11354540 12294953
1079,16 3133644 83431,49 7193535
45353 16084,89 3809832 4322166
10561 671818 1423116 2008652
828 211584 513231  5597,53
153 64550 213641 523,42
1,40 22760 772,73 550,75
0,00 000 16174 69741

45

0,00

0,00

0,00

0,00
2662,62
99528,56
281914,43
186437,45
64322,16
28174,50
11889,73
5498,20
988,85
341,41
0,00

5-6

0,00

0,00

0,00

0,00

0,00
4033,46
83701,10
165346,89
80121,54
29996,31
11479,80
4807,82
369,29
0,00

0,00

6-7

0,00

0,00

0,00

0,00

0,00

0,00
4699,62
67744,96
66234,15
27137,18
13008,53
2518,14
0,00

0,00

0,00

7-8

0,00

0,00

0,00

0,00

0,00

0,00

0,00
4929,13
30443,68
23301,30
10415,34
2607,55
0,00

0,00

0,00

8-9

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
2334,87
11863,31
4534,11
477,23
0,00
0,00
0,00

Table 90. Final results achieved by using trapezoidal integration for angle of

incident wave 180 degrees

Furthermore, the sum of all the cells that corresponds to the total final power per year

depending on the angle of incidence of Location 3, if we apply Simpson's code is:
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9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4847,07
1247,60
584,34
0,00
0,00
0,00

9-10

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
4684,76
1238,89
581,33
0,00
0,00
0,00
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Figure 71. Total amount of Power per year for Location 3 depending on the
angle of incidence achieved by using Simpson's code

Respectively, the sum of all the cells that corresponds to the total final power per year
depending on the angle of incidence of Location 3, if we apply trapezoidal integration
is:
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Figure 72. Total amount of Power per year for Location 3 depending on the
angle of incidence achieved by using trapezoidal integration
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Finally, if we compare the two integration methods, we have the following diagram:

=¢—>Simpson's rule  =ll=Trapezoidal integration
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Angle of Incident wave

Figure 73. Comparison of two Integration methods
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7.4 Integration Methods

For the Simpson’s rule we used the following formula (Mpakopoulos et al., 1988):

a+b

[7 Fedx =3[ f(@) +4f (52) + £ (b)) (37)
Where:
h=(b—a)/2
a,b : end points

The numerical approximation error of the above equation is:

(5 “)Sf@”(f)

where & is some number between aand b

As far as the trapezoidal integration we have (Mpakopoulos et al., 1988):
b b
[7 Fydx = (b — a) [(222] (38)

With numerical approximation error:

Where:
a,b : end points

& : some number betweenaand b
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7.5 Matlab code

In order to calculate the spectrum for each sea state and the corresponding integration
of the multiplication 2*S*Eabs, we created a code in Matlab. More specifically, the
code computes for all the pairs Hs-Tp the corresponding JONSWAP spectrum.
Furthermore, it loads all the needed data by HAMVAB and multiplies the absorbed
power of the device (RAO) with the spectrum. The multiplication of these two values
corresponds to a specific range of frequencies ®. This range begins from zero and
finishes at 3 rad/s. Finally, the code calculates the integration either with Simpson’s
Rule or with the trapezoidal integration. This integration corresponds to the absorbed
power that the device produces in a specific sea state. The whole procedure is
repeated for angles of incident wave 0, 30, 60, 90, 120, 150 and 180 degrees.

7.6 Absorbed Power from the WT and the OWC devices for specific ranges of
wind speeds

According the green line of Figure 62. we found the absorbed power of the WT and
after that we calculated the annual MWh by multiplying with the number of frequency
of occurrence, dividing with 31 that are the total years and multiplying with 3 because
of the repeated three-hour measurements that we had during the day.

