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Abstract

Wave farms are a promising way to harness wave pamgproduce clean energy, but it is important

to develop better modelling tools to understandr tihgact on nearshore wave climate.

The main objective of the present work was to eataluhe effect of wave farms in the wave

propagation along a coastline stretch of the Padag coast, by using numerical modelling. The
exact study area was Almagreira beach in Peniar#) of Lisbon, a selected area for wave farms
installation, where a WaveRoller oscillating wawege converter was tested since 2007. The SNL-
SWAN (Sandia National Laboratories, Simulating WawWgearshore) numerical model was used
since it is a third-generation spectral wind-waxgpagation model that integrates into its algorghm

the automatic calculation of the transmission doiefiits of obstacles on the wave propagation given

the device’s power matrix or relative capture widtinve.

First, a sensitivity analysis of the model was perfed, then the wave transformation and
propagation were analyzed in the presence of ardiit number (from 10 to 100) and positions of
wave energy converters (WECs) for six selected nooshmon and energetic incident wave
conditions and for 19 years (from 2000 to 2018j)eaf sea states. A wave farm of 40 WaveRoller
type of WECs was then compared with a wave farsiloBombora’s mWave pressure differential
WECs.

As a result of the simulations, the differencessignificant wave height, wave period and wave
direction before and after the installation of theve farms were identified. The percentage decrease
in significant wave height resulted to be strictiated to the power matrix and the device witlnbig

power absorption potential showed a greater imipeitte lee of the wave farm.

Key-words: Wave energy extraction, renewable enengywe farm, SNL-SWAN, numerical wave

modelling, Peniche, WECs, WaveRoller, Bombora’s m&/a
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Resumo

Os campos de conversores de energia das ondasergar® uma forma promissora de aproveitar a
energia das ondas e produzir energia de uma fomza,| mas € de fundamental importancia
desenvolver ferramentas de modelagéo para entemeleor o seu impacto no clima de ondas nas

regioes costeiras.

O principal objetivo do presente trabalho é avaliafeito de campos de conversores de energia das
ondas na propagacao de ondas ao longo de um tdecliosta portuguesa, usando modelagéo

numeérica. A area exata de estudo foi a praia deagieira, em Peniche, a norte de Lisbhoa, uma area
selecionada para instalagcdo de campos de converderenergia das ondas, onde um Conversor
Oscilante de Translacdo de Ondas WaveRoller ftadesdesde 2007.

Utilizou-se o modelo numérico SNL-SWAN (Sandia Matl Laboratories, Simulating WAves
Nearshore), que € um modelo espectral de tercenacdo de propagacdo de ondas geradas pelo
vento, que integra nos seus algoritmos o calcutona@tico dos coeficientes de transmissao de
obstaculos na propagacédo de ondas, dada a mapétecia do dispositivo ou curva de largura de
captura relativa. Primeiro, realizou-se uma andssensibilidade do modelo, depois analisou-se a
transformacéo e a propagacédo das ondas em funcédndero (de 10 a 100) e das posi¢cdes dos
conversores de energia das ondas (Wave Energy G@ersye VEC's), usando uma selecéo de seis
condi¢cfes de onda incidente mais comuns e enaaggfiara 19 anos (de 2000 a 2018) de estados de
mar realistas. Finalmente, fez-se uma comparactie em campo de conversores de energia das
ondas com 40 WEC's, do tipo WaveRoller, e um camipel0 WEC’s baseados na diferenca de

pressdo, mWave, em Bombora.

Como resultado das simulacdes, foram identificadagiferencas na altura significativa, periodo e
direcéo das ondas antes e depois da instalacgmadpses de ondas. A diminuigéo relativa da altura
significativa das ondas mostrou estar estritameek@cionada com a matriz de poténcia e o
dispositivo com maior potencial de absorcao degga@nostrou um impacto maior na zona a sotamar

do parque de ondas.

Palavras-chave: extracdo de energia das ondas, V¢B&gia renovavel, fazenda de ondas, SNL-
SWAN, modelagem numérica de ondas, Peniche, WalesRBbmbora
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Resumo alargado

O presente trabalho tem como objetivo aplicar oefiode propagacdo de ondas SNL-SWAN na
avaliacdo do impacto no litoral de um campo de emswres de energia das ondas\e energy
converters, WEQsO modelo SNL-SWAN permite a incorporacéo de darésticas especificas do
conversor, como a matriz de poténcia e a curvarggia de captura relativa. A regido de estudo é a
zona ao largo da praia da Almagreira, em Penichdu@al), que ja € uma area de teste piloto para
teste de protétipos de conversores

As condicgdes de fronteira para as ondas no dordimimodelo foram determinadas a partir da base
de dados do Centro Europeu de Previsfes do Ters® PrazdEuropean Centre for Medium-
Range Weather Forecasts, ECMY¥para um periodo de 9 anos (2010-2019). Os ezmsdtdas
simulacdes do modelo SWAN com um dominio de tréhasaencaixadas foram validados com
dadosin situ provenientes da bdia Nazaré Costeira. As estatéstie desempenho do modelo
calculadas mostraram uma boa concordancia enttedzs do modelo e os dados medidos.

Depois da validacdo do modelo, realizou-se umacteniaacdo das ondas e da poténcia das ondas.
O modelo SNL-WAN foi executado para um periodo @dados (2010-2018) de dados do ECMWF,
para obter o regime de ondas na regido ao largoattada Almagreira. A partir dessa caracterizacao,
foram identificados seis estados de mar mais corm@mergéticos ao largo da praia de Almagreira:
Hs=2me T F=10s(caso A);EEF2me F=12s(casoB); &=2me =14 s (caso C); & 3
meTh=14s(casoD); s =4me F=14s(caso E); &3 me | =16 s (caso F).

Para esses seis estados de mar, realizou-se udo etisensibilidade do modelo SNL-SWAN na
presenca de 10 WECs do tipo WaveRoller. Na execdeétes testes usou-se um dominio de duas
malhas encaixadas. Como a gama de frequéncias eadanta pelo manual do utilizador do SWAN
(Ruehlet al, 2014) em areas costeiras deu resultados inceyrigtionecessario definir diferentes
gamas de frequéncia para os seis estudos de epemdindo do periodo de pico de entrada do SNL-
SWAN.

Foram entéo avaliados as cinco formas de representie dispositivos de energia das ondas que se
encontram incorporados no modelo SNL-SWAN, desigagubr OBCASE 0 a 4. OBCASE 0 é igual
ao modelo SWAN nativo, os OBCASESs 3 e 4 nao furatiem devido a um erro no codigo da versao
SNL-SWAN usada no presente trabalho e o0 OBCASEntluiu a maiores reducgdes relativas da
altura significativa das ondas e mais absorcamdeg@a que o OBCASE 2.
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Como o objetivo do presente trabalho era examis@&f&itos dos disponitivos de aproveitamento de
energia das ondas na hidrodinamica da zona préxidistante a sotamar dos dispositivos, escolheu-
se 0 OBCASE 1 porque representa o pior cenariceemos de mudancas na altura significativa das

ondas.

Considerando a representacdo OBCASE 1 e os saidosstio mar selecionados, realizaram-se
simulacdes com o modelo SNL-SWAN para examinarf@itos da variacao das caracteristicas dos
campos de dispositivos de aproveitamento de endagi@mndas (configuracdo dos campos de WEC,
espacamento dos dispositivos WEC dentro do conjadtoero de dispositivos WEC do campo) nas

condicdes de onda dos campos proximo e distarmar dos dispositivos WEC.

Para avaliar o efeito de interacdo de uma confg@arale varios WECs na poténcia extraida, foi
utilizado o fator de interacédo (-fator). Neste dstde caso, a configuracdo com os WECs alinhados
ao longo de uma unica linha resultou no fator gsralio, que é o melhor em termos de desempenho.
No entanto, para ter um numero maior de dispositivoma area confinada préximo da costa,
escolheu-se uma configuracdo mais compacta comspssitivos alternados em mais linhas. O
espacamento ideal entre dois dispositivos na mdsrha foi de 50 m, enquanto entre dois
dispositivos em linhas diferentes foi de 20 m.

Com essa configuracao, estudou-se a propagacaulds na presenca de um campo de ondas de 10
a 100 WECs para os seis estados de mar, para@a@4d$°. O impacto do campo de ondas na altura
significativa, periodo médio e direcdo da ondafailiado em termos de variacao relativa a partir de
uma base de referéncia, em que esta correspondesattmidos do modelo na auséncia de WECSs.
Pode-se observar que, quando o numero de WECs tayjraedrea de influéncia aumenta e a altura
das ondas a sotamar do campo de ondas diminui.dnecydar, a altura significativa das ondas
diminuiu até 60% entre as condi¢ces de base denefa e as modeladas para 10 WECs e até 80%
para 100 WECs, o que corresponde a uma diferengdtura significativa de mais de 3 m. As
mudancas no periodo de pico foram insignificargaguanto o periodo médio aumentou a sotamar

do campo de ondas e diminuiu préximo da costa.

As mudancas na direcdo das ondas foram negativeasrtice superior direito do campo de ondas, 0
gue significa que as ondas rodam no sentido horapositivas no vértice inferior esquerdo, o que
significa que as ondas rodam no sentido anti-hm&ir torno do campo de ondas. Todas as diferencas
relativas entre o cenario base de referéncia estod@onjuntos de WEC simulados estdo dentro de

+ 4%, correspondendo a uma variacao de + 10 °regab meédia da onda.
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Para estudar o comportamento de um campo de ondasrelicdes de estado de mar reais, foram
estudados 50 WECs do tipo WaveRoller durante 1% #de 2000 a 2019) de clima de ondas.
Observou-se que ha uma variabilidade na alturafisigtiva das ondas maior numa base mensal do

gue numa base anual.

Em seguida, comparou-se um campo WaveRoller cormampo mWave em Bombora, que é um
dispositivo de diferenca de pressdo submerso. Cdispositivo do tipo WaveRoller houve maiores
reducdes nas alturas das ondas a sotamar do coWMEEXC devido ao seu potencial para capturar
mais energia do que com o dispositivo do tipo m\Wiv@&ombora. Isto deve-se ao facto da matriz
de poténcias do WaveRoller ter valores maioresudgoagmatriz de poténcias mWave de Bombora.
Portanto, deve-se prestar muita atencdo na obtetwsivalores corretos da matriz de poténcia
elétrica da empresa especifica que planeia implamadeterminado dispositivo ou dos estudos de
laboratorio e testes de campo em curso. Pode-stugaue, dada uma matriz de poténcia confiavel
ou uma curva de largura de captura relativa e godomento do dispositivo, 0 modelo SNL-SWAN
pode ser um bom instrumento para comparar o impkctbferentes tipos de dispositivos WEC.
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1| Introduction

1.1 Motivation

Due to the increase in population and urbanizgirmeesses the world energy consumption is rising.
According to the World Energy Outlook (WEQ) of 204y the International Energy Agency (IEA),
the global energy needs will rise 30% in 2040 coreg&o nowadays (International Energy Agency,
2017). To be able to supply the enormous amourmnefgy required, since the beginning of the
industrial revolution in the second half of the"18ossil fuels have been consumed at an ever-
increasing rate. As a consequence of the humanmitegiusing fossil fuels, a gigantic amount of
greenhouse gases has been generated which isbatingito the acceleration of global warming
(Quadrelli & Peterson, 2007).

With that, environmental issues are arising anlkba-tarbon energy revolution” (Pearson & Foxon,
2012) is required to mitigate climate changes ansuee energy security. In this context, the
renewable energy industry is emerging with seveuatainable and pollutant-free technologies. In
the last thirty years, efforts have been madeerdwvelopment of solar and wind energy generation.
However, the marine energy is another source wgh anergy potential that is slowly beginning to
establish itself (e.g., Borthwick, 2016; Husseiral, 2017; Magagna & Uihlein, 2015).

As reported by the annual International Energy AgefiEA, 2018), renewable energy will grow,

providing almost 30% of power demand in 2023, upmir24% in 2017. During this period,

renewables are forecast to reach more than 70%lodligelectricity generation growth (IEA, 2018).

Hydropower is still the largest renewable sour&8oDf global electricity demand by 2023, followed
by wind (6%), solar photovoltaic (4%) and bioene(8%o0). Hydropower sources includes rivers,
oceans or lakes. In particular, ocean wave endrgyis leading to a growing interest from the
scientific community in the recent years, espegiallEurope, although it is still immature compared
to other renewable technologies (e.g., Aderintoi&018; Dalton, 2009; Lopeat al, 2013).

The first generation of renewable energy technelogi Europe has now reached competitive levels,
but the electricity supply still needs to be furtldéversified to meet the 2050 policy objective of
reducing greenhouse gas emissions to 80 — 95% H&O® levels by 2050 (European Commission,
2012). An increase in energy generation from refdsvsources is a ‘no-regrets option’ for meeting
these objectives according to the European ComomsdiVave and tidal energy are the next
generation of renewable energy technologies thmhedp Europe to meet its decarbonization targets
(S1 Ocean, 2014).



One of the biggest advantages of the ocean wawasatier renewable energies is the capacity to
cover several coastlines in the world, and sewtualies addressed the exploitability and distrdout

of the energy contained within the waves (e.g.,n€tty 2014; Regueret al, 2011; Reikarcet al,
2017), that is free to be harnessed. Thus, marieegg is consistent, predictable (especially in the
case of tidal energy) and abundant since oceares ebout three-quarters of the earth's surface, Als
sea waves have the highest energy density amoegvadate energy sources (Clémental, 2002)
and worldwide the estimated energy production gakfor ocean wave energy is around 100000
TWhl/year (de Melo Veloso & Castro, 2014).

To extract energy from the ocean’s waves severalewenergy converters (WECs) have been
developed since the late 1940s. However, the custatus of the technologies in most of the cases
is still in the experimental stage and none of difeerent conversion technologies got to a large
commercial stage. Some companies are taking the sieg and implementing their devices in
offshore ocean waters but there are still multiphallenges associated with the construction,
operation, maintenance of the energy convertersagiindthe wave energy farm optimization, return
on investments, lifecycle costs, environmental @ssand socio-economic issues. Thus, compared
with other renewable energy technologies, suchiag and solar, WEC devices are still at a nascent
stage. Even the most successful capturing devietarfi®s) to date has not achieved the same
levelized cost of energy as wind and solar enefgle(into & Li, 2018). Where the levelized cost of
energy measures the average total cost to buildp@cte a power-generating device over its lifetim
divided by the total energy output of the devicerothat lifetime, therefore it allows to compare

different technologies.

Therefore, more research on ocean waves techn@ogguired, to better understand the complexity
of wave energy spatial and temporal variability &nel best placement of WEC devices so that a
higher efficiency in energy capture methods canlidgained. Also, to improve the efficiency a focus
on arrays of wave energy converters (wave farmedsired because they can increase the total power
output (Falcéo, 2010; Nadetal, 2012). A good review of the status of WEC arrnaySurope, USA

and Australia can be found in De Chowdhatyl (2015) and Rusu & Onea (2018).

However, their presence can alter significantly weae propagation patterns (Chagigal. 2016;
Rusu & Guedes Soares, 2013), and so, it is fundaiterpreview their impact in the nearshore wave
climate. In fact, the presence of the devices rememergy from the waves at an offshore or nearshore
site and consequently alters the wave characterifttieight, period, power etc.) as they propagate
further towards the coast (e.g., Millat al, 2007; Palhat al, 2010; Smithet al, 2012). These



modifications can have impacts on the shorelinedgyghamic and morphodynamic, which has to be

evaluated previously to minimize any subsequenblpros.

To evaluate the potential environmental impact &® in the coastline numerical modelling is a
widely used and important tool. In the specificecagPortugal, the first investment on wave energy
was the Pico Oscillating Water Column (OWC) wavergg converter on the island of Pico in the
Azores (Falcédo, 2000), followed by three-wave epa@rgestments: two at Agucadoura (AWS, 2000-
2004 and Pelamis, 2007-2008), a parish near Péya&adzim (north of Porto), and the WaveRoller
at Peniche (north of Lisbon) in 2007 (OES, 201He Pico Central was still operational until April
2018. The Agucadoura Wave Farm was the world’s Wissve farm to be installed, with 3 Pelamis
WECSs and a capacity of 2.25 MW. It was officiallpamed on September 2008 but shut down two
months after due to technical and financing problefrhis evidences the fact that a technology

adjusted to the natural conditions of the Portugudtshore is not yet available.

The Finnish company AW Energy demonstrated intene&tmagreira beach in the north of Peniche
(Figure 1.1) to install a WEC device. The pecutjeoff this area is that is close to the Nazaré Gany
the biggest submarine canyon in Europe. Its hesitliated near the shore, which causes a significan
influence on the hydrodynamic and sediment tranigpocesses. The AW Energy company installed
a first 1:4 scale WaveRoller prototype in 2007. Mha 1:2 scale grid connected WaveRoller
prototype (3 modules of 100 kW each) was in opengtieriodically from 2012 to 2015. The company
goal for 2018-2020 is to have a full-scale gridwected and fully operational wave farm. At present,
the pilot phase has been completed and right newP#miche site is fully licensed. Funding and

support are being arranged.

Previous studies have already focused on the patefitects of WaveRoller devices on the marine
environment (Cruz et al. 2015; Rocha, 2016), beivtave farm effects in the site of Almagreira still

needs to be better studied and characterized.

In this framework, the evaluation of the impacediVaveRoller, or other kind of wave converter, in
the nearshore wave climate at the Almagreira beaBfeniche is an interesting research. Moreover,
the study of different types, number and positiohwave converters of a wave farm, at Almagreira

site, as well as their impact on the nearshore whr@te is also important.

The approach of this study will help, through difiet numerical simulations, to understand the
impact of WEC farms on the wave climate at the ggearea of Almagreira beach, in Peniche.
Accurate information regarding the behaviour ofwaes in the presence of obstacles (WECs) can
be useful to the AW-Energy company, the Enedlicengany or other future WEC companies



interested in implementing devices in this siteyalsiable data to contribute to the location of the
WaveRoller or other WEC devices.

Portugaly

Google Earth

Figure 1.1 Study area location and bathymetry (flBMODNet): Almagreira beach (Peniche), Portugal. ®eu Google Earth.

1.2 Main goals

The main objective of the present work was to stiyusing numerical modelling, the impact of
wave farms on the wave patterns near the coastine.wave propagation model SNL-SWAN is
used and it allows to incorporate device-specifiE@\tharacteristics. The study area is the nearshore
Almagreira beach in Peniche, a Portuguese coastal that is already a pilot test area.