Wind Speed|(Table 3) 24 4-6 6-8 810 10-12 12-14 14-16 16-18.62
Frequency of Occurrence(Table3) 17292 24182 24565 15133 6527 2175 621 89
Wind Power (Figure 62) 0,35 0,7 23 49 89 9,95 9,9 10

Final Absorbed Power from the

. 585,70 1638,14 5467,69 7175,97 5621,64 2094,31 594,96 86,13
WT in MWh/year

Table 91. Calculation of absorbed power from the WT at Location 1

Hs(Table 3) 0,548 0,709 0,944 1,576 1,886 2,488 3,116 3,994
Tp(Table 3) 3,777 3,792 4,906 4,906 6,256 6,914 7,573 8,331
Wave Power(Matlab) 0,04 0,06 371 7,42 124,77 411,92 769,81 1233,89

Final Absorbed Power from the

L. 0,06 0,14 8,82 10,87 78,81 86,70 46,26 10,63
OWC Devices in MWh/year

Table 92. Calculation of absorbed power from the OWC devices at Location 1
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Wind Speed(Table 3) 24 46 6-8 810 10-12 12-14 14-16 16-18 18-20,13

Frequency of Occurrence(Table3) 30024 2419 17505 11100 6040 479 806 184 b
Wind Power (Figure 62) 035 0,70 230 490 890 9,95 990 10,00 10,05
Final Absorbed Power from the WT in

1016,94 151871 3896,27 5263,55 5202,19 2387,04 7,20 178,06 26,26
MWh/year

Table 93. Calculation of absorbed power from the WT at Location 2

Hs(Table 3) 0335 0,756 0,865 1335 1,982 2,83 3,824 4,897 6,186
Tp(Table 3) 2,821 3,61 4,58 5,404 6,5% 6,39 8,556 8,848 10,282
Wave Power{Matlab) 0,00 0,03 1,02 20,40 187,00 342,61 1077,31 1789,08 231451

Final Absorbed Power from the OWC

L 0,00 0,07 1,74 21,91 109,30 8,19 84,03 31,86 6,05
Devices in MWh/year

Table 94. Calculation of absorbed power from the OWC devices at Location 2

Wind Speed(Table 5) 24 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-23,19
Frequency of Occurrence(Table 5) 14199 16965 18597 16083 12134 7256 3691 1304 305 50
Wind Power (Figure 62) 0,35 0,7 23 4,9 8,9 9,95 9,9 10 10,05 10,1
Final Absorbed Power from the WT
. 480,93 1149,24 4139,33 7626,45 10450,90 6986,83 3536,22 1261,94 296,64 43,87
in MWh/year

Table 95. Calculation of absorbed power from the WT at Location 3

Hs(Table 5) 1,43 0,98 1,80 2,16 2,47 2,88 3,49 510 6,35 7,25
Tp(Table 5) 5,81 5,68 5,58 5,55 713 1,74 8,30 9,70 10,44 11,10
Wave Power(Matlab) 4,72 17,30 45,02 57,71 382,44 619,83 102050  2423,57 379539  4637,66

Final Absorbed Power from the OWC

L 57,33 28,40 81,02 89,83 449,09 435,24 364,52 305,84 112,03 22,44
Devices in MWh/year

Table 96. Calculation of absorbed power from the OWC devices at Location 3
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Following, one can find the figures with the comparisons of the two different
absorbed powers:
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Figure 74. Absorbed Power from the WT at Location 1
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Figure 75. Absorbed Power from the OWC Devices at Location 1
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Figure 76. Absorbed Power from the WT at Location 2
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Figure 77. Absorbed Power from the OWC Devices at Location 2
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Figure 79. Absorbed Power from the OWC Devices at Location 3
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8.Conclusions

A validation of the program HAMVAB was made. As we can see from the Fig. 39-48
the experimental results follow the curve of the HAMVAB results at most of the
cases. However, at the first order line tension for Line No. 1 and at the pressure in
chamber No. 1 there is a dispersion between the numerical and the experimental
prices.