The wave propagation and transformation are andlgaasidering the presence of different number,
positions and types of wave energy convertersdeeal incident wave conditions that were decided
depending on their frequency and energetic potentia

In detail, the present work aimed at accomplishimggfollowing steps:

1. Characterise the wave resource offshore and naargthmagreira beach in Peniche, with
reference to the potential power available andtifiethe most common and energetic sea
states;

2. Perform model sensitivity analysis on SNL-SWAN padtral third-generation numerical
model which allows the incorporation of device-sppe®VEC characteristics. This allows to
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examine the effects of different parameters omibdel and define the optimal set-up
before applying SNL-SWAN in the presence of waveifa

3. Perform numerical simulations of the wave propagaéind transformation from offshore to
inshore of Almagreira beach to assess the impadti&Cs characteristics on near-field and
far-field wave conditions in the lee of the farmfférent WEC characteristics are tested:
number of WECSs, spacing within the WECs array gpeé of WEC,;

4. Compare between two different kind of WECSs, a batfoxed oscillating flap (similar to the
WaveRoller) and a submerged pressure differendgiailcé (similar to the Bombora’s
mWave), to evaluate the differences in terms ofevavergy extraction and on the wave

climate near the Almagreira coastline.

1.3 Methodology

The methodology used in the present work aimsaliyaqy the SNL-SWAN wave model to evaluate
the impact of a farm of WaveRoller type of WECghe coastline north of Peniche, in terms of the
wave parameters (significant wave height, peakraedn period and mean wave direction).

A preliminary literature review was performed onweanergy conversion, on the type of devices
available nowadays and on the numerical wave meeletted for this study (chapter 2 |). Then the
study area, located off the Almagreira beach (39N879.31° W), was characterized and the SNL-
SWAN model has been applied without (chapter 8d)with the presence of a WECs farm (chapter
4.

The first step was to download the bathymetric dathe area from the EMODNet (European Marine

Observation and Data Network) Bathymetry portaitg(//portal.emodnet-bathymetry)euThe

second step was to validate the SNL-SWAN modelli®against the “Nazaré Costeira” buoy data.

After that, it was necessary to characterize tifighofe and nearshore wave climate of the study area
and especially to choose the main representatigestges, that means the most common and
energetic. Those were inferred from the analysighefdata obtained from 19 years (from 2000 to
2018) of wave climate simulated with SNL-SWAN withdhe presence of WECs.

The probability of occurrence of wave sea states aedined, characterized by the significant wave
height, peak period and mean wave direction. Froat, it was possible to calculate the average
annual energy per unit crest length and to defieesea states with the higher mean annual energy

that were used for the simulations.

Once the wave climate was characterized, a modsitsaty analysis was performed to understand
the SNL-SWAN model behaviour under different se-Up particular, SNL-SWAN has five options
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called “OBCASEs”". A model verification allowed tompare the results from the native SWAN with
the results from SNL-SWAN OBCASE 0. The other OBEASL and 2 were evaluated as well but
due to a bug in the formulation of OBCASEs 3 arat the time when this work was performed, it
was not possible to evaluate them. However, afiatacting the developers of SNL-SWAN the bug
has now been resolved and in the latest versigheomodel (available dtitps://github.com/SNL-
WaterPower/SNL-SWAIN

SNL-SWAN estimates wave transmission through adimecture such as a breakwater, that affects
the wavefield in two ways: it reduces the wave heigcally all along its length and it causes
diffraction and reflection around its end(s). Obkta are usually modelled as a line if they have a
transversal area that is too small to be resolyethé bottom grid in SNL-SWAN (SWAN, 2018).
In the present study, the WEC obstacle implememtalthe SNL-SWAN model is similar to a

WaveRoller.

To analyze the effects of the wave farm on the ttioas two types of simulations with the SNL-
SWAN model were performed: one without the WECSs tuedother in the presence of a farm of 10
to 100 WECs. For the latter, the wave transfornmaéiod propagation were analyzed in the presence
of a different number and positions of wave enagyverters. Also, the interaction and influence of
a single device on the surrounding WECs was andlyaedentify the optimal configuration for
energy extraction. As a result of all the simulasipit was possible to identify the differences in
significant wave height, wave direction and wavaquebefore and after the installation of a wave

farm.

Previous studies have already focused on the patefiiects of WaveRoller devices on the marine
environment (Cruet al. 2015; Rocha, 2016), but the wave farm effecthénsite of Almagreira still
needs to be better studied and characterized. Uhdsame scope, a comparison between the results
obtained with the devices similar to the WaveRalled the devices similar to the Bombora’s mWave

was performed.



2| Literature review

2.1 Early stages of wave energy exploitation

Wave energy is related to the energy radiated &tim, like most renewable sources: the heating of
the earth releases a great amount of energy oaitieea interface and this generates wind and
capillary waves. Under favorable wind conditiomgde waves can grow and become more consistent

surface gravity waves (swell) with a high energgsity, that is what interest the WECs industry.

Therefore, the dominant factors in wave formaticathe wind speed, the water distance on which
the wind blows (fetch), the depth and topographysedfloor (in case of nearshore and inshore
devices). The power in a wave is proportional eoguare of the amplitude and to the period of the
motion. For instance, waves with long periods (7s)l@nd large amplitude (2 m) have energy fluxes

commonly averaging between 40 and 70 kW per m waflihcoming wave (Clémert al, 2002).

Thus, waves are a regular and unlimited sourceeréwable energy that can be predicted several
days in advance and once created they can trameddimds of miles without significant energy losses
until they approach the coast (de Melo Veloso &t@a014). For example, the storms originated
from the western side of the Atlantic Ocean cawefrantil the western coast of Europe with little

energy loss.

In the early 1980s, the petroleum price declined &wave-energy funding was drastically reduced
(Lépezet al, 2013). Thus, until the early 1990s, most ofdbevities remained at a theoretical level
because of the complex hydrodynamic of wave enatggorption. Only in 1991, the situation
changed when wave energy was added to the Eurdpeamission’s JOULE (Joint opportunities
for Unconventional or Long-term Energy Supply) payg for the development of renewable
energies. In 1994 the research programs of the Gssion on wave energy effectively started with

the forth Framework Program.

Since then, most of the research and developme&D)Rctivities related to wave energy has been
taking place in Europe (Falcéo, 2010), includirsgaes of European Wave Energy Conferences and
the biennial International Conference on Ocean @ndn 2001, the International Energy Agency
(IEA) established an Ocean Energy System (OES)dmphtation Agreement to facilitate the
coordination of ocean energy studies between casni®OES, 2014). In the IEA-OES annual reports
it is possible to find surveys of ongoing activstia wave energy worldwid. In particular, the Anhua
Report published in 2017 by the Executive Commitle®ES presents an overview of the worldwide

activities in the ocean energy sector (OES, 2017).



Today, many diverse research institutes and pricabepanies are working on the improvement of
the WECs. Most of those are established aroundfeutdSA, China, Japan, and Australia (Antonio
Falcéo, 2014). There are several reviews of theentiactivities in the wave energy sector in Europe
and in the world (e.g., Aderinto & Li, 2018; Cléniext al, 2002; Drewet al, 2009; Falcéo, 2010;
Falnes, 2007; Lopeat al, 2013; Melikoglu, 2018; Rusu & Onea, 2018; Uihl&mMagagna, 2016).

2.2 Advantages and disadvantages of harnessing wave ege

From the studies above mentioned, the wave enegyts to have several advantages if compared
to other renewable energies (Akar & Akdm, 2018):

1. Itis sustainable, as it combines economic, enwr@mtal, ethical and social factors;

2. lts energy density and deployment potential arédrnghan the wind and solar energy. It is
estimated that wave energy power has a density®k@//n? while solar energy has a density
of 0.1- 0.2 kw/mand wind energy of 0.4-0.6 kW#rfLopezet al, 2013). Also, wave energy
converters can theoretically generate power uped®0% of the time, while the percentage
is 20-30% for wind and solar devices (Dretval, 2009). Furthermore, wave energy has a
good correlation between resource and demand beedumit 38% of the population in the
world lives 20 km distant from the coastline (Sn&Nicholls, 2003);

3. Wave energy has minor negative environmental ingpant the production amount of the
wave energy is predictable (usually more than #8ddvance);

4. Itis an energy source that can be installed atiptellocations, from the shoreline to offshore;

5. It has little environmental interference and fronodulling studies, WEC farms located
nearshore have been found to act as coastal defétgroents due to wave energy absorption
and dissipation induced by the obstacles (Bergélosl, 2018; Ruokt al, 2011; Zanuttigh
& Angelelli, 2013).

On the other hand, the disadvantages must be medtias well. The main two reasons why wave
energy industry is struggling to reach the samell@f viability as wind and solar energy are
survivability and Levelized Cost of Energy (LCOBphdbergt al, 2016). The LCOE is a parameter
used to evaluate the viability of a WEC system #&nsl based on the total life cycle costs and the
total energy generated throughout the lifespamefsystem. When WECs are deployed at offshore
locations, they can be affected by extreme wav@hteimore than six times greater than the
prevailing operating conditions at the same locatib is technically possible to allow a WEC to
survive the very high loads in these extreme caomst but the costs increase. A viable WEC solution
must compensate for the high cost of over-engingetthe WEC to survive harsh conditions by

increasing power production.



Funding is another important barrier. Even thouglves are an energy source with great potential
and with several advantages that make them arci@tFaption, they have to compete against more
mature technologies where the investment is alredahe. In addition, WEC developers must

overcome challenges like environmental impactsr(gka in habitat and hydrological conditions),

social acceptance, regulatory obstacles, interéerevith commercial and recreational operations,
impact on coastal ecosystems (such as acoustielanttomagnetic noise) and power integration
(e.g., Dalton, 2009; Langhametral, 2009; Tiroret al, 2015; Wittet al., 2012).

2.3 World wave energy resource

To develop those wave energy technologies anddotsmiitable sites for wave farms, it is necessary
to know the available wave climate and to estintgewave power. In this regard, several papers
already showed the existing wave power worldwidg.(é\rinaga & Cheung, 2012; Barstawal,
2009; Cornett, 2008; Cruz, 2008; Reguetaal, 2011; Rusu & Onea, 2017). From these works
resulted that the highest wave energy zones it are on the western coasts of the continents,
especially between 40° and 60° latitude in eachidprare (Rusu & Onea, 2017). There the
distribution of the mean wave power density rarggwseen 40 and almost 130 kW/m, as can be seen
from the map in Figure 2.1 and previous analysismgfan wave power density. The data are
reanalyzed from the European Centre for Medium-Rangather Forecasts (ECMWF) database.
Annually, the highest wave energy levels in thetNem Hemisphere are off the west coast of the
British Isles, Iceland and Greenland, with loweergy levels in the Western Coast of Canada, USA,
and Mexico, as well, in the coast of Portugal, Eearand Spain. The Southern Hemisphere highest
wave energy levels are in Chile, South Africa ahe southern coastline of Australia and New

Zealand.

Defining the average wave energy resource is notigim to characterize a possible site where to
implement wave farms. It is also necessary to camghe effect of the variability of this resouare

the WEC performance, which can be restricted inctme of highly energetic sea-states. When the
excess wave power in sea-states is larger thareshtbid power level it is not exploitable because
after a certain incident wave power level themaisncrease in power capture. This threshold depend
on the WEC, however, a criterion has been estalisthe threshold at which wave power is not
exploitable due to high energetic sea states is@kfas four times the average incident wave power
(Folley & Whittaker, 2009). With this assumptionetwave power in the North Atlantic is exploitable
until 60 kW/m (Lopezt al, 2013).

Another important parameter to characterize anduat@ the world wave energy resource is its
variability. Sites with an unsteady energy flux ke®s reliable because the extreme wave conditions
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(e.g. during storms) can damage the WECSs. Alsoetti@ency of WEC devices is maximum for a
range of wave heights and periods but also it eggedd on waves direction for some type of WECSs.
Since there can be daily, weekly, monthly and sealseariabilities, a coefficient is generally used
to describe this temporal variability. Given a wan@ver time series, the coefficient of variation
(COV) is defined as the standard deviatiohdf the power time serie®(t) over the mean power
(u) (Cornett, 2008):

_ s(P()
Cov(P) = PO (1)

From the global distribution of COV(P) in Figur&2Zan be seen that the temporal variability of
wave resources is lower near the equator in thenfit, Pacific and Indian Oceans, and it increases

at higher latitudes. Small values of COV(P) medra$ the wave resources are stable.

Therefore, due to the high and stable energy whneate along the western coast of Europe, most
of the researches on wave energy have been pedanbe United Kingdom, Portugal, Ireland,
Norway, Sweden and Denmark. The Atlantic Coastwbpe is one of the most important marine
renewable energy resources in the world (Gleeial, 2017) with 50% of WECs developed there
(Antonio Falc&o, 2014). The reason is that the INéiantic weather system is governed by the
North Atlantic Oscillation, therefore by the presemf westerly winds that generate swells thaetirav
more than 3000 km before reaching the Europeart.chass, due to its extensive coastline and high
energy potential Portugal is a great location f@avev energy extraction. Its coast has privileged
conditions for the development and utilization @we energy, with an average annual value of wave
power density of about 40 kW/m (de Melo Veloso &€a, 2014).

A detailed wave energy resource assessment ofgabitas already been published (Pomteal.,
2005) and several projects have been carried artthe years. The first one was the pilot Oscillati
Water Column plant designed and constructed itsiaed of Pico (Azores) between 1995 and 1999.
Followed by the AWS pilot plant in Viana do Castal®002, the Pelamis wave farm in Agucadoura
in 2008 and by the WaveRoller in Peniche, testedes007. At the present moment, Portugal has a
National Ocean Strategy (NOS 2013-2020) to devalspmaritime potential and in 2017 the
Portuguese Government approved the Industrial&fjydor Oceanic Renewable Energies (EI-ERO)

with a set of measures for wave energy.
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Figure 2.1 Map of the mean wave power density (in kW/m) for 15-year interval (January 2000-December 2014). Data were taken from

the European Centre for Medium-Range Weather Forecasts (ECMWF) database and reanalysed by the ERA-Interim project. Source: L.
Rusu & Onea (2017).
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Figure 2.2 Map of global distribution of wave power temporal variability, represented by the COV(P). The results are obtained from
an analysis of the NOAA WAVEWATCHIII-Global wave climatology every 3 hours over 10 years (1997-2006). Source: Cornett (2008).
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2.4 WEC devices

2.4.1 History

Extracting wave energy implies the use of WECsdadform it, first in mechanical energy, then in
electricity. Thus, the idea of extracting oceam®ergy has been considered since more than two
hundred years ago. It started in 1799 when thediragnventor Girard obtained a patent for a machine
designed by him and his son to mechanically cagheenergy from waves (Clémaegttal, 2002).
Another early application of wave power was a dewionstructed in 1910 by the French Bochaux-

Praceique to light and power his house in Royan.

After that, thousands more patents followed (someuthented by Leishman and Scobie in 1976)
and several books and reports on wave energy csiomewere written. Since the beginning, the
WEC industry has had many ups and downs, with a&lm&$® projects (either conceptual or

operational). An overview of the current statusvaive energy conversion can be found in (Antonio
Falcédo, 2014).

The pioneer for modern wave energy and of the @saity Water Column (OWC) system is Yoshio

Masuda that started to work with ocean energy @avin the late 1940s. He developed the first
example of floating OWC: a navigation buoy powelsdwave energy and equipped with an air
turbine. Later in 1976, he promoted the constructiba larger device testing platform composed by

several OWCs equipped with different types of aibines.

With the oil crisis of 1973 wave energy got a nexeiest and intensive research and development
study began. In 1974 a paper publishedNimture by Stephen Salter brought the wave power
technology to the attention of the internationaéstific community (Salter, 1974). He also started
the experimental development of a WEC in the wawené of the University of Edinburgh. In the
same period, Kjell Budal pioneered this technolog¥urope developing a phase-controlled point
absorber power buoy (Budal & Falnes, 1974) whileidel E. McCormick was the first academic

to work with this technology in America (McCormick981).

Some prototype applications have been developedvame tanks in Trondheim (Norway),
Wageningen (Netherlands) and Nantes (France) am so the sea. Just to mention some first
projects, in 1985 two full-sized (350 and 500 k\Wedapower) shoreline prototypes were constructed
at Toftestallen in Norway. In 1990 two OWC protaggpvere constructed in Asia, a 60 kW converter
at the port of Sakata, Japan and a bottom-stadd@&dgW plant at Trivandrum, India. In 1991 a small
(75 kw) OWC shoreline prototype was deployed atiskend of Islay, Scotland (Falcao, 2010). In
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1992 the OWC Pico Power Plant project started enAkores and the construction of a full-scale

testing facility was concluded in 1999.

2.4.2 Types of devices

A wide variety of WECs have been developed alorgybars and the number of wave energy
companies existing nowadays is more than 200. tfofishe existing technologies and the leading
companies can be found in the European Marine BKne@enter (EMEC) website
(http://www.emec.org.uk/marine-energy/wave-develspdast updated: '8 August 2019). WEC

devices can be classified according to locatiare and working principle. About the location, they
can be found onshore (in shallow waters), nearsfieve hundred meters from the shore at a depth

of 10-25 m) or offshore (waters deeper than 40 m).

If, instead, we consider the WECs working principle following main eight types of devices (Figure
2.3) have been identified by EMEC (Rusu & Onea,&0attenuators, point absorbers, oscillating
water columns, overtopping/terminator devices, sefg@d pressure differential, bulge wave,

rotating mass and oscillating wave surge converters

The attenuators (Figure 2.3A) are floating devicgsnted along the wave direction with a long
structure concerning the wave direction. They ammmosed by a series of cylindrical sections
connected together by flexible joints that alloveleandividual section to rotate relatively to the
others. Thus, they gradually generate energy asthee passes through the system length and
“attenuate” the amplitude of the wave. An examgleéhe Pelamis prototype converter from UK
(Henderson, 2006).

Point absorbers (Figure 2.3B) are floating striegigimilar to a buoy, in which the active part n®ve
on a vertical axis. They absorb the wave energyl idirections through their movements at the water
surface and convert into electrical power the mmotibthe buoyant top relative to the base. Theyhav
small dimensions compared to the typical wavelenigthding to have a diameter of a few meters.
An example of point absorber is the OPT PowerBuiiefet al, 2013).

The Oscillating Water Columns (OWCs, Figure 2.3B) be located on the shoreline or near shore
and they are based on the same principle of thequdy described devices. The movement of the
waves raises and lowers the level of water insisienai-submerged chamber open at the bottom. This
causes an internal volume of air to move and drtarto rotate. This technology has been applied in
the Limpet power plant in UK (Heath, 2000) and Fheo power plant in Azores, Portugal (Falcao,
2000). Floating structures are based on a flodtonty that is moved by the waves and the oscillatory
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movement used by the device can be vertical, hotg@gopitch or a combination of those. An example
is the WaveStar WEC (Marques al, 2012).

Overtopping devices (Figure 2.3E) have a strudiuaé due to waves increases its potential energy
and/or kinetic energy. The water is forced to pma&s this structure that is a reservoir above #& s
level and then is released back to sea throughnesbA typical overtopping device is the Wave
Dragon in Wales and Denmark (Kofoetal, 2006) and the SSG Wave Energy Converter in Nprwa
(Vicinanzaet al, 2012). Terminators are also long structureslamio attenuators. However, these
are placed perpendicular to the predominant doeatf wave propagation and they “terminate” the

wave action. One example of the terminator-type W&the Salter’s Duck (Falnes, 2007).

The submerged pressure differential device (Fi@u3€) is typically located near shore and fixed to
the seabed. It is a submerged point absorber Heat the pressure difference generated between the
wave crests and troughs. When the crest of the igaeer the device, this water pressure compresses
the air that is inside of it and moves the deviogml If the trough is over the device, the water
pressure will be reduced and the device rises.xamgle of this type of converter is the Archimedes
Wave Swing, AWS in UK (de Sousa Pradd al, 2006) and the Bombora’s mWave

(https://www.bomborawave.conin Australia. As waves pass over the mWave (Fdlb), the air

inside the membranes is squeezed into a duct aodgih a turbine that spins a generator to produce
electricity. The air is then recycled to re-infldtee membranes so that they are ready for the next
wave. A feasibility study was performed by Britd/elo & Villate (2016) for a 60 MW wave farm

in Peniche and in 2016 they applied for the licevfs& prototype there.

Bulge wave technology (Figure 2.3G) use wave-indymessure to generate a bulge wave within a
flexible tube, such as the Anaconda wave energyearter (Helleret al, 2010). As the bulge wave
travels within the device it increases in size apded. The kinetic energy of the bulge is used to

drive a turbine at the end of the tube.

Rotating mass converters (Figure 2.3H) exploitrdiative motion of waves to induce pitching and
rolling in a floating body, forcing the rotation ah eccentric mass contained within the device that
drives an electrical generator. An example of tl@gice is the Penguin by Wello.

And finally, the Oscillating Wave Surge Convert@@VSC, Figure 2.3C) are articulated or flexible
structures that are positioned perpendicularlyhowave direction. Thus, due to the impact of the
waves, the deflector moves back and forth, sucn dee Aquamarine Power Oyster in the UK
(Whittaker et al, 2007). This is also the case of the device @&rttonsidered in this study, the
WaveRoller OWCS, a device that operates in neagshogas (approximately 0.3-2 km from the

shore) at depths between 8 and 20 m (Figure 2.4).
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In the specific case of Almagreira beach, the locabf the WaveRoller farm is around 15 m depth
(Silvaet al, 2016). A single WaveRoller unit (one panel) iedaat between 350 kW and 1000 kW,
with a capacity factor of 25-50% according to mactiiirers and depending on wave conditions at
the project site. A single panel absorbs 1.5-2 M\fyawver from the wave surge (AW-Energy, 2019).
The panel spans essentially the entire depth ofvdtter column from the seabed up to the water
surface level and the back and forth movement aémdriven by waves puts the composite panel
into motion. As it is difficult and expensive to rmmission WECs in their actual operational
environment, the designing of wave energy converteavily relies on numerical simulations and

small-scale experiments.
Point absorber

Attenuator Oscillating wave surge converter  Oscillating water column

Overtopplng./termmator Submgrged pressure Bulge wave Rotating mass
device differential

Figure 2.3 Main WECs categories identified by the European Marine Energy Centre. Source: http://www.aquaret.com.

Figure 2.4 An artistic interpretation demonstrating several Oscillating Wave Surge Converter (OWSC) type WaveRoller devices
installed in nearshore sub-surface environment. Source: https.//aw-energy.com
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Figure 2.5 An artistic interpretation of the Bombora’s mWave membranes and turbine. s@fié: http://www.bomborawave.com/

For most WECSs, a greater annual energy productonbe obtained in deep water (assuming the
same degree of WEC submergence), because theaaribal total incident wave energy is greater.
However, the additional energy that is exploitabldeep water comes at a higher cost. Moreover, in
many nearshore sites, the exploitable energy redbgeonly 10% between the depths typical of
offshore and nearshore sites (Folé\al, 2010). The range of wave direction at nearshmrations

is reduced due to refraction during shoaling. Tihigeases the proportion of the nearshore wave
climate that is exploitable for directional WECswgmared to the offshore climate.

Therefore some of the advantages of nearshoreatesaie that: they face fewer extreme conditions,
with a slightly reduced amount of exploitable energlative to offshore sites; they have cost
reduction advantages in terms of installation amihtenance since they are located in a relatively
accessible region (Henst al, 2010; Wilkinsoret al, 2017).

2.4.3 Wave Roller and Bombora’s mWave devices

A common challenge in WECs modelling is relatethisperformance parameters of different WEC
systems, because often they are not available ¢o sttientific community for reasons of
confidentiality (Venugopaét al, 2017). Thus, by reviewing power performance ltssavailable in
the public literature an extensive database fohgdrodynamic performance of WECs was created
by Babarit (2015).

The power matrices can be determined by using noaienodels. For instance, the one considered
in the present study for a bottom-fixed oscillatftapp device (B-OF) was derived with a numerical
Wave to Wire time-domain model (Babaeit al, 2012) that solved the equation of motion. It is
important to underline that is not exactly the poweatrix of a WaveRoller, but of a similar kind of
device. The power matrix of the Bombora’s mWaveidewas also numerically predicted for a full-

scale 8-cell prototype and was available in thexditure (Algieet al, 2017).
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The power performance is device-dependent and eajuantified in terms of capture width (CW).
The CW was first introduced in 1975 (Budar & Faln£875) and is defined as the ratio of wave
power absorbed by the deviBg,, (in kW) to the wave resourdg,. (in KW/m):

CW = Zabs (2)

Pinc
More than by the capture width, the hydrodynamidquenance of a WEC is best reflected by the
hydrodynamic efficiency. A measure of the hydrodyiaefficiency is the ratio between the capture
width and a characteristic dimensiBrof the WEC, often the device width (25 m for thaw@Roller
and 62.5m for the Bombora’s mWave). This raticaliedl relative capture width (RCW) and reflects
the fraction of wave power flowing through the dmvthat is absorbed by the device:

RCW = =¥ = Jabs. 3)
B PincB

In the present study, the incoming power was catedlwhile the absorbed power was inferred from

the WECs power matrices.

2.4.3.1 WaveRoller WEC type characteristics

To generate electrical power from the surrge motibwaves several wave energy converters have

been proposed, including Oyster, EB-Frond, WaveRRoHind Langlee.

The WaveRoller was developed by the Finnish compafyEnergy. It consists of a submerged and
movable flap, fixed to the seafloor, between 8 20idh depth. The oscillatory movement of the blade
controls the hydraulic piston which, connectedrt@aclosed hydraulic circuit, causes the movement
of a high-pressure fluid which is directed to a fagdic motor, thus supplying an electric generator.
The electricity produced is led by cables on tha&bsd to an underground substation. The entire

circuit is hermetically sealed in the system andtheparated from the maritime environment.

After a sequence of tests between 2007 and 20020#2 a demonstration plant with three
WaveRoller units of 9 m x 10 m each was installedree coast of Peniche (project SURGEL1), with

a total power potential installed of 38W /h.

Currently, the project is closed and new improvexdqiypes are planned for future applications. The
total investment in the Waveroller system was €millilon between 2007 and 2014, € 2.4 million of
which was invested in projects on the Portuguesstc(Roteiro EI-ERO, 2016). At the moment,
Lloyd's Register certified AW-Energy’'s WaveRollexchnology and the SURGE2 project follows
the successful SURGEL1 project, where AW-Energy destnated the technology with a grid-
connected device producing electricity to the Rprase grid from a site fully exposed to the ocean

storms (https://aw-energy.com). The SURGE2 progeds a single 18 x 10 m panel delivering
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400kW of continuous power. Each panel can takeoupMW of power from the wave surge, but

digital smoothing feeds this out to the grid abatauous flat rate of 400 kW.

However, since the performance parameters for keifsic WaveRoller WEC are not available to
the scientific community for reasons of confidelilyaa similar device was considered in the present
study. It is a bottom-fixed oscillating flap (Figu2.6) and its characteristics were retrieved ftioen
literature (Babariet al, 2012; Changet al, 2016) and summarised in Table 2.1. Also, thegyow
matrix of this kind of device is here reported (g 2.7), along with the relative capture widthveur
(Figure 2.8). This is the reason why in the follog/ichapters this WEC will be called “WaveRoller

type”.
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Figure 2.6 Bottom-fixed oscillating flap. Source: Babarit et al. (2012).
Property Value
Length 25m
Height 16 m
Width 2m
Water depth 8-20 m

Table 2.1 Characteristics of the WaveRoller type bottom-fixed oscillating flap. Source: Babarit et al. (2012).
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Hs (m)

Figure 2.7 Power matrix (in kW) of a bottom-fixed oscillating flap device. H; is the significant wave height (in meters) and T, is the
peak period (in seconds). Source: Babarit et al. (2012).
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Figure 2.8 Relative capture width curves of a bottom-fixed oscillating flap device as a function of the energy period (T, in seconds).
The colour of the curves indicates the significant wave height for each curve (Hs in meters).

2.4.3.2 Bombora WEC type characteristics

The Australian company Bombora Wave Power wasdedrin 2012 after obtaining good results
with the mWave wave energy converter whose opeyaiimcept began to be explored in 2007. The
mWave is a submerged, pneumatic, flexible membpassure differential WEC that comprises
multiple membranes mounted on the sea floor witls ddled with air (Figure 2.9). These cell
membranes convert hydrodynamic wave pressure imeynal cell air pressure. The differential
pressure between cells is caused by wave peaksamghs above the WEC. At any instant, those
cells supply air to a high-pressure duct in theypmatic circuit, through a set of non-return cellleu
valves. This high-pressure air flows through thdite and returns to low-pressure cells, through a
low-pressure manifold and non-return inlet valvakyie et al, 2017). The electricity produced by

the generator is then transported to shore by subeneables.

The mWave is a nearshore WEC and its installatieptid is determined by several factors: with

submersion the power capture decrease, due ta¢heased attenuation of wave pressure with depth
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but also, prevent the exposure of the convertdrigh slamming loads a minimum submersion is
required. For these reasons, in most long-fetchevedimates the preferred submergence is between
5 and 15 m. The model has already been testedsorath scale in wave tanks and there are several

projects in the coastal areas of Scotland, WalestrAlia and Portugal.

The site assessments conducted by Bombora oviastitevo years confirm that the coast of Portugal
is an ideal location for a mWave farm. Bombora aateld a Levelised Cost of Energy (LCOE) study
for a 60 MW wave farm at Peniche consisting of 480%. At the moment, Bombora is working

closely with WavEC to enable an array of mWave’beéadeployed in Peniche by advancing the site

consenting process.

The characteristics of the device considered ipthsent study as a comparison with the WaveRoller
type of WEC are reported in Table 2.2. The powetrimaf this kind of device and the relative

capture width curve are also reported (Figure 2@ Figure 2.11).
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Figure 2.9 mWave prototype in (a) plan and (b) front view, with waves approaching from the left. Source: Algie et al. (2017)

Property Value
Length 62.5m
Height 6m
Width 15m
Water depth 5-15m

Table 2.2 Characteristics of the Bombora's mWave pressure differential converter. Source: Algie et al. (2017).
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and Tp is the

Figure 2.10 Power matrix (in kW) for a prototype eight-cell mWave device. Hs is the significant wave height (in meters)
peak period (in seconds). Source: Algie et al. (2017).
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Figure 2.11 Relative capture width curves of a prototype eight-cell mWave device as a function of the energy period (Te in seconds).
The colour of the curves indicates the significant wave height for each curve (Hs in meters).

2.5 Numerical modelling

To develop and design a wave energy converterriaegg absorption can be studied theoretically
and numerically, or by testing a physical moded imave basin or wave flume. Numerical modelling
has to be applied in the first stages of a waveggnglant design since, nowadays, it is the most
powerful tool to understand first the ocean wavesthen the effects of those technologies on wave
characteristics (Thomas & Dwarakish, 2015). Alsedels are necessary to compare and evaluate
the energy resource at different locations andescdb inform WEC project developers allowing
them to select the most suitable site and achiptienal power capture and economic performance

from their installations.

Wind induced waves are among the most importanestsin coastal and ocean engineering but
their random nature makes it one of the most caraf@d phenomena. The basic physical processes
that govern the evolution of wind waves in the opeean are the input by the wind; nonlinear
interactions; white-capping or dissipation in deeger; bottom dissipation; wave propagation in
non-homogeneous media and wave-current interactioagaleriet al, 2007).
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Studies on wave prediction started in the World Waiith the work of Sverdrup, Munk and Traylor
(Munk & Traylor, 1947; Sverdrup & Munk, 1946), btheir prediction technique was purely
statistical and based on the significant wave heighen, the concept of wave spectrum was
introduced in the early 50's (Pierson & Marks, 1pa2d in the late 50’s the first generation of
numerical wave model was developed (Phillips, 1958)ce then a lot of effort has been done to
understand the wave propagation and transformatiih,the new improved models following this
enhanced knowledge. During the progressive devedoprof wave modelling, periods of great
theoretical advances have been followed by pewbddensolidation and application. Especially with
the advent of powerful computers and developmertoofiplex numerical techniques, numerical

models became a very reliable, cost effective and saving tool to solve ocean engineering issues.

Numerical models can be used both to forecast antit&st wave parameters, that is fundamental for
the construction and management of offshore strestbut also to understand sediment transport
processes (Gonzalez-Santamatial, 2011) and to identify the regions with exploleyave energy
(Rusu & Guedes Soares, 2009; Guedes Scetred, 2014). Usually, for this kind of studies,
numerical models are based on the energy balanzien (Hasselmann, 1968), here in a simplified

form:

ds(f x,49)
—ar = Sin + Sni + Sais (4)

where the wave spectrushis defined over the geographic coordinatesnd over time; it is also
depending on the frequengiand propagation directiof of the waves. Thus, the left part of the
equation represents the full derivative of the sp®e with time while on the right part are the #re
component of the source function: the mechanisemefgy exchange between atmosphere and ocean
waves, also known as wind-wave interactions so(fgg9; the energy conservative mechanism of
nonlinear wave-wave interactiors,(); the mechanism of wave energy loss related tewmaeaking
processes and interaction of wave with the turladeri the upper layer, also called dissipations®ur

term S4i5). A more detailed description of the equation usedhe present study will follow.

Numerical wave models can be divided into four gates depending on their mechanism: first,
second, third and improved third-generation wavaleg The first-generation wave models are
based on simple wind fieldsS;(), without accounting for energy losse$;;() and nonlinear
interactions §,,;) among distinct frequencies, that is why theyadse referred as decoupled models.
A two-dimensional wave spectrum (frequency-dirattievolves when the wind forcing reaches a
saturation level that is defined by a universalildoium distribution, and each spectral component
propagates with its group velocity (Caetano & Irerdi, 2003).
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The second-generation wave models are developety uarying wind fields and nonlinear
interactions that are simplified and parametrize@ tertain spectral distribution of energy, tisat i
why those models are called parametric models @fiassinet al, 1976). In those models, the swell
is represented explicitly by the spectrum and tlhedveea by parameters. In general, the spectral
shape assumed is the JONSWAP distribution (Hasseletaal, 1973).

The need for a better resolution on the wave madedeastal regions lead to the development of the
third-generation numerical models. They use thegnbalance equation to describe the time and
space evolution of the wave spectrum, that progsgieely without any imposition on its shape
(Tolman & Chalikov, 1996). An example is the WAM A¥e Modelling) model (The Wamdi Group,
1988) that uses a parameterization of the non+litraasfer source function to save computational
time. With time, many other wave models appearedhfwove the limitations of the WAM model
regarding the non-linear transfer of energy (Hasaahet al, 1985). The most notable are SWAN
(Simulating WAves Nearshore) (Booij, N., 1999) AWNAVEWATCH 11l (Tolman, 1989).

In general, third-generation wave models can beddds into two types (Battjes, 1994): phase
resolving and phase averaging models. Phase ragokave models are then divided depending on
the equations applied: Hamiltonians equations, Bioesq equations or mild-slope equations. This
type of models describes the sea surface as aidanat space and time and are used for rapidly
varying wave conditions. They can simulate the s@face elevation with high accuracy, taking
implicitly into account several physical phenomergdraction, diffraction, quadruplets wave-wave
interactions, dissipation effects (such as bottactidn and depth induced breaking effects). But,

they do not consider wind as a generation procedgshey are computationally very demanding.

Phase averaging models describe the irregularusécs by a spectral energy density function and
are used for applications on large scale. Two nusthtan be applied within those models: the
Lagrangian approach and the Eulerian approachdrfitst approach, waves are propagated from
deep to shallow waters independently by transppthie wave energy along wave rays, which makes
the computation of nonlinear effects numericallgfiitient. This may generate chaotic wave rays
patterns that are difficult to interpret. In theed approach, the wave propagation occurs orda gri
where every grid point has the information of tHeole spectrum. Thus, the problem of chaotic wave
patterns is avoided and the inclusion of generati@msipation and nonlinear wave-wave interactions
can be done efficiently. The earlier models for eugal wave prediction not only simplified ocean
wave characteristics but also used coarse gridat iiiight be suitable for deep regions, but for
accurately model coastal regions a finer meshesle@. This lead to new third-generation numerical
models, such as MIKE21 SW (Sgrens¢ml, 2004).
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25.1 SWAN model

The third-generation spectral wave model SWAN (agno for Simulating WAves Nearshore) was
developed by the Delft University of Technologyrfrehe WAM model, to improve the accuracy of
spectral wave modelling in the nearshore zone. SWAN model is fully spectral in frequencies and
directions (0°-360°) and it computes random, skogsted wind-generated waves in coastal regions.
It is an open-source phase averaging model thattheeEulerian approach and efficiently represent
the processes of waves generation, spatial prapagahoaling and refraction due to bottom
variations. It includes additional functionalitissch as triad wave-wave nonlinear interactions and
depth-induced wave breaking. It is based on thsmdialance equation, which for small-scale

simulations can be expressed in Cartesian coosfiret follows:

aN | @ ] ] ) Sto
E-Fa(CxN)-F@(CyN)-F%(CUN)+£(C9N)=% (5)
where N (o, 8) is the wave action density (given by the energgctpl densityE (o, 8) over the
relative frequency); t is the timeg is the wave direction;,, c,, are the propagation velocities in
the geographical x-y space; ang and cy are the propagation velocities in the spectracspa

(frequency and directional space).