Moreover, a second check was made concerning the angles of incident wave. More
specifically, we examined the exciting forces and moments of a the configuration in x,
y and z-axis for 0, 30, 60, 90, 120, 150 and 180 degrees. Following the Fig. 49-54, we
notice that for the exciting forces Fx and Fy there is similarity at the following pairs
of angles: 0 and 180 degrees, 30 and 150 degrees, 60 and 120 degrees. The exciting
force Fz is similar for all the angles and it is very close to zero for high values of
frequency ®. As far as the exciting moments are concerned, we can see that Mx and
My have similarities for the same pairs of angles as the exciting forces Fx and Fy. The
exciting moment Mz is similar for all the examined angles apart from the 30, 90 and
150 degrees.

After that check, we made one more, related to the different speeds of the wind that
the WT is exposed to. The conclusion from that check (Fig. 60) was that the absorbed
wave powers of the configuration are equal irrespective of the different wind speeds,
and the divergence is minimal.

Regarding the absorbed wave power of the investigated in the framework of the
present Diploma Thesis floating energy platform in several real sea states, we
examined 3 different locations and we calculated the final absorbed wave power per
year at each of these locations. Firstly, we received the frequency of occurrence of Hs
- Tp of the three locations as a data of forecasting calculations that lasted 31 years. A
first notice is that the most frequently occurred sea state is characterized by the pair
Hs= 0-1 m and Tp=4-5 s in location 1 and 2 and by the pair Hs= 1-2 m and Tp=6-7 s
in location 3. Although, the highest absorbed wave power for Location 1 and 2
appears for the pair Hs= 2-3 m and Tp=7-8 sec and for Location 3 for the pair Hs= 3-
4 m and Tp=8-9 sec. For the production of the Spectrum, we used the JONSWAP
Spectrum, noticing that when the y factor equals to 1, the JONSWAP Spectrum gives
the same results with the Bretschneider Spectrum. Furthermore, as far as the results of
the final annual absorbed wave power are concerned, they differ between the
Simpson’s Rule and the trapezoidal integration as well as among the different angles
of incident wave. More specifically, according to the Fig. 65-73 we can see that the
maximum annual absorbed wave power in all the locations appears when the angle of
incident wave is 60 or 180 degrees; second highest absorbed power occurs for the
angle 0 and 120 degrees and finally, the lowest absorbed power is for 30, 90 and 150
degrees. In addition, we notice that in all the locations, the Simpson’s Rule gives
higher absorbed power than the trapezoidal integration, especially for the angles 0, 60,
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120 and 180 degrees. We consider the results from Simpson’s rule more accurate as
far as this method is more detailed and takes under consideration more points in the
curve of the S*Eabs as a function of the wave frequency. This difference between the
two integration methods is 8.6 % higher in 0, 60, 120 and 180 degrees for Simpson’s
Rule for Location 1, 7.75% for Location 2 and 3.4 % for Location 3. The last
conclusion, refers to the location where a multi-purpose device, like the one we study,
is more efficient and can produce more power. This location is the North Sea
(Location 3), reaching the amount of 3934.73 MWh per year for angle of incident
wave 60 degrees. The above conclusion can be explained logically, if we consider that
the North Sea has more intensive weather conditions.

Furthermore, regarding the brief study for the absorbed power from the WT and the
corresponding absorbed wave power for the same ranges of wind speeds, we notice
that the first contributes almost 96% at the total absorbed power. This result maximize
the importance of WT and its efficiency at the examined device.

To sum up, we remind the need of renewable energy sources nowadays and a device
like the multi-purpose platform that we studied could definitely work efficiently and
be part of the solution for the high demand of energy of the whole planet. The
research and study concerning the design and optimization of devices and
configurations like this continually increases. The present thesis helped in the
calculation of the accurate absorbed power that a multi-purpose device can produce
annually in these three locations in Europe and further research could take place about
the fatigue problems and the cost analysis of a project like that in these specific
locations.
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