The first term on the left is the local rate of mha of action density in time; the second and third
terms are the propagation of action in the geogcapbpace; the fourth term represents the shifting
of action density in frequency space due to vamegiin depth and currents; the fifth term reproduce
depth-induced and current-induced refraction.

The source terr§;,; (o, 8) on the right side of the action balance equatiamoants for the effects of
energy generation and dissipation. More explictthg source terms in SWAN include wave energy
growth by wind inputs;,,, wave energy transfer due to wave-wave non-lingaractionss,,; and
dissipation of wave energys{;;) due to whitecapping (Komeat al, 1984). The wave-wave
interaction is modelled through the quadruplet naacdm (Hasselmanet al, 1985) in deep waters,
and of triads (Eldeberky, 1996), in shallow watarsome cases, linear wind-inpjf, can also be
considered. In shallow waters, additional procebsgs to be considered, most notably wave-bottom
interactionss,,; (Madsenet al, 1989). In extremely shallow waters, depth-inadlibeeakingS,;;,
(Battjes & Janssen, 1978) and triad wave-wave actemssS,;, (Eldeberky, 1996) become also

important. So that the net source functipg) is defined by:
Stot = Sin + Snt + Sais + Sin + Spot + Sap + Ser (6)

According to the SWAN Scientific and Technical domntation (SWAN, 2018), the following wave

propagation processes are represented in the model:
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- Propagation through geographic space;

- Refraction due to spatial variations in bottom andent;
- Diffraction (in an approximate way);

- Shoaling due to spatial variations in bottom anctent;

- Blocking and reflections by opposing currents;

- Transmission through, blockage by or reflectioniagfeobstacles.
The following wave generation and dissipation psses are represented in SWAN:

- Generation by wind;

- Dissipation by white capping;

- Dissipation by depth-induced wave breaking;
- Dissipation by bottom friction;

- Wave-wave interactions in both deep and shalloversat

Since diffraction is modelled in a restricted setise model should be used in areas where vargation
in wave height are large. Since the computatiodiffifaction in arbitrary geophysical conditions is
complicated and requires considerable computingrtefd phase-decoupled approach is employed
(Holthuijsenet al., 2003) to obtain the same qualitative behavioulspdtial redistribution and

changes in wave direction.

In any case, the model requires bathymetric infoionainitial conditions, boundary conditions, and
possibly atmospheric forcing conditions (pressum@ w&ind fields) and ocean forcing (current fields
and tide levels). To increase the precision ofgteglictions in the zone of interest, SWAN uses a
mesh nesting scheme, in which the results obtaioed large computational domain are used as

border condition for a smaller domain, but withteg resolution.

The model can be run both in serial mode, i.e.®WEAN program running on one processor, or in
parallel mode, i.e. on a shared memory systemstriloited memory machines. In this case study,
to reduce the computational time when simulatirggwaves for larger periods the model was run in
parallel using Medusa cluster infrastructure, aldé at the National Laboratory of Civil Engineegyin
(LNEC) of Lisbon.

Once the model is running an accuracy criteriaeists terminate the iterative computations. In

particular, SWAN stops the iteration if:
a) The change in the local significant wave he{gh} from one iteration to the next is less than:

- arelative change fraction of that wave height or
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- a relative change fraction with respect to meamne/alf the average significant wave height

(averaged over all wet grid points);
b) and if the change in the local mean wave pgilady) from one iteration to the next is less than:

- arelative change fraction of that period or
- a relative change fraction with respect to the mealne of the average mean wave period

(averaged over all wet grid points);
c¢) and if the conditions a) and b) are fulfillednmore than a percentage of wet grid points %.

The default value of the relative change is 0.02bfmth H and Two: and the default value for the
percentage of wet grid points is 98%. It is alsegiale to terminate the iterative procedure byrgjvi

the maximum number of iterations after which thenpatation stops.

The SWAN model has been widely used to assesshdngges in shoreline wave climate caused by
the installation of a wave farm. Here are somes#sa used SWAN for WEC’s impact assessment:
the Wave Hub wave farm off the north coast of CaihiGonzalez-Santamaret al, 2013; Millar

et al, 2007; Smithet al, 2012); the WaveRoller (Rust al, 2016) and Pelamis (Rusu & Soares,
2013) both north of Peniche; a Pelamis (Palhal, 2010) and a generic wave farm in Sao Pedro de
Moel in Portugal (Bentet al, 2014); a generic wave farm in the Galician codSpain (Iglesias &
Carballo, 2014); a generic wave farm in Monterey Bad Santa Cruz in California (Chaegal,
2014a).

2.5.2 SWAN model input

According to the User Manual by the SWAN team (&B@e online at

http://swanmodel.sourceforge.net/online_doc/swasusmuse.html the user should provide

SWAN with several input files with the followingflormation:

- afile containing the instructions of the user WAN (the command file);
- file(s) containing: grid, bottom, current, frictipand wind (if relevant);

- file(s) containing the wavefield at the model boaneés (if relevant).

To construct the input files necessary to run AASI execution file (version 41.20AB), a Microsoft
Access database was used. This database constnucigut file for SWAN for each grid and wave
condition by processing the input that the usds fiito the database. Once those INPUT files are
produced, they must be placed in the same direetitty the bathymetry and the executable file
before running SWAN. SWAN is quite flexible withsggect to output processing: the output is
available for many different wave parameters. Havegenerally the output is produced by SWAN
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only at the user's request and the instructionth@fuser to control output are divided into three

categories:

- definitions of the geographic location(s) of thepaui. The output locations may be either on a
geographic grid, along user specified lines (@.given depth contour line) or at individual output
locations;

- times for which the output is requested (only imstationary runs);

- type of output quantities (wave parameters, cusrentelated quantities).

2.5.3 SWAN model output

In the present study, two categories of output@SWAN model were obtained: a file which presents
the results of the model for a set of output lawatiand/or a data file which contains the values of
several spectral parameters at all computationdl goints. manual (SWAN, 2018) presents a

complete description of the output variables of 83WéAN model. Here reported are the ones chosen

for this study:

- Geographic coordinates: longitude and latituder{@ters since Cartesian) of each computational
grid point in ETRS89/Portugal TM06 (EPSG:3763) Glwoate Reference System;

- Significant wave height: denoted asihl meters, and defined as

Hy = 4/ [[ E(w, 0)dwdb 7)
where (w, 0) is the energy density spectrum ands the absolute radian frequency;

- Mean absolute wave period: denoted as:ih seconds, and defined as

[f wE(0,0)dadd

Tmo = 2m( I E(0,6)dodd )™ (8)

whereg is the relative frequency;

- Mean absolute zero-crossing period: denotedasiit seconds, and defined as

. [f w?E(0,8)dodb -1/2

- Mean wave direction: denoted ad Dir in ° and naltconvention (i.e. the direction where the

waves come from, measured clockwise from geogradgbrth), and defined as

. SinbE(o0,0)dodo
Dir = arctan I (9.9) ]

[ cosBE(6,0)dad6 (10)

- Peak direction: denoted as PkDir and is the peedction of E(9) = [ E(g,6)do in ° and

nautical convention;
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- Relative peak period: denoted as RTP in secondsguna to absolute peak period in the absence

of currents;
- Depth: value in meters of the depth contour lirmglwhich output locations are generated by
SWAN.

Moreover, SWAN always creates a print file thattagms an echo of the command file, an overview
of the physical and numerical parameters usedarstmulation run and self-explanatory warning

and error messages.

In Table 2.3 are reported in summary the input@mnguts used for the simulations performed with
SWAN in the context of the present work. The outfpain the Microsoft Access database are the
input files for SWAN.

Microsoft Access output/

Microsoft Access input

SWAN input

SWAN output

- Computational grids
- Bathymetry grids

- Spectrum resolution

- Bathymetry files (.BOT)
- INPUT files
- Command file (.BAT)

- Output points files (.dat)
- Output grid files (.dat)
- PRINT file

- Physical processes

- Stationary wave conditions

- Output specifications

Table 2.3 Input and output files of Microsoft Access database and of SWAN.

2.5.4 SNL-SWAN model

A modified version of the standard SWAN was devethpthe SNL-SWAN (Ruehét al, 2013;
Ruehlet al, 2014) by the Sandia National Laboratories tollata WEC farm effects on wave
propagation. For that, a WEC module with five diéiet options (referred to as obstacle cases or
OBCASE), that accounts for device-specific WEC pope&rformance was developed. Based on the
user specified power performance, SNL-SWAN caladahe associated transmission coefficient
(K:), which describes the ratio of wave height traadithrough a WEC array over that incident

upon it.

In detail, to model WECs in SWAN, the OBSTACLE faat is used. It defines the obstacle as a line
crossing between two grid points, with a transmissioefficient that acts as an energy sink in the
wave action balance equation (5), extracting atifvacof the incident wave energy (Ruedtl al,
2015).
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2.5.4.1 WEC module

The modifications made to SNL-SWAN compared to SWalldw the code to calculate realistic
energy extraction terms based on existing WEC p@&dormance data. The implication of the code
modifications is that wave farms will be more rettially modelled, resulting in more confidence in

the observed environmental effects from deploynoéNVEC arrays (Rueldt al, 2015).

Thus, the capacity of a WEC to extract energy fraaves is parameterized according to the
characteristics of the sea state, or as a fundidhe wave height and wave period of each spectral
component. From the SNL-SWAN user’'s manual (Re¢ll., 2014) the five possible options in the
WEC module are:

OBCASE 0) Itis the baseline SWAN OBSTACLE formudatin which the transmission coefficient
is a constant value entered into the SWAN inp@ &hd applied across all wave frequencies. It

represents the ratio of wave heights incidenttq ) and in the leeH;..) of the WEC:

K, = Hee (11)

Hinc
Therefore, a coefficient of 1.0 provides 100% traission, and a coefficient of 0.0, total blockage.
There are several limitations of using this apphoée model WECs. First of all, the SWAN
OBSTACLE formulation extracts a constant amounémérgy from each incident wave period (or
binned frequency) but, in reality, WECs are desiljtteextract more energy at some sea states and
less at others. Additionally, WECs are often cdigrbto maximize energy extraction by tuning the
WEC energy conversion with incident wave climatail{g et al, 2017; Oskamp & Ozkan-haller,
2012). Moreover, due to the variety of existing WiChnologies, there is significant variation in
the power performance of different devices duatbdrs such as power rating, bandwidth, directional
dependence, and control (Babatital, 2012). All of these factors influence the eneegtraction of
WECSs, and thus the transformation of waves throfffC arrays and influence on near-field and
far-field environmental effects. None of thesedasiare captured in the baseline SWAN formulation.
This is the reason why modifications were madeWASI v41.01 (referred to as SNL-SWAN) to
improve modelling of WECs and the following addited OBCASESs have been implemented (Ruehl
et al, 2015).

OBCASE 1) The transmission coefficient is compubtgdSNL-SWAN from a user-defined WEC
power matrix (Figure 2.7 and Figure 2.10). A povaio is calculated at the peak wave period based
on the absorbed wave powéy,[;) from the WEC power matrix and the incident waeapr P;,,.),

then the transmission coefficient, calculated aswhin Eq. (12), is applied as a constant valuesscr

all wave frequencies.
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KZ =1— 2o (12)

OBCASE 2) SNL-SWAN computes the transmission cogffit from a user-supplied WEC relative
capture width (RCW) curve (Figure 2.8 and Figurel}. Given the peak incident wave period and
the RCW value the transmission coefficient, calimdaas shown in Eq. (3), is applied as a constant

value across all wave frequencies.
Kf =1—RCW (13)

OBCASE 3) This is an extension of OBCASE 1, butiddt transmission coefficients are applied to

each binned wave frequency based on the WEC poaixn

OBCASE 4) This is an extension of OBCASE 2, butR@&W curve is sampled independently for

each binned wave frequency, resulting in a frequelependent obstacle transmission coefficient.

OBCASE 3 or 4 are only appropriate when there amailable information about individual
frequencies, while OBCASE 1 and 2 are more appatprwvhen information is available about

average sea states.

Previous studies have already used SNL-SWAN tauaw@lWEC farm effects on wave propagation,
such as in the California coast in Monterey Bay Sadta Cruz (Chanet al, 2016; Changpt al,
2014b; Ruehet al, 2015), in Canada offshore Vancouver Island (kocz al, 2016), in Western
Australia near Perth (Contar@bal, 2018), in Portugal in Agucadoura (Monteiro, 2017

2.5.4.2 Modelling of obstacles

As reported in Section 2.6 of SWAN Scientific arethinical Documentation (SWAN, 2018), SWAN
can estimate wave transmission through a linegtredf it is possible to assume that the obstexcle

narrow compared to the grid size. This kind of ablg affects the wavefield in three ways:

» itreduces the wave height of waves propagatirmugin/over the obstacle all along its length,
* it causes waves to be reflected, and
» it causes diffraction around its end(s).

Since obstacles usually have a transversal arestioe small to be resolved by the bottom grithbo

in SWAN and SNL-SWAN, an obstacle is modelled &s&in the computational area (Figure 2.12).

To calculate the action density flux from one gva@int to its neighbours, SWAN first determines if
the connecting grid line crosses an obstacle lina.grid line is crossed by an obstacle line, the

transmission coefficient is applied to the fluxveeén those nodes.
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Figure 2.12 Obstacle line cutting through a computational grid. Source: SWAN (2018).
SWAN uses a vertex centred grid, with volume caédiBned by grid centres (Figure 2.13). The finite
volume cell edges are the fluxing faces betweeghi@uring vertices. This grid treatment in
combination with SWAN'’s obstacle treatment has son@ications about the various ways in which

obstacles can interact with the computational grid.

Figure 2.13 Computational grid (solid lines), a grid vertex and the finite volume cell corresponding to that vertex (dashed lines).
Source: SNL-SWAN user’s manual Ruehl et al. (2014).

For instance, if two lines have different length they both cross the same computation grid line
(such as the two blue lines shown in Figure 2 théy have the same influence on the model solution.
If a line does not intercept the computational ghiek to grid discretization, that obstacle will Bav
no effect (such as the green line in Figure 2. TA% red line in Figure 2.14 represents the appatgri
use of the obstacle, where grid discretizationusifiner than the obstacle length. Since the chesta
spans multiple grid lines, its length and transimors®ffects can be properly captured. This is how
each obstacle has been implemented in the simagatierformed for the present study. In particular,

the WaveRoller type devices are 25 m long and ¢oraputational grid with 25 m resolution they
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would cross once or twice the computation linesilgViine Bombora’s mWave type is 75 m long,

therefore it will cross even more computation lines

|/

Figure 2.14 Examples of obstacle lines cutting through a computational grid. Source: SNL-SWAN user’s manual Ruehl et al. (2014).

2.5.4.1 SNL-SWAN input and output

In order to run SNL-SWAN simulations the INPUT &lef SWAN must be modified by adding new

lines with the following commands:

- “SET inrhog="followed by the number 1 to indicdkat the user requires output based on true
energy;

- “SET obcase=" followed by the number of OBCASE102, 3 or 4);

- “OBSTACLE TRANS 0.00 REFL 0.00 LINE” followed by ¢hcoordinates (in the coordinate
system EPSG:3763 ETRS89 / Portugal TM06) of tist &ind last point of the line representing
the obstacle. If OBCASE 0 is used the transmissagfficient (TRANS) must be specified. If
OBCASEs 1 or 3 are selected a Power.txt file mastdnstructed with the power matrix of the
specific WEC device considered and it must be énstime directory as the INPUT files before
running SNL-SWAN. If instead OBCASE 2 or 4 are stdd an RCW file named
Relative_Capture_Width.txt is needed.

In addition to user-specified outputs, SNL-SWAN gligs POWER_ABS.OUT. This file provides
absorbed power for each modelled WEC (obstacle)ntave details, an online tutorial is provided
by the Sandia National Laboratoriéstp://snl-waterpower.github.io/SNL-SWAN/tutoriatidhl).
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3| Application of SNL-SWAN model without devices to Ainagreira

beach

3.1 Introduction

Recent assessments of wave energy potential irAtlaetic Ocean showed that there are some
promising areas along the Portuguese coast for ea&ry exploitation (Castro-Sanetsal, 2018;
Gleizonet al, 2017; Silveet al, 2018).

One of these areas is the Almagreira beach norfeafche, briefly described in section 3.2. This
place is a selected area for wave farms instatlatichere a WaveRoller oscillating wave surge
converter was already tested since 2007 and a@résent moment a full-scale wave farm installation

is previewed.

To simulate the wave propagation in Almagreira beaed the impact of a wave farm on its wave
climate, it is necessary to set up and adjust the-SWAN wave model to the specific case of the
present study. Therefore, the following preliminatgps have been accomplished and are presented
in the present chapter:

- a comparison of the SNL-SWAN model outputs agaihetin-situ data from the “Nazaré
Costeria” buoy, in terms of significant wave heijgtgak period and mean direction (section
3.3);

- a characterization of the wave climate offshore a@arshore Almagreira beach without the
devices, which was performed for a period of 1ayémom 2000 to 2018) and is reported in
section 3.4. From that, the most common and erierged states have been selected and used
as an input to perform the simulations with the @/garm in the following chapter 4 |, which
is the main objective to this chapter.

3.2 Almagreira beach

The study area is located nearshore Praia de Abmragron the west coast of Portugal in the
municipality of Peniche. Peniche is located in @este subregion, with an area of 77.55 lamd a
total population of 27,753 in 2011 (INE, 2018). Bes tourism, the economy of the Peniche
municipality relies on agriculture, services anshing. In fact, since ancient times it has been an
important fishing harbour. Moreover, since 1998dhea of Peniche and Santa Cruz is a Natura 2000
Site of Community Importance (SCI) with the ID: PONO0056. This SCI covers a wide coastline
with high landscape diversity and is characterizgthe alternation between dune and cliff systems,
supporting an important biodiversity. It includéestches of rocky and sandy coastline and a complex

of coastal wetlands with great biological and gegohological diversity.
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The beaches of Peniche are popular and famouedogational activities and sports such as surfing,
windsurfing, bodyboarding and kite surfing. In pautar, Peniche is considered one of the best
surfing locations in Europe because it has beacmes breaks facing three distinctly different
directions so that there is always a beach whickedahe best swells. It is home to many surf
camps/schools, it annually hosts the MEO Rip Cuol Portugal from the World championship tour
of the World Surf League (WSL) at the Supertuboache(Nune<t al, 2018). In Figure 3.1 are
represented the main surf spots of Peniche and@them is Praia de Almagreira, a very long sandy
beach on bathed by the Atlantic Ocean for aboukf5

The western Portuguese coast is well exposed tNdhid Atlantic wave regime and is characterized
by a predominant North-West swell and a wider dioeal spread (South-West to North) of other
less energetic waves. Almagreira beach is therefeaely perpendicular to the prevailing swell. The
offshore incident wave regime is characterized iyazerage significant wave height (Hs) of 2-2.5
m, wave periods of 9-11 s corresponding to WNW k/Wswell (Bosnicet al, 2014; Dodett al,
2010). Storms are frequent between October andiMand typically raise 6-9 m-high waves along
this coast (Costa & Esteves, 2010).
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Figure 3.1 Map of the surf spots in Peniche with Almagreira beach among them (left) and bathymetry of the study area location
nearshore Almagreira beach (right).

3.3 Comparison with Nazaré wave buoy data

It is of crucial importance to evaluate the perfanoe of numerical codes such as SNL-SWAN that
are used to model WEC arrays and predict envirotaheffects instead of direct measurements from
wave farm deployments. Previous studies (Ruwethél, 2015; Ruehket al, 2013) have already

performed a comparison of SNL-SWAN results witlatetl spectral wave models (the EMS, Exeter
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Modified SWAN) and with WEC array experimental datgathered by Columbia Power
Technologies at Oregon State University.

However, for the present study area (Almagreirachp@&o previous studies or WEC data were
available that could be used to analyze the pedana of the SNL-SWAN model. The only available
data are the wave data collected by the Institudlodgrafico (http://www.hidrografico.pt/boias) with
the buoy “Nazaré Costeira” (MONICANZ2, 90 m moorithgpth), located north of Peniche (39°33.6'
N, 9°12.6' W).

For this reason, it was decided to first evaluaeeSNL-SWAN, only in terms of wave propagation
simulations without considering any devices. Instliase, SNL-SWAN wave propagation
calculations refer to the native SWAN code for saathout obstacles, therefore this preliminary
test was accomplished using the native SWAN model.

With SWAN the deep-water waves propagation frorstudfe to shallow water was simulated in the
study site. The input boundary wave values of SWaRNshore wave characteristics) were taken

from the ECMWEF databasét(ps://www.ecmwf.int/en/forecasts/datagetzamely, the significant

wave heights, peak periods and wave directions 2060 to 2018 at a selected offshore point of the
Almagreira beach. The output wave conditions ($igamnt wave height Kl mean wave periodmbs,
peak period J, mean direction Di, peak direction Dp) were compared with the data collected by

the Instituto HidrograficoHttp://www.hidrografico.pt/boiasyith the buoy “Nazaré Costeira”.

In the next subsections, the set-up of SWAN or S\WLAN model without obstacles is presented,
as well as the results of the simulation of waweppgation from offshore to the Nazaré buoy (north

of Peniche), near Almagreira beach.
3.3.1 Model set-up

The bathymetric data from Almagreira site were takeom EMODNet (European Marine

Observation and Data Network) website httif://www.emodnet-hydrography.eu or

http://portal.emodnet-bathymetry)eihat provides fine-resolution bathymetries.

The 2018 version of the EMODnet digital terrain relb@®TM) has been created at a grid resolution
of 1/16 * 1/16 arc-minutes (circa 115 * 115 m) gsthe best available bathymetry data sets from
several data providers (plummets, single beam,i+hefim, LIDAR observations, composite Digital
Terrain Models, Satellite Derived Bathymetry). Diegsphis, there are still areas where high-quality
bathymetry data is not available that have bededfivith the GEBCO Digital Bathymetry 2014 at
30 arc-second global interval grid.
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The choice of the geographical computational giayga crucial role in wave model simulations. A
standard approach is a regular mesh with additinnad on a nested mesh to decrease the overall
computational demand. Therefore, in this case nesied grids were constructed since they showed
to decrease the computational time even more. Merechanging the resolution changes the speed
of the run, so that lower resolution means fastesr Therefore, to perform the SWAN model
simulations nearshore Almagreira beach a threeedeabdel domain was employed, similar to that
presented in a previous study by Siétaal (2016).

The three grids employed are regular and rectangtlee main grid and first nested-grid have a
bathymetry resolution of 103.16 m in latitude andditude, while the second nested-grid has a
resolution of 30 m. All of them are Cartesian gridsnautical coordinates (Figure 3.2). The
bathymetry of the second nested grid (30 m x 30as)been generated by interpolating in QGIS the
coarse resolution grid (103.16 m x 103.16 m) withigher resolution grid of 20 m x 20 m (Figure
3.3) available on EMODnet bathymetry viewing anavdtmad service only for a nearshore area of
Almagreira of around 3 km length and wide 1.5 krne Geodetic system of those grid was WGS84
and has been transformed into the projected coaelirsystem for Portugal (EPSG:3763
ETRS89/Portugal TMO06).

A resume of the characteristics of the bathymefrits used as well as the correspondent parameters
needed for SWAN and SNL-SWAN to simulate the wax@ppgation can be found in Table 3.1,
while the characteristics of the computational gigdn be found in Table 3.2.

Bathymetic grids Main Gric Nested Gri Nested Grid
X initial (Longitude’ -137259.3 -137259.3 -104583.2
Y initial (Latitude’ -67313.3. -67313.3. -33216.3-
Grid rotatior (°) 0 0 0

n° DX 574 574 174

n° DY 721 721 15¢€

DX (m) 103.1¢ 103.1¢ 3C

DY (m) 103.1¢ 103.1¢ 3C

Table 3.1 Characteristics of SNL-SWAN bathymetric grids. The initial X and Y refer to the bottom left corner (coordinate system
EPSG:3763 ETRS89 / Portugal TMO6) of the grid. DX and DY refer to the cell size.

Computational gric Main Gric Nested Gri Nested Grid
X initial (Longitude -137259.3 -11070: -104523..6
Y initial (Latitude -67313.3. -3462¢ -33036.4
Grid rotatior (°) 0 0 0

Grid length in x directioi(m) 59210 17500 3570

Grid length in y directio (m) 74380 16510 2590

DX (m) 50C 250 10C

DY (m) 50C 250 10C
Number of meshes in x directi | 11€ 70 36

Number of meshes in y directi | 14¢ 66 26

Table 3.2 Characteristics of SNL-SWAN computational grids. The initial X and Y refer to the bottom left corner (coordinate system
EPSG:3763 ETRS89 / Portugal TMO06) of the grid. DX and DY refer to the cell size.
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Depth (m)
0

Figure 3.2 Bathymetry grids for SNL-SWAN simulations with scale in meters. The main grid and first nested grid have a bathymetry
resolution of 103.16 m (right) while the second nested grid has a bathymetry resolution of 30 m (left). The approximate location of
the WECs farm is also reported (red rectangle).

grids. The points were the wave climate has been characterized are reported (yellow circles) along with Nazaré Costeira buoy.
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The model was run in a stationary mode, which meaith constant meteorological and
hydrodynamic conditions at the offshore boundarigisectional wave energy spectra conditions
were exported from the coarse resolution modelusmed as boundary conditions for the first nested
grid, and the conditions used in the SWAN modéheffirst nested grid were then exported and used
for the second nested fine resolution grid. Thegtegrid models were also implemented as stationary

models.

The SWAN initial wave conditions were extractedfir& CMWF database at the point located at the
top left corner of the main grid (Figure 3.3) aridaadepth of around 1700 m (with coordinates -
8°7'59.599" W, 39°40'7.017"N, EPSG:4326 WGS 84 dwmate system). The offshore wave data
corresponds to the values of significant wave hejggak period and wave direction from the period
between 2010 and 2018. This was the available gp@ridNazaré Costeira wave buoy data of the

Portuguese Instituto Hidrograficot{p://www.hidrografico.pt/m.boigs

Moreover, it has been proved from previous stuthiasin the area of Almagreira beach not only the
wind intensity and direction but also the tide laway significantly influence the wave charactecist
(Silva et al, 2016). Therefore, the tide must be includech&rmodel inputs for the simulations and
it was extracted with WXTide32, a Windows tide amdgrent prediction program that predicts tides
worldwide from 1970 through 2037.

A JONSWAP spectrum with default parameters wasidensd. The frequency resolution was 31
logarithmically spaced frequencies between 0.04 ardz. SWAN was run with default bottom
friction coefficient, diffraction turned on, triaddave-wave interactions turned on and quadruplet
wave-wave interactions turned off. For this tdsg, tnodel was run in parallel for a period of 9 gear
(from 2010 to 2018) using the high-performance kimluster MEDUSA cluster, available at the
National Laboratory of Civil Engineering (LNEC) afsbon. This is part of the National High-
Computing Performance Network (RNCA in Portuguesehigh-computing facility linking four
research institutes and universities in Portugdl @ming at meeting the high-computing needs of

researchers in such field as fluid dynamics, plsysrcdata mining.
3.3.2 Results

The SWAN computed values of significant wave hei@ty, mean period (H01), mean direction
(Dirm) and also peak period {)lTand peak direction (Qyy were compared with the measured values
at the Nazaré Costeira buoy site for the periodveed 2010 and 2018. The major problem
encountered during the model validation were th&simg data from buoy measurements, as can be
seen from the time series of significant wave hiengbdelled values and buoy values (Figure 3.4).
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Figure 3.4 Time series of significant wave height (in meters) for the period between 2010 and 2018. Both the modelled values (in blue)
with SWAN parallel runs and the measured values (in orange) from the "Nazaré Costeira buoy" (from the Portuguese Instituto
Hidrografico) are represented.

The statistical parameters used to compare the S\8imhlations with the data from the buoy were
the average value of measureme#isand of simulationgY) with their standard deviationsy(and
sy), the Root Mean Square Error (RMSE), the Bias, $lcatter Index (Sl) and the correlation
coefficient (r), being calculated with the formudets presented below:

vV — ?=1Xi
X == (14)
S Yh.Y;
¥ =&t (15)

Sy = /Zm(+l‘)?)2 (16)
sy = /ZF1(+FY)Z (17)

Z?:l(xi_yi)z

RMSE = (18)
Bias = 2= Yo (19)
S = RIl;I?SE (20)

_ =1 Xi—X)(v-7) (21)

r =
JZ?=1<Xi-)?>ZZ?=1<Yi—7)2
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whereX; corresponds to measured valuggsp simulated values andis the number of points used.

Looking at the statistical results presented inl@&d3, it can be seen that the correlation caoefiitc

between the data is high, particularly for theaHd Dir parameters.

The Bias presents also good results, with the waiste for the peak direction (-0.44). A negative
Bias means that the model overestimates the re¢alvdaile a positive Bias means that the model
underestimates it. Even if for the peak directiomriesults were not so good, nevertheless, thalbver

numerical results showed good agreement with tperaxental ones.

X Y Sy Sy RMSE Bias Sl r
Hs 2.07m 2.09m 1.07m 0.93 n 0.38m -0.02|\m 0.18 .940
Tmo1 9.21s 9.41s 1.96s 193s 1.13|s -0.20 s 012 84 0
Dirm 310.99 °| 311.26 22.34 1 26.87 12.21° -0.27 ° 0.04 0.89
Tp 11.04 s 11.07 s 2.63 5 246 5 1.59s -0.0R s 0.14 0.81
Dirp 311.11°| 311.557 22.65 9 27.35F 18.22° -0.44 ° 0.06 0.75

Table 3.3 Statistical results for significant wave height (Hs), mean period (Tmo1), mean direction (Diry), peak period (T,) and peak
direction (Diry). Both the buoy measured mean value (X) and the SWAN simulated mean value (Y) with their standard deviation (sy

and sy) are reported, along with the root mean square error (RMSE), the Bias, the scatter index (SI) and the correlation coefficient (r).
The data refers to the period between 2010 and 2018.

A linear regression equation has also been estihiateOLS (Ordinary Least Squares) model with
the GNU econometrics software GRETiLtp://gretl.sourceforge.n@t/The data from the buoy were
considered as independent variable (X) while th&a dgenerated by SWAN simulations were

considered as dependent variable (Y). The linesdtiobtained from the regression test along with

the correlation coefficient (r) are reported in Tea®.4 and Figure 3.5, Figure 3.6, Figure 3.7.

The SWAN model seems to underestimate the significave height klfor values lower than 1 m
and higher than 5 m. Nevertheless, the slope paearfer H and also for Ho1, Dirm, Tp and Dip

resulted to be statistically significant even at (B4value < 0.01).

The ris also quite high meaning that there is a stroogjtppe relationship between the values
measured by the “Nazaré Costeira” buoy and thasalated by SWAN. To conclude, the results of
the present study show that the SWAN wave mode&rétore the SNL-SWAN version) can be

employed with a high level of confidence for hinsliag of the wave parameters.
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Parameters Regression equation
Hs (m) Y =0.97 X 0.97
Tmo1 (S) Y=1.01X 0.99
Dirm (°) Y =1.00 X 1.00
Tp (S) Y =0.99 X 0.98
Diry, (°) Y =1.00 X 1.00

Table 3.4 Results of the validation between the values obtained with the SWAN model (Y) and the values from the “Nazaré Costeira”
buoy (X). The regression equation for significant wave height (Hs), mean peak period (T, and T,), mean and peak direction (Dirm and
Dirp) are reported along with their correlation coefficient (r).
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Figure 3.5 Scatterplot of the significant wave heights (in meters) computed by SWAN (on the y-axis) and obtained from the “Nazaré

Costeira” buoy (on the x-axis).

20 T T T T T T T T
18 -
+ + +
16 [ + + + L R+ e+
+ + +
+ + +
14 - + ++ & 4 +‘§_$+ *+1F+#:ft + *f” et
+ + o+ + ﬁ** + 7
+ + o H Gt
g 12 L i :+++++f*#§++m¢o- % Ty
+
@ Rt - s
- + 4 + + 4 i
E i0 b + ;i " " +
~ ++ At Tt
8L + T T
iy s+ +
* tt + +7F
S+
6 = - + +
+ + +
o
Fy= +H, +
+ +4
+ +
P 1 1 1 1 1 L 1 1
2 4 ] 8 10 12 14 16 18
Tm01_BUOY

Figure 3.6 Scatterplot of the mean periods (in seconds) computed by SWAN (on the y-axis) and obtained from the “Nazaré Costeira”

buoy (on the x-axis).
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Figure 3.7 Scatterplot of the mean directions (in degrees) computed by SWAN (on the y-axis) and obtained from the “Nazaré Costeira”
buoy (on the x-axis).

3.4 Offshore and nearshore wave and wave power characteation

To characterize the wave climate in Almagreira beago points were considered (Figure 3.3). The
first point is located at the top left corner oé tbxternal main grid (with coordinates -9.74899° W,
39.68880° N) and is the same point that has beeth as input boundary condition in the model. It is
located at a depth of around 1700 m and the waightievave peak period and mean wave direction
in that point were taken from the European Cemréfedium-Range Weather Forecasts (ECMWF),

which provides wave hindcasted data.

The dataset considered covers the period from 892018 with a 6 hours step. The second point is
located nearshore Almagreira beach (with coordma8e29784° W, 39.39350° N, water depth
around 10 m), at the approximate location of thev&®Raller device according to Siles al, (2016).

These two locations are shown in Figure 3.3.

With the 19 years wave climate data from ECMWF #ral bathymetric and computational grids
previously mentioned (Table 3.1 and Table 3.2)lpgnains of SWAN have been performed, without
the presence of WECs. From those simulations, taeewlimate at the second point has been

extracted and statistically analyzed.

An offshore and nearshore characterization of theenpower was also performed, based upon the

offshore and nearshore wave regime.
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3.4.1 Wave regime

3.4.1.1 Offshore wave regime

The data from the offshore point (-9.74899° W, 88&0° N) have been analyzed and the percentage
probability of occurrence of each sea state isntepan Table 3.5. The wave climate of those 19
years is also represented by the wave roses ind-R§8. It is observed that waves are concentrated
in a narrow direction sector, between 290° and°34hich corresponds to the North-West direction.
Moreover, waves mostly range between 1 and 3 m md@kimum peaks of 9 m and periods ranges

from 10 to 14 s with maximum peaks of 20 s.

9.0 0.01
8.0 0.01 0.02 0.03
7.0 0.07 0.07 0.13 0.06
6.0 0.04 0.21 0.32 0.38 0.15
€] 50 0.01 0.11 0.38 1.37 1.32 0.75 0.13
21 40 0.25 0.60 1.21 3.27 0.75 0.12
3.0 2.49 2.07 2.85 0.58 0.06
2.0 4.41 0.81 0.17 0.02
1.0 0.82 2.07 1.10 0.25 0.01 0.01
0.0 8 10 12 14 16 18 20
Tp(s)

Table 3.5 Percentage probability of occurrence [%] of sea states for the period from 2000 to 2018. On the y-axis are reported the
significant wave heights (Hs) in meters, on the x-axis are reported the peak periods (Tp) in seconds. The point considered is located
offshore Almagreira beach (-9.74899° W, 39.68880° N} around 1700 m depth. The colours help to identify the most common sea

states (red) and less common sea states (orange to green). The data are taken from ECMWF dataset.
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Figure 3.8 Wave roses for the period between 2000 and 2018 in the offshore point with coordinates (-9.74899° W and 39.68880° N) located
at around 1700 m depth. On the left, the significant wave height is represented (in meters), on the right the peak period (in seconds). The
interval of each sector is 22.5°. The data are taken from ECMWF dataset.
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3.4.1.2 Nearshore wave regime

The ECMWEF hindcasted data at the offshore pointieas used as input boundary conditions to run
in parallel SNL-SWAN for the 19 years, from 20002018. With that model run, the waves have
been propagated from offshore to nearshore and/dlre climate conditions in front of Almagreira
beach have been extracted and analyzed. The batinyswed computational grids and parameters
considered for these calculations of SNL-SWAN withobstacles are the same as the ones used in
subsection 3.3.1. In particular, the percentagéairitity of occurrence of each sea state was
calculated and is presented in Table 3.6, alon thie¢ wave rose and the peak period rose (Figure
3.9) for a selected point with coordinates -9.29A84 39.39350° N and at a depth of around 10 m.
This is where the WaveRoller device prototypes hagen deployed. Compared to the results
obtained offshore Almagreira beach they are quitela but there is an overall decrease in wave
height and in 90% of the cases the wave direcidretween 290° and 340°.

6.0 0.07 0.06 0.14 0.06
5.0 0.03 0.05 0.40 0.55 0.47 0.16
4.0 0.02 0.19 0.25 2.38 1.99 0.95 0.15
3.0 SHEk 0.78 0.09
2.06 0.43 0.04

0.08 0.03
12 16 18 20

Tp (s)

Table 3.6 Percentage probability of occurrence [%] of sea states for the period from 2000 to 2018. On the y-axis are reported the
significant wave heights (Hs) in meters, on the x-axis are reported the peak periods (Tp) in seconds. The point considered is located
nearshore Almagreira beach (-9.29784° W, 39.39350° N} around 10 m depth. The colours help to identify the most common sea
states (red) and less common sea states (orange to green). The data are produced by SNL-SWAN simulations.
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Figure 3.9 Wave roses for the period between 2000 and 2018 in the nearshore point with coordinates (-9.29784° W, 39.39350°)N
located at around 10 m depth. On the left, the significant wave height is represented (in meters), on the right the peak period (in
seconds). The interval of each sector is 22.5°. The data are produced by SNL-SWAN simulations.
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To better characterize the offshore climate ofdhaly area a wind rose was plotted with the data
from the Nazaré Costeira buoy (located at 39°38.@nd 9°12.6'W at a depth of 90 m) from 2011
to 2019 (Figure 3.10). The data are provided byRbeuguese Hydrographic Institute (IH) and are
downloaded from the EMODNet websitettp://www.emodnet-physics.eu/Map/The main wind

direction resulted to be from North, and the wipeexd commonly ranges from 4 to 10 m/s, with a
maximum of 20 m/s. However, to simplify the SWAN ded set-up, the wind was not considered as

an input.
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Figure 3.10 Wind speed (in m/s) rose for the period between 2011 and 2019 at the location of the Nazaré Costeira buoy. Data
provider: Instituto Hidrogrdfico.

3.4.2 Wave power characterization

The energy fluxR) per wave front length (kW/m) of a random sealsamxpressed as a function

of the significant wave heighti() and the energy period), as below (Lisboat al, 2017):

2kh
sinh2kh

P=2C1,H2 (1+ ) tanhkh 22)

wherep is the water density (1025 kglimg is the gravity acceleration (9.81 f)isk is the wave
number based on the peri@d(k = 2 /T, ) andh is the water depth.

In deep water conditionsh,()L > 0.5, whereld is the wavelength) the following approximate

relationship can be applied (Besibal, 2016):

2
P =2LT,K2 (23)

T 64w

The significant wave heigti; and the energy peridQ using a spectral approach are defined as:
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HS = Hmo = 41lm0 (24)

T, =— (25)

wherem,, is thenth-order spectral moment. The energy period phijgicepresents the period of
the sinusoidal wave that has the same energy astaal sea-state. For the case of the JONSWAP

spectrum[, is about 90% of the peak peridgl

The energy flux variability is of fundamental imgamce for WEC installation viability since it

influences the efficiency of the device. The WE@ension and Power Take-Off (PTO) system are
designed to reach high efficiency only in a certa@inge of wave periods and directions. However,
the wave energy flux, also called wave power, mosbe confused with the actual power generated

by a wave power device.
3.4.2.1 Offshore wave power regime

With the simplified equation (23), it was calcuhtbe energy flux at the offshore point (Figurel3.1
From a statistical analysis of the energy fRux that point for the period between 2000 and 2018
was estimated that in 80% of the caBaganges between 0 and 50 kW/m, 15% of the casesbst
50 and 100 kW/m and around 5% of the cases betd@@rand 200 kW/m, with few higher picks.
Thus, can be concluded that the average wave eflasggffshore Peniche is 33.62 kW/m for the
period analyzed (2000-2018).

The months with a higher energy flux are those \mityher waves and longer periods siftés
directly proportional tdd; andT, (Figure 3.12). In particular, January is the mastrgetic month
decreasing until July, which is the least energatie, followed by an increase until December. The
variability of the seasonal and annual resultddargFigure 3.13) and as expected the wintermas t
highest values and the summer the lowest ones. Arttanyears, a notable difference was shown,
being 2014 the most energetic year with an aveshdd.2 kW/m and 2005 the least energetic with
28.3 kKW/m.
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Figure 3.11 Energy flux per wave front length [kW/m] rose for the period between 2000 and 2018 in the offshore point with
coordinates (-9.74899° W and 39.68880° N). The interval of each sector is 22.5°.

70
60
50
40

30

Energy flux [kW/m]

20

10

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.12 Average monthly energy flux per wave front length [kW/m] for the period 2000-2018 offshore Almagreira beach.
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Figure 3.13 Average seasonal energy flux per wave front length [kW/m] for the period 2000-2018 offshore Almagreira beach.



By multiplying the average energy flux per waventreength, the average annual number of hours
(8766 h) and the probability of occurrence of eaeh state (previously reported in Table 3.5) it is
possible to obtain the average annual energy gemane crest length available in each sea state in
MWh/m (Table 3.7). From that, the most common ametgetic sea states offshore Almagreira beach
have been identified (Table 3.8).

9.0 18.02 20.59 46.34

8.0 42.71 97.63 128.14 20.34
7.0 9.34 207.12 249.16 476.53 233.59
6.0 82.38 448.50 787.16 1060.60 457.65
5.0 6.36 115.21 495.79 2063.40 2269.18 1451.61 278.09

Hs (m)

40| 136.28 416.97 1000.73
3.0 772.28 803.75 3039.37

3612.39 933.61 167.80
1768.82 406.74 45.76

20| 608.17 | 1849.03 2837.81 223.74 53.77 7.63
10| 2822 89.46 56.82 15.35 0.76 0.57
0.0 8 10 12 14 16 18 20

Tp(s)
Table 3.7 Mean annual energy per unit crest length [MWh/m] available for each sea state, calculated for the period 2000-2018
offshore Almagreira beach.

Significant wave height < (m) Peak period ; (s) Wave drectior
2 12 NW
3 12 NW
2 14 NW
3 14 NW
4 14 NW
4 16 NW

Table 3.8 Most common and energetic sea states offshore Almagreira beach.
3.4.2.2 Nearshore wave power regime

With the nearshore wave climate data obtained tf@SNL-SWAN simulations without WECs and
the shallow water equation (22) was possible toutate the energy flux also in the nearshore point
chosen (Figure 3.14). From a statistical analysithe energy fluxP in this point for the period
between 2000 and 2018 it was estimated that 90¥edfmesP ranges between 0 and 50 kW/m, 8%
of the times between 50 and 100 kW/m and thatvbeage wave energy flux nearshore Almagreira
beach is 22.20 kW/m. The average annual energumiémave crest length available in each sea
state in MWh/m was calculated (Table 3.9) by multig the average energy flux per wave front
length, the average annual number of hours (876@tH)the probability of occurrence of each sea
state (Table 3.5). From that, the most common aedgetic sea states nearshore Almagreira beach
have been selected (Table 3.10) and will be useWa climate input for the SNL-SWAN
simulations in the presence of the WECSs. In padigicase study A, B and C have the same wave

height of 2 m but different wave peak period, resipely of 10 s, 12 s and 14 s. This will allow to
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compare the results and infer the impact of th& peaiod on them. Similarly, case study C, D and
F have same peak period of 14 s but different weaight, respectively of 2 m, 3 m and 4 m. This
will allow to detect the impact of wave height undee same peak period. Case study F has been

chosen for its high peak period of 16 s and sihstill energetic and common.

Power (kW/m)

I 030

B 250 - 200

5 Omem
s, Co [ 1s0-200
[ 100- 150
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Figure 3.14 Energy flux per wave front length [kW/m] rose for the period between 2000 and 2018 in the nearshore point with
coordinates (-9.29784° W, 39.39350° N). The interval of each sector is 22.5°.

7.0 12.51 14.07

6.0 144.76 156.25 382.59 195.31

5.0 31.91 62.23 597.59 951.04 919.13 335.10
z 4.0 12.256 127.66 205.27 1181.08 | 209.36
e 3.0 264.25 1023.68 548.03 66.06
* 2.0 1122.87 132.12 14.04

1.0 157.53 285.95 132.51 107.23 5.36 2.59 0.32

0.0 8 10 12 14 16 18 20

Tp (s)

Table 3.9 Mean annual energy per unit crest length (MWh/m) nearshore Almagreira beach for each sea state from 2000-2018.

Significant wave| Peak period J o
Case study height k< (m) (s) Wave direction
A) 2 1C NW
B) 2 12 NW
C) 2 14 NW
D) 3 14 NW
E) 4 14 NW
F) 3 16 NW

Table 3.10 Most common and energetic sea states nearshore Almagreira beach.
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4 | Application of SNL-SWAN model with devices to Almageira beach

4.1 Introduction

This chapter is dedicated to the application of SNWAN in the presence of WEC devices. Before
simulating the wave propagation in Almagreira beaisti the impact of a wave farm it is necessary
to set up and adjust the SNL-SWAN wave model tosgiexific case of the present study. Therefore,
a sensitivity analysis of the wave model was penfat for a wave farm of 10 WaveRoller type

bottom-fixed oscillating flaps (section 4.2). Thisction includes:

- the description of the main model set-up that lreenlused (subsection 4.2.1);

- the evaluation of the link between incoming waviesadion and model boundary conditions
(subsection 4.2.2), the computational spectral gnhidsen depending on SNL-SWAN input
peak period (subsection 4.2.3), the effects of id@nsg or not triads wave-wave interactions
in the physical processes of the model (subsedtidd);

- the verification of the SNL-SWAN OBCASE 0 againsé¢ hative SWAN and the evaluation
of SNL-SWAN OBCASE 1, 2, 3 and 4 (subsection 4.2lB8)this last subsection, it is also
explained why OBCASEs 3 and 4 couldn’t be considiéoe the simulations.

After that, different wave farms have been congden section 4.3 in order to:

- find the optimal WECs configuration, in terms ofsbeonfiguration (subsection 4.3.2) and
spacing between devices (subsection 4.3.3);

- define a main input wave direction to simulate ¢hse studies from A to F, that have been
previously selected in subsection 3.4.2 as the mmsimon and energetic sea states in the
study area (subsection 4.3.4);

- understand the effects of the wave farm on theifssgnt wave height (subsection 4.3.5),
mean period (subsection 4.3.6) and mean directioibsgction 4.3.7);

- study the behaviour of a wave farm in real se& stamditions by simulating 19 years of wave
climate (subsection 4.3.8);

- compare the results obtained for a WaveRoller gpp@&/ECs farm with a similar farm of
Bombora’'s mWave devices (subsection 4.3.9).
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4.2 SNL-SWAN Sensitivity Analysis

A model sensitivity analysis was performed usind-SSWAN by changing some input parameters

to understand the model behaviour under differettups and to adapt the model with the specific
case studies analysed. This analysis aims at estelg the dominant physical processes and
appropriate model setup for the Almagreira beaateuthe six most common and energetic case
studies. Those have been previously selected mghwave power regime analysis nearshore

Almagreira beach, as reported in Table 3.10.
4.2.1 Model set-up

To perform the sensitivity analysis the model was in a stationary mode. It covered the main grid
and a nested grid, with bathymetric resolutionesfectively 103.16 m and 30 m and computational
resolution of respectively 50 m and 25 m. Bothragular rectangular grids and their characteristics
are reported more in detail in Table 4.1 and Tdke Initially, the spectrum was discretized with a
frequency range between 0184 and 1.Hz, 35 frequency bins logarithmically spaced anth\86
equally spaced directions. Then, as explained bsexttion 4.2.3, the frequency range has been

changed according to the boundary peak period.

The initial wave conditions imposed to the boundafrthe main grid have been previously selected
with the wave power regime analysis nearshore Afeieggbeach, as reported in Table 3.10. The six
most common and energetic sea states: &P, Tp=10s; B) H=2m, Tp=12s; C) H=2m, T,=14s;

D) He=3m, Tp=14s; E) H=4m, Tp=14s; F) H=3m, T,=16s.

For waves coming from the North-West (315°) thoseditions are imposed to the Northern and
Western boundaries of the main grid, as explaimedubsection 4.2.2. In all the simulations the
dissipation due to depth-induced wave breakingdaredto bottom friction were activated, as well as
the diffraction. The quadruplet wave-wave inter@usi were deactivated and the triad wave-wave

interactions activated for the tests in subsecti@n3 and then deactivated in subsection 4.2.4.

The wave farm considered for the sensitivity analis composed of 10 WaveRoller type bottom-
fixed oscillating flaps with 25 m length, alignetiaadepth between 10 m - 15 m with 10 m spacing

between them.
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Bathymetric grid Main Gric Nested Gri

X initial (Longitude -137259.3. -104583.2.
Y initial (Latitude’ -67313.3. -33216.3
Grid rotatior (°) 0 0

n° DX 574 174

n° DY 721 15¢€

DX (m) 103.1¢ 30

DY (m) 103.1¢ 30

Table 4.1 Characteristics of SNL-SWAN bathymetry grids. The initial X and Y refer to the bottom left corner (coordinate system
EPSG:3763 ETRS89 / Portugal TMO06) of the grid. DX and DY refer to the cell size.

Computational gric Main Grid Nested Gri
Xinitial (Longitude -11070: -10308°

Y initial (Latitude’ -3462¢ -3110(
Grid rotatior (°) 0 0

Grid length in x directio (m) 1750( 3570

Grid length in y directio (m) 1651( 240C

DX (m) 50 25

DY (m) 50 25

Number of meshes in x directi | 350 143
Number of meshes in y directi | 33C 96

Table 4.2 Characteristics of SNL-SWAN computational grids. The initial X and Y refer to the bottom left corner (coordinate system
EPSG:3763 ETRS89 / Portugal TMO6) of the grid. DX and DY refer to the cell size.

4.2.2 Wave direction and boundary conditions

The boundaries of the computational spatial gri®WAN are defined as land or water. The land
does not generate waves and it absorbs all incomag energy in SWAN. But in the case of a
water boundary, there may be a problem since afterwave conditions are known along the
boundary and SWAN then assumes that no waves #@area and that waves can leave the area
freely. The errors contained in these assumptiangpcopagate into the model. These boundaries of
the main grid must, therefore, be chosen suffityefdr away from the area where reliable

computations are needed (nested grid) so thatdbewt affect the computational results there.

In this case, the six initial boundary wave comuatig, reported in Table 3.10, are imposed to th@ mai
grid. Then SNL-SWAN is run and the waves are prapad) and transformed until they reach the

second nested domain.

As a general suggestion, the following proceduasshe followed regarding the wave direction (Dir)
to avoid propagation errors:

- If the input boundary wave direction is from therteWest (315°) it must be imposed to the
Northern and Western boundaries of the main grid;

- If the input boundary wave direction is from thert#o(360°) it must be imposed to the
Northern, Western and Eastern boundaries of the grad;

- If the input boundary wave direction is from the 3/¢270°) it must be imposed to the

Northern, Western and Southern boundaries of the gral.
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4.2.3 Computational spectral grid

In the SWAN model, as well as in the SNL-SWAN verspf it, the computational spectral grid
needs to be provided by the user (Ruethil, 2014). In the frequency space, it is definedaby
minimum and maximum frequency and by the frequeasglution Af) which is proportional to the
frequency itself £). The frequency domain is part of the command B&1d it may be specified

in four ways:

- The lowest frequency ([f_low] in Hz), the highestdquency ([f_high] in Hz) and the number
of frequencies ([msc]) can be chosen.

- Only the lowest frequency and the number of fregiesncan be chosen and the highest
frequency will be computed by SWAN such thgt = 0.1 f.

- Only the highest frequency and the number of fraqgigs can be chosen and the lowest
frequency will be computed by SWAN such thgt = 0.1 f.

- Only the lowest frequency and the highest frequecay be chosen and the number of
frequencies will be computed by SWAN such thit= 0.1 f.

This is because all the variables are related tirahe following equation:

_ [f_highl] Af
[msc] = log (—[f_low] ) /log(1 + f) (26)

The last option was the one chosen for the prestedy. The guideline given by the SWAN User
Manual is that: the value of the highest frequemzyst be at least 2.5 to 3 times the highest peak
frequency expected. Moreover, in the SWAN user mbh(Ruehlet al, 2014) the recommended

frequency range for applications in coastal are@04 < f < 1.00 Hz.

However, performing several simulations was obskthat this recommended range always works
well for boundary initial peak periods of 10 sowker. While for higher peak periods it works withou
WECs but when obstacles are introduced in the daefdenain wrong results are produced (Figure
4.1b). Thus, several tests were performed for e study peak periods (10, 12, 14 and 16 s)
changing the frequency range. In Figure 4.1 isntepoas an example, the case of 10 WECs aligned
(configuration 1) for a boundary significant waveidht of 2 m and peak period of 12 s. In Figure
4.1 c and d the highest frequency was changedeggcésply from 3 times to 2.5 times the peak
frequency) while in Figure 4.1 e and f the lowestjiency was changed (respectively from 3 times

to 2.5 times the peak frequency).

Since the results didn’t show significant differeagit was decided to adopt for all the cases:

[f low] = L2 (27)
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[f_high] = 1/T, * 2.5

(28)

Therefore, in the simulations was necessary tdifferent frequency ranges for the six case studies

(previously defined in Table 3.10) depending on$iNL-SWAN input peak period. The frequency

ranges used are reported in Table 4.3.

-29000:

& T
-102500 -102000 -101500 -101000

-103000 -102600 102000  -101800

T T
-100800 -100000

100800 -100000 403000  -102800  ~102000

101000 100800  -100000

Figure 4.1 Sensitivity analysis for the frequency range. All simulations are performed with SNL-SWAN OBCASE 1.

Peak period (J) Lowest frequency [f_low] Highest frequency [f_high]
10s 0.04 0.25
12s 0.03 0.21
14 s 0.03 0.18
16s 0.02 0.18

Table 4.3 Frequency range, defined by the lowest ([f_low]) and highest ([f_high]) frequencies in Hz, chosen for SNL-SWAN
simulations according to boundary initial peak period (Tp) in seconds.
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424 Triads

The physical meaning of the wave-wave interactigrtbat resonant sets of wave components can
exchange and redistribute energy over the specthundeep and intermediate water, four-wave
interactions (so-called quadruplets) are importahtle in shallow water three-wave interactions (so
called triads) become important. The triads trangfeergy from lower frequencies to higher
frequencies which means that running SNL-SWAN witads gives lower periods nearshore than
without triads. The test was performed for thessibected wave conditions and what can be generally

concluded is:

- With triads SNL-SWAN needs almost 4 times moreaitiens to converge than without triads,
therefore the computational speed must decreds@v&a more accurate solution nearshore;

- The peak period ), the mean absolute period{pl) and the mean period (d>) decreases
nearshore if triad wave-wave interactions are a®ersid. This is happening with and without
WEC:S;

- The significant wave height gHalso decreases if triads are considered, bhbived smaller
changes than the period.

Therefore, it was decided to consider triad intkoas and loose computational speed to have
better accuracy since they resulted to changefgignily the wave characteristics. Of course,

this is valid only for the nested domain which ua#s shallow water areas.
4.2.5 Evaluation of SNL-SWAN OBCASEs
4.2.5.1 OBCASE 0

SNL-SWAN was operated using switch 0 with and with@/ECs and compared to results from the
native SWAN model to ensure model integrity. TheLSBWAN and native SWAN model initial
wave conditions were: ¢ 2 m, Tp = 10 s and Dir = 315°, applied to the northern amdtern

boundary of the main external grid.

First, the model was run without obstacles, thetn \iWEC and finally with an array of 10 WEC
devices at a depth between 10 m and 15 m (Fig@jewith 86% transmission ¢k 0.86) and zero
wave energy reflection allowed (Chaegal, 2016). The 10 WECs array was arranged in a knear
shape as a representative configuration. As alreshtioned, the WEC devices are the WaveRoller

type bottom-fixed oscillating flaps with 25 m lehgind with around 10 m spacing between them.

The results from the linear regression between SVEABISNL-SWAN models are reported in Table
4.4 and Figure 4.3. As expected, the results frdth-SWAN switch 0 and native SWAN runs are
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identical, meaning that SNL-SWAN modifications didt affect the functionality and integrity of
SWAN.

Figure 4.2 Location of 10 aligned WaveRoller type of WECs with 25 m length and 10 m spacing between them.

Parameter Regression equation r

Hs (m) Y =0.99 X 0.99

Without WECs To (S) Y =1.00 X 0.99
Dir (°) Y =1.00 X 0.99

Hs (M) Y =0.99 X 0.99

With 1 WEC To (3) Y =1.00 X 0.99
Dir (°) Y =1.00 X 0.99

Hs (M) Y =0.99 X 0.99

With 10 WECs To (s) Y =1.00 X 0.99
Dir (°) Y =1.00 X 0.99

Table 4.4 Results from the linear regression between SWAN (Y) and SNL-SWAN (X) models. Three cases have been simulated: without
WECs (first row), with 1 WEC (second row) and with 10 aligned WECs (third row). The regression line equations are reported along
with the correlation coefficient (r).
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Figure 4.3 Results from the linear regression between SWAN and SNL-SWAN models. Three cases have been simulated: without WECs
(first row), with 1 WEC (second row) and with 10 aligned WECs (third row). The scatterplots of significant wave heights (Hs) are

reported on the left, the scatterplots of mean direction (Dir) on the right.

4.2.5.2 OBCASE 1 and OBCASE 2

The original idea was to evaluate SNL-SWAN switche&, 3 and 4 for an array of 10 WECs (with
25 m length and 10 m spacing between them) anddhestates from A to F (see Table 3.10). The

characteristics of each OBCASE are reported agairable 4.5.
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OBCASE | DESCRIPTION

0 Baseline SWAN formulations using const&igt value, specified by user in INPUT file.

1 WEC power matrix used to calculdtg, applied as a constant value across all frequencie
2 WEC RCW used to calculat€?, applied as a constant value across all frequencie

3 WEC power matrix used to calculdtg, applied as a unique value at each binned frequenc

4 WEC RCW used to calculate?, applied as a unique value at each binned frequenc

Table 4.5 Summary of SNL-SWAN WEC module options. Source: Ruehl et al., 2015.

The model processed the array reading the inpeg fdr the four OBCASESs without any apparent
problem. However, in the visualization of the résuit was possible to verify that the influence of
the converters in the wave propagation for OBCAS&nd 4 was null, meaning that the power
extracted resulted equal to zero for each of thdeMices. This was due to a bug in the formulation
of OBCASEs 3 and 4 at the time when this work wadgsmed. Even though the bug has now been
resolved in the latest version of the model (awddaathttps://github.com/SNL-WaterPower/SNL-
SWAN), only OBCASEs 1 and 2 are here reported and coedpahile OBCASEs 3 and 4 could not

be implemented. Anyway, from previous studies vaithottom-fixed oscillating flap of 25 m was

demonstrated that OBCASEs 1 and 2 simulated waightheeduction are consistently higher than
those modelled using SNL-SWAN OBCASEs 3 and 4 (Reehl, 2015).

The sea states A to F were computed without ant thié WECs array and the difference in
significant wave height between those two casespsrted in Figure 4.4, Figure 4.5 and Figure 4.6.
The white shading in the figures indicates no cleang the significant wave height. Colour bars are

also included in each figure to define the amodihange.

What can be clearly and generally observed is@BEASE 2 tends to underestimate the effects of
the wave farm on the wave propagation and trangtbom. The difference in significant wave height
can reach up to 1 m for OBCASE 1 but instead isagdNower than 0.5 m for OBCASE 2. For this
reason, OBCASE 1 should be chosen to simulate thrstywgase scenario in terms of changes in
significant wave height, while OBCASE 2 should b®$en as the worst-case scenario in terms of
wave power absorption since the devices absorlelemgy than in OBCASE 1. However, being the
aim of the present work to examine the effects &GA on near-field and far-field wave conditions

in the lee of the farm, OBCASE 1 was preferreddédgrm all the following analysis.

58



L
B)0B2

T T I T T T T !
-103000  -102500  -102000  -101500  -101000  -100500  -100000 103000

Figure 4.4 Difference in significant wave height (in meters) between case study A (left) and B (right) without obstacles and case study
A and B with an array of 10 WECs (25m length, 10m spacing). SNL-SWAN OBCASE 1 (top) and OBCASE 2 (bottom) have been used.

The isobaths and the WECs array are also reported.
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Figure 4.5 Difference in significant wave height (in meters) between case study C (left) and D (right) without obstacles and case study
C and D with an array of 10 WECs (25m length, 10m spacing). SNL-SWAN OBCASE 1 (top) and OBCASE 2 (bottom) have been used.

The isobaths and the WECs array are also reported.
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Figure 4.6 Difference in significant wave height (in meters) between case study E (left) and F (right) without obstacles and case study
E and F with an array of 10 WECs (25m length, 10m spacing). SNL-SWAN OBCASE 1 (top) and OBCASE 2 (bottom) have been used. The
isobaths and the WECs array are also reported.

4.3 Wave farms study
4.3.1 Introduction

The main focus of this section is to analyse therafion of the incident wave spectra at nearshore
locations downstream of the wave farm. To do sentledelled scenario results have been compared
to the baseline scenario results, where the ba&sstienario does not include WEC devices. It is
assumed that secondary waves potentially genesaigidr radiated by a WEC are insignificant at
the scales considered here. Note that the magnifudave height reduction is directly correlated to
the WEC's power matrix values at the modelled inognwvave height and period, with larger values
resulting in more reduction in wave height. Thias, tresults here presented are valid for bottondfixe
oscillating flap WECs with the specific power matshowed in Figure 2.7 and membrane pressure-
differential WECs with the power matrix in Figurel@. The model set-up adopted for the following

tests is the same as the sensitivity analysisessrilbed in subsection 4.2.1.
4.3.2 WECs Configuration tests

In the present study, the same configurations dsaBat al (2014) were tested for an array of 13
WaveRoller type WECs (Figure 4.7) and the resutts fallowing presented. To evaluate the

interaction effect of the WECs array configuratamthe extracted power, the interaction facter (
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factor) is used. It represents the ratio of thaltpower extracted from the array configuratiomhtat
for the same number of isolated WECSs. If all the@gare identical geometrically and operationally,

that is the case the present research, the WEE iatemactiong-factor [-] is:

N p.
— Zizlpl,tot (29)

NxPo tot

In this case’; ., corresponds to the power absorbed bytihélap and is taken from the SNL-SWAN
run. While P, ., corresponds to the power captured by each sirglee according to the power
matrix, thus it depends on the significant wavegheand peak period of the incident waveg. # 1
there is a gain in the net power output from thayadue to constructive interaction among the flaps
If g <1 the mutual interactions have a cumulative destreicnfluence on the global array
efficiency. To understand the performance of eashog individually in the array another parameter

can be used, thg"°%-factor (modifiedg-factor) defined as:

qimod — _Pi—Potot (30)

max(Po,tot)

whereP; is the power captured by ti#h flap whilemax(Py ;) is the maximum power absorbed in
the considered range of incident wave periods. Tgasameter represents the performance
modification of each device induced by the arrdyg®°? > 0 there is a beneficial influence, if
insteadg°% < 0 a negative interaction effect occurs. The two petars together, thefactor and
the gM°¢-factor, can describe the performance behavioanadrray configuration both at a global-

scale and single-scale.

Configuration
1

Configuration
2

Configuration
3

Configuration
4

Configuration
5

Flap number D @ ©® ® ® ® @ ©®© © ® ® @ @

Figure 4.7 Five possible configurations of a 13 OWSC wave farm are shown here. The spacing between neighbouring flaps in all the
cases is fixed at 10 m in the y-direction and 10 m in the x-direction. Readapted from: Sarkar et al. (2014).
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Therefore, the wave absorption by an array of 13¥&Raller WECs was studied for some of its
possible layouts, as above mentioned. The numbdewtes and the configurations were chosen
according to the study by Sarletral. (2014) to compare the results obtained.

It has been already proved that the dynamics df ®4EC in a wave farm strongly depends on: its
location in the farm, the wave frequency and thgleof incidence of waves. In particular, with an
increase of the distance between the flaps, theiahutydrodynamic interaction between them
reduces and the behaviour of the converters tewdsrtls that of an isolated device.

However, there are two considerations to make vaeending the spacing between devices:

- from an economic perspective, it is better to mazénthe number of devices at a particular

wave farm location to extract more power;

- from a modelling perspective, the computationadl geisolution forces to locate the devices
in a way that they all cross the grid lines (séef2 “Modelling of obstacles”). Moreover,
nearshore devices such as the WaveRoller alsolmaited space if compared to offshore

converters.

For those reasons, a spacing between devicesmfW8s chosen and a spacing between lines of 20
m. As far as their disposition is concerned, theysymmetric with respect to the central flap (nemb
7 in Figure 4.7) so that for normal wave incidetioe hydrodynamic behaviour with respect to the

x'-axis passing through the centre of the centralilasymmetric.

The five different configurations were tested ameirtperformance has been estimated by calculating
theq-factor andg°%-factor to investigate the impact a device’s shallason a subsequent device’s
power production. To give an example of the resoittained, here reported is the case with input
wave conditions k=2 m, T, = 10 s (case study A) and Dir = 315° (hormal tvdhray) and OBCASE

1 (Table 4.6). According to the power matrix showeBigure 2.7, the power absorbed by an isolated
bottom-fixed oscillating flap device under thoseaming wave conditions is 383 kW. A value of
q > 1, which is the case of configuration 1, impliestttiere is a gain in the net power output from
an array because of constructive interaction antbeglaps. Wave focusing effects result into an
increase of the power absorption per WEC. Forhaldther configurationg < 1, which indicates
that mutual interactions have a cumulative destreahfluence on the array efficiency, which means

that masking effects diminish the overall poweraspson of the array.

The following considerations can be done on thalte®btained for each configuration, Table 4.6
and Table 4.7:
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- Configuration 1: this aligned configuration has thghestg-factor, implying that is the one

with the highest constructive interference betwalethe devices. In fact, they all resulted to

have a positivg™°¢-factor.

- Configuration 2: in this configuration, the deviae placed in a zigzag way in two different

lines. This is the configuration with the lowestactor, thus the worst performance among
the five case studies. Moreover, the flaps locatdéble same line have similar hydrodynamic
behaviour: the flaps in the front line (1, 3, 597,11 and 13) all have negatigf°¢-factor
while the flaps in the back line (2, 4, 6, 8, 10 4R) have positivg!°¢-factor. What happens
is that immediately behind the first line of deadhere is a reduction in the wave height,

meaning a less energetic wave field available xtraetion by the second line.

- Configuration 3: in this configuration, the deviaee also placed in a zigzag way but in three

different lines. The flaps on the back line (3nd d) are the ones reached by the waves first.
In fact, they have a positivg"°¢-factor. While all the other devices in the secand third
line have a negativg™°?-factor. The behaviour of the flaps is symmetriith respect to
the central flap 7 and the flaps having the woestggmance are number 9 and 5 which are in
the centre of the front line, while the externap (1 and 13) experience less influence from

the other flaps.

- Configuration 4: in this V'’ shaped layout, the glanost exposed to the incoming waves
(number 7) has the highegt°?-factor, as observed also by Sarkaal (2014). Since all the

flaps behind the central one reflects some amotimotdent wave energy more energy is

available for extraction by the foremost flap 7eTdther flaps have a not perfect symmetrical
behaviour probably because the bathymetry of tyesfplaced on the right is slightly different

than the bathymetry of the flaps placed on the Hiis is due to the fact that the wave farm
is located perpendicular to the waves coming frdf 3and not parallel to the isobaths.

- Configuration 5: in this inverted ‘V’ layout, theutermost flaps (1 and 13), which are located

in the front, record the highest value in fi&¢-factor. However, although the configuration
mirrors the previous one, there is no such equitaenstructive focusing effect on the central

flap (number 7), which showed instead the lowg&t?-factor.

The same analysis was performed for the six cagbest (defined in Table 3.10) and what can be
concluded is that: the aligned configuration (numbeesulted to have the highgstactor in all the

considered wave conditions, thus the best perfocerahe V' shaped layout (number 4) resulted to
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have the lowesg-factor, thus generally the worst performance. thA# results are summarized in
Table 4.8.

Configuration q-factor

1 1.05

2 0.75

3 0.76

4 0.78

5 0.79

Table 4.6 Values of the g-factor for five different WECs array configurations.
q™°?-factor

Obstacle Config. 1 Config. 2 Config. 3 Config. 4 riig. 5
1 0.21 -0.09 -0.07 -0.08 0.22
2 0.18 0.01 -0.05 0.00 -0.08
3 0.18 -0.43 0.22 -0.08 -0.19
4 0.20 0.05 -0.03 0.01 -0.01
5 0.22 -0.43 -0.43 -0.06 -0.17
6 0.23 0.06 -0.01 -0.04 0.02
7 0.23 -0.43 0.23 0.23 -0.44
8 0.21 0.04 -0.04 -0.06 0.04
9 0.20 -0.43 -0.43 -0.18 -0.07
10 0.18 0.04 -0.01 -0.03 0.01
11 0.17 -0.43 0.23 -0.18 -0.07
12 0.18 0.04 -0.04 0.00 -0.04
13 0.20 -0.16 -0.16 -0.16 0.26

Table 4.7 Values of the modified q-factor for each single device (numbered from 1 to 13) in all the five different WECs array
configurations.

Significant Peak q-factor
Case study wave period
height Config 1 Config 2 Config 3 Config 4 Config 5
Tp (S)
Hs (M)
A) 2 10 1.05 0.75 0.76 0.78 0.79
B) 2 12 1.29 0.95 0.98 0.94 0.99
C) 2 14 1.21 0.94 0.93 0.91 0.95
D) 3 14 1.33 1.08 1.06 1.03 1.08
E) 4 14 1.33 1.01 1.01 0.98 1.01
F) 3 16 1.44 1.16 1.13 1.10 1.16

Table 4.8 Values of the g-factor for five different WECs array configurations the initial wave conditions from A to F.
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4.3.3 WECs optimal spacing

Apart by choosing the best array configuration,gbeer generated from the WECs could be further
maximized by arranging the devices in the arrayeit optimal spacing. If the WECs are spaced at
their optimal spacing the destructive interferersceninimized and the maximum amount of wave
energy is generated from the array layout. Thexmgdtspacing of an array of WECs has been studied
by using various optimization techniques and typksdevices, such as point absorbers (Child &
Venugopal, 2010), adjacently placed oscillating &aurge converters and point absorbers (Sarkar
et al, 2014), generic WECs (Borgarietal, 2012). The parametric behaviour of an in-linayiof
OWSCs, which is the case of the present work, baa mvestigated concerning the spacing between
the flaps (Renzi & Dias, 2012; Tay & Venugopal, 801

(a) (h)

Hinge

Foundation

[] m= -1

Figure 4.8 Geometry of an array (a) and reference flap (b) in physical variables. Readapted from: Renzi & Dias (2012).

The optimal flap spacing is the spacing that mazéwsithey-factor, which means that the constructive
interaction among the flaps is maximum (Regizal, 2014). The geometry of a three-flaps array is
reported in Figure 4.8 to define the necessaryatirmensions. The array that has been tested in the
present study to find the optimal spacing is coredasf 13 bottom-fixed oscillating flaps (with'=

25 m and with at a depth af= 25 m). The spacing between them was set equél$al0 m, 20 m
and 50 m. Then, for each spacing, the six wave staskes from A to F (defined in Table 3.10) have
been simulated with SNL-SWAN. In all the casesitit®ming waves are perpendicular to the array,
thus coming along the’ direction. From the results in termsgfactor, reported in Table 4.9, the
array seems to have a better performance (higf@actor) for a spacing of 10 m and 50 m and a less
good performance (lowey-factor) for a spacing of 20 m. As already mentthneg-factoris a
performance assessment parameter that quantiesv#rage total power produced by an array
compared to an individual device. However, the lteshtained seems only partially in accordance to
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what has been found in a previous research on OBYSKay & Venugopal (2016). They found the
optimal spacing to be highly correlated to the tecatg parameterkfy’), defined as the product

between the wave numbgr) and the device lengifw’). The wave number is defined as:

2w 2nf

k=Z=2 (31)

whereA is the wavelengtly, is the wave frequency ands the wave speed. According to the linear
wave theory, also known as Airy wave theory, if weger depth (around 10 m) is much less than the
wavelength (that ranges between 110 m for 10 ®¢evaves and 170 m for 16 s period waves) the
shallow-water approximation is valid (Stewart, 2)08hich means the wave speed can simply be
estimated from the water depth) (and the gravity coefficier(y):

c=ygh (32)

Therefore, it was possible to estimate the scateparameterkiw’) for the case under study and
compare it with the results of Tay & Venugopal (8R1Since in this case it is ranging from 1.5 to
0.9 their suggested optimal spacing for a singtayafwhich means the devices are deployed in a
single line) is two times the length of the devi2ze/'), that would be 50 m for the present array. This
is the spacing that was selected for the followsigulations. Moreover, it was already observed
from previous studies that wave height reducticeselase with increasing WEC spacing (Chaing
al., 2016). This indicates that closely spaced arhay® potentially more effects on nearshore wave
propagation if compared to arrays of WECs spacetidu apart. Also, the locations directly in the
lee of the WEC array are the most sensitive tsgatial extent of the array, while at greater dictéa

from the so-called WEC array footprint area the elodsults are less sensitive to the WECs spacing.

Si%;\;i‘\i/(;ant Peak q-factor
Case study . period

height To () a’=10 m a'=20 m a’'=50 m

Hs (M) P
A) 2 10 1.05 0.94 0.95
B) 2 12 1.29 1.15 1.17
C) 2 14 1.21 1.0¢ 1.12
D) 3 14 1.33 1.1¢ 1.24
E) 4 14 1.33 1.2C 1.24
F) 3 16 1.45 1.3C 1.34

Table 4.9 Q-factor relative to the case studies from A to F for an array of 13 aligned bottom-fixed oscillating flaps of 25 m length and
spacing between them (a’) equal to 10 m, 20 m or 50 m.

With a fixed spacing between aligned devices'eb0 m, the case studies A to F have been simulated

for an array of 13 WECSs alternated in two linesfa@uration 2 in Figure 4.7). The spacings between
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the two lines{’ in Figure 4.8) that have been tested are agai@dand 50 m. The results in terms
of theg-factor are reported in Table 4.10. The configarathat resulted to have for all the simulated

cases the highegr-factor is with a spacing af'=20 m between the two lines of WECs.

Case study Significant wave height Peak period q-factor
Hs (M) To () 7=10m | d=20m | d=50m
. 2 10 0.71 0.77 0.64
2 2 12 0.9C 1.00 0.80
<) 2 14 0.9¢ 1.0C 0.81
D) 3 14 1.05 1.16 0.94
2 4 14 0.99 1.08 0.87
i 3 16 1.12 1.24 1.01

Table 4.10 Q-factor relative to the case studies from A to F for an array of 13 alternated bottom-fixed oscillating flaps of 25 m length
and spacing between the two lines of WECs (d’) equal to 10 m, 20 m or 50 m.

4.3.4 WEC array and wave-propagation directions

Comparisons of the-factor for different wave-propagation directiorsvhe been performed for the
array of 13 aligned WECSs. The spacing between ies m, since it resulted to be the spacing that
guarantees the best performance. Three wave dinschiave been tested: waves coming from the
North (360°), East (270°) and North-East (315°)e §kactor for each simulated case is reported in
Table 4.11and it was found to be the largest when the waypeaaches from the head sea direction
(i.e., 315°). A large difference between thtactor for the head sea condition and that ofaibieque
seas was observed, implying that the WaveRollercdsvare most effective in generating power
when subjected to a head sea condition. This weaeBult expected since, for this directional deyic
the optimal performance is for a wave with a di@tiperpendicular to the device. For this reason,

the wave farm was located perpendicular to the mmsimon wave direction, which is exactly 315°.

Significant Peak g-factor
Case study W"?“’e period _ _ _
height T, (s) Dir=270° Dir=315° Dir=360°
Hs (M)
A) 2 10 0.68 1.06 0.86
B) 2 12 0.85 1.32 1.03
C) 2 14 0.88 1.22 1.06
D) 3 14 1.10 1.34 1.20
E) 4 14 0.85 1.33 1.13
F) 3 16 1.15 1.45 1.30

Table 4.11 Q-factor relative to the case studies from A to F for an array of 13 bottom-fixed oscillating flaps of 25 m length, 50 m
spacing between them and waves coming from 260°, 315° (which is perpendicular to the devices) and 360°.
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4.3.5 WECs effects on significant wave height

To assess the WECs impact on significant wave helghwave farms have been simulated with a
number of WECs increasing from 10 to 100 and pldedieen a depth ranging from 10 m to 17 m.
Even if from the results in subsection 4.3.2 thefiguration number 1 has been proven to give the
highest performance, the configuration 2 was instd®sen because it easier allowed to have a farm
with such a high number of devices concentrateal amall spatial area. As previously mentioned
(subsection 4.3.3), the spacing chosen betweenealigevices is 50 m while between two lines of
devices is 20 m. For all the simulated initial waanditions theg-factor decreases exponentially
with a significant correlation coefficient, as rejgal in Figure 4.9. Only wheq > 1 there is a gain

in the net power output from the array due to amesitve interaction among the flaps. While when

q < 1 the mutual interactions have a cumulative destreanfluence on the global array efficiency.

1,400
—@— A) Hs=2m, Tp=10s
—@— B) Hs=2m, Tp=12s
1,200
C) Hs=2m, Tp=14s
D) Hs=3m, Tp=14s
1,000
—@— E) Hs=4m, Tp=14s
—@— F) Hs=3m, Tp=16s
. 0,800
o
S A)y = 0.9564¢0016¢
R R?=0.9856
o
0,600
B)y = 1.1802¢0-015¢
R2=0.9904
0,400 C) y = 1.1422¢ 70012
R2=0.9973
D)y = 1.1704¢0-01x
0,200 R?=0.992
E)y = 1.2294¢70-008
2 _
0,000 R?%=0.9982
0 20 40 60 80 100 F) y = 1.295-0008x
Number of WECs R?=0.9989

Figure 4.9 Q-factor exponential trend for different initial wave conditions (A to F) and a different number of devices (10 to 100). The
exponential trend equation is reported with the correlation coefficient.

The reason why in most of the cases the g-facsrlterl <1 is that this kind of configuration was
already proven not to give the best performancevéder, it is still interesting to investigate the
percentage difference in significant wave heighthe lee of the wave farm with and without the

devices. To do so, it is necessary to define aludilede the significant wave height percentage gean
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(Hs dif f) between the baseline scenario (that does natdedhe WECS) and the scenarios with 10
to 100 WECSs, as follow&Changet al, 2016)

Hg baseline— Hg WECS
Hg baseline

H, dif f = x 100 (33)

The percentage change has been estimated foeahittal wave conditions and number of devices
and the maximum percentage change for all the ¢aseported ifTable 4.12 Since it is a positive
change it means the devices are decreasing thdicagh wave height. There were also a few
negative changes, not reported in the table. As@®p, if the number of WECs in the array is larger
the difference between modelled wave height witth @ithout obstacles is also greater. This result
is directly correlated to WEC power absorption leseamore buoys will absorb more power.
Moreover, it was observed that for the case studitssame initial significant wave height (e.gsea
studies A, B, C and case studies D, F) the pergerdacrease is always higher for lower initial peak
periods. For instance, looking at the resulffable 4.1Zor 100 WECSs: case study A has a maximum
percentage decrease ofdfl 73.31 %, that is higher case study B (65.19t#@t is higher than case
study C (63.58 %) as well as the maximum percerdagecase for case study D (78.36 %) is higher
than case study F (75.07 %).

For the sake of brevity, only the plots of sigrafit wave height and percentage change for the case
study with higher initial boundary condition (caseidy E with H=4 m, Tp=14 s, Dir=315°) are
reportedFigure 4.10o Figure 4.14presents the extent of the wave farm’s impacherstirrounding
wave climate when 10 to 100 obstacles are emplolee .black shading in the figures on the right
indicates no changes in the significant wave héfigimh the baseline scenario. Colour bars are also
included in each figure to define the amount ofingea

The percentage change in significant wave heightreach more than 80% difference between the
case with 100 devices and the case without. Inqodat, for an array of 10 WECs the maximum
percentage change is 62.34% (case study A at 10.@8pth), that corresponds to 1.08 m; for 50
WECSs the maximum percentage change is 79.24% ¢tagdg A at 11.19 m depth), that corresponds
to 1.38 m; for 100 WECs the maximum percentage gh@183.06% (case study E at 11.17 m depth),
that corresponds to 3.36 m. Therefore, an incrieatbe number of devices corresponds to an increase
in percentage change of significant wave heighih@lee of the wave farm and to an increase in the
footprint area (i.e., the area affected by the geanThe extent of this area was not exactly measur
but it can be visually assessed from Figure 4.18idare 4.14. Thextend of the coastline affected
by the change in wave height is, instead, alwayallemor equal to the length of the wave farm, at
least for the direction simulated (315°). Howews®en in the worst-case scenario (which is case/stud

E with 100 WECSs) the percentage change near thatlcmaranges between 0 and 5%.
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Number of WECs
Case Study Hg(m) | T, (s)

10 20 30 40 50 60 70 80 90, 10
A) 2 10 62.34| 70.07 63.6b 69.44 79.24 69/62 77.53.0%| 74.82| 73.3]
B) 2 12 51.32| 63.97 5536 65.63 6845 73|64 68§.28.577| 66.69| 65.19
C) 2 14 36.27| 4591 5790 65.17 63.p0 6539 69.58.3%| 66.95| 63.58
D) 3 14 28.71| 41.83 51.70 59.37 67.85 7494 78§98.5%F| 76.32| 78.36
E) 4 14 35.47| 43.06 53.2p 58.18 67.39 72(26 71.42.85| 83.15| 83.06
F) 3 16 27.16| 37.54 46.4p 5144 6010 6503 70.42.937| 77.09| 75.07

Table 4.12 Maximum percentage decrease of significant wave height (% Hs diff) for case studies A to F and a number of 10 to 100
WECs.

(TTTTTTTTTTTT

=== Z T T
-102500 -102000 -101500 -101000 -100500

™
»

to

i

i

=
@

S

- [T TTTTTTTTT

-103000 -102500 -102000 -101500 - -101000 -100500

-103000  -102500 401500  -101000  -100500 ~ -100000
Figure 4.10 Significant wave height (left) in meters and percentage decrease (right) in % for a wave farm of 100 (top) and 90 (bottom)

devices (red lines) and initial boundary wave conditions of Hs=4 m, T,=14 s, Dir=315°. The isobaths are also reported (white lines on
the right).
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Figure 4.12 Significant wave height (left) in meters and percentage decrease (right) in % for a wave farm of 60 (top) and 50 (bottom)
devices (red lines) and initial boundary wave conditions of Hs=4 m, T,=14 s, Dir=315°. The isobaths are also reported (white lines on
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Figure 4.14 Significant wave height (left) in meters and percentage decrease (right) in % for a wave farm of 20 (top) and 10 (bottom)
devices (red lines) and initial boundary wave conditions of H=4 m, T,=14 s, Dir=315°. The isobaths are also reported (white lines on
the right).
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To better understand the effects on the percemfagiege significant wave height nearshore, only the

water depth from 0 to 5 m (which corresponds toaximum distance from the coastline between
200 and 350 m) were considerédgure 4.1%. From the histograms for the case studies A amdF
for 10, 50 and 100 WECs can be concluded that:

For an array of 10 WECs the percentage changegoifisant wave height comparing the
simulations with and without WECs in the area betvéhe coast and a depth of 5 m is
between 0 and 10% in almost 90-100% of the caspgmdling on the initial wave conditions;
this corresponds to an average change of 0.01 ra arakimum change of 0.23 m (case study
C).

For an array of 50 WECs the percentage changegoifisiant wave height comparing the
simulation with and without WECSs in the area betwt® coast and a depth of 5 m is between
0 and 10% in almost 70-90% of the cases, deperminthe initial wave conditions; this
corresponds to an average change of 0.03 m andkianoma change of 0.25 m (case study
D).

For an array of 100 WECSs the percentage changmwifisant wave height comparing the
simulation with and without WECs in the area betwtee coast and a depth of 5 m is between
0 and 10% in almost 60-80% of the cases, deperminthe initial wave conditions; this
corresponds to an average change of 0.03 m andianoma change of 0.27 m (case study
D).
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Figure 4.15 Histograms for case studies A to F of percentage change of significant wave height (%) in the nearshore area between 0-
5 m depth comparing the baseline case without devices and the cases with 10, 50 and 100 WECs.

4.3.6 WECs effects on wave mean period

The percentage changes in peak perigdli(ilthe present study were negligible, such asprevious
similar study by Chanegt al (2016). While the mean wave periodn{l) resulted to have both a
positive change, which means the mean periods asetedue to the presence of the wave farm and
a negative change, which means the mean periotd=sased due to the presence of the wave farm.
As for the significant wave heiglthe mean period percentage chanfig,{ dif f) between the
baseline scenario (that does not include the WE@Gd)the scenarios with 10 to 100 WECs was
calculated as follows:
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Tmo1baseline— Typo1 WECS

Tmo1 baseline

The maximum positive change is reported in Tabl8 4vhile the maximum negative change is
reported in Table 4.14. To better understand whbappening in the presence of the WECs the case
with 100 devices and initial conditions N&2 m, T=10 s, Dir=315y is reported in Figure 4.16. In
the lee of the device, there’s a negative changaning that the period is higher in the presence of
the farm, however closer to the coastline the plenathe presence of the farm seems to be slightly
lower compared to the baseline scenario. In pdatictor a farm of 10 WECs the mean period in the
lee of the farm increased of maximum 9.46% (caseysR), which corresponds to 0.72 s; for a 50
WECSs farm it increased of maximum 28.76% (caseysf)dwhich corresponds to 1.75 s; for a 100
WECSs farm it increased of maximum 33.07% (caseysA)dwhich corresponds to 2.79 s. While in
the nearshore area between 0 m and 5 m depth WWMEXDs there is a maximum decrease in the mean
period of 7.98% (case study A), which correspond3.47 s; for 50 WECs the maximum decrease is
of 9.52 % (case study A), which corresponds to 8;56r 100 WECs the maximum decrease is of

9.87 % (case study A), which corresponds to 0.58 s.

Case Study Hy(m) | Ty (s) Number of WECs
10 20 30 40 50 60 70 80 90 100
A) 2 10 798 | 925 | 942 | 954 | 952 | 963 | 951 | 9.73 | 9.90 | 9.87
B) 2 12 238 | 598 | 7.31 | 9.01 | 9.04 | 922 | 9.22 | 537 | 6.03 | 9.34
C) 2 14 126 | 245 | 382 | 412 | 440 | 6.62 | 659 | 6.74 | 6.70 | 6.67
D) 3 14 055 | 129 | 244 | 263 | 3.77 | 486 | 585 | 425 | 6.56 | 6.63
E) 4 14 077 | 1.19 | 1.87 | 1.89 | 3.07 | 3.81 | 422 | 3.40 | 402 | 4.42
F) 3 16 041 | 247 | 260 | 3.10 | 3.53 | 3.67 | 400 | 255 | 3.52 | 4.83
Table 4.13 Maximum percentage change of mean wave period (TmO01 diff in %) for case studies A to F and from 10 to 100 WECs.
Case Number of WECs
Study Adm) | Tels) 10 20 30 40 50 60 70 80 90 100
A) 2 10 -9.46 | -13.63| -24.78| -27.57 | -28.76| -27.04| -27.69 | -26.80| -26.46| -27.03
B) 2 12 -7.30 | -12.12| -18.27| -23.44 | -27.39| -24.11| -27.12| -25.88 | -24.16| -24.58
C) 2 14 -4.71 | -8.36 | -15.22| -18.67 | -21.71| -23.08| -26.34 | -25.06 | -25.90| -24.44
D) 3 14 -3.28 | -6.73 | -11.74| -15.38| -19.92| -22.58| -26.28 | -28.45| -30.16| -33.07
E) 4 14 -2.83 | -5.54 | -10.14| -12.64| -16.16| -18.11| -21.32| -23.23| -26.48| -27.91
F) 3 16 -2.33 | -4.67 | -8.15 | -10.52| -13.86| -15.66 | -18.24| -20.30| -22.61| -23.97

Table 4.14 Minimum percentage change of mean wave period (TmO01 diff in %) for case studies A to F and from 10 to 100 WECs.
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Figure 4.16 Percentage change in mean wave period (TmO01 diff in %) for the cases from A to F and a wave farm of 100 WECs. The
white lines are the isobaths, the red lines are the WEC devices.

4.3.7 WECs effects on wave direction

The percentage changes in mean wave direction batthe case without WECs (baseline case) and
the cases with 10 to 100 WECs have been estimattadlaws:

. . Dir baseline—Dir WECs
Dir diff =

x 100 (35)

Dir baseline

The maximum positive and maximum negative changesegported respectively in Table 4.15 and
Table 4.16. From Figure 4.17, corresponding toctee study A with 100 WECS, it is possible to
understand what is happening to the mean wavetidinewhen waves approach the wave farm. The
direction of the waves is decreasing in the case wwégative percentage change, meaning that the
waves are rotating clockwise, while it is incregsin the case of a positive percentage change,

meaning that the waves are rotating counter-clos&waround the wave farm. However, more or less
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all percentage differences between the baselimasiceand all simulated WEC array are within +4%,

corresponding to £10° change in mean wave direcdiero wave direction change is observed in the

central part of the lee of the array.

Case Study Hg(m) | T, (S) Number of WECs
10 20 30 40 50 60 70 80 90 100
A) 2 10 233 | 277 | 276 | 327 | 355 | 3.03 | 3.20 | 3.07 | 3.84 | 3.56
B) 2 12 163 | 227 | 164 | 248 | 280 | 241 | 267 | 295 | 273 | 2.82
C) 2 14 095 | 134 | 136 | 140 | 1.86 | 2.16 | 2.67 | 254 | 244 | 2.64
D) 3 14 068 | 1.10 | 1.06 | 1.00 | 1.07 | 151 | 205 | 251 | 3.11 | 3.61
E) 4 14 0.78 | 1.03 | 096 | 087 | 1.05 | 1.25 | 142 | 191 | 242 | 2.84
F) 3 16 071 | 101 | 093 | 115 | 1.04 | 1.30 | 146 | 1.71 | 2.24 | 2.68
Table 4.15 Maximum percentage change of mean wave direction (Dir diff in %) for case studies A to F and 10 to 100 WECs.
Case Study Hg(m) | Ty(s) Number of WECs
10 20 30 40 50 60 70 80 90 100
A) 2 10 -2.15| -282 | -356 | -4.70 | -3.93 | -490 | -5.47 | -460 | -4.57 | -5.29
B) 2 12 | -154 | -215| -2.06 | -3.28 | -2.59 | -3.48 | -3.79 | -3.39 | -3.18 | -3.82
C) 2 14 | 092 | -1.17 | -153 | -2.12 | -2.33 | -3.03 | -2.34 | -2.83 | -2.82 | -2.93
D) 3 14 -0.65| -097 | -1.21| -1.78 | -232 | -3.01 | -3.44 | -3.64 | -3.78 | -3.85
E) 4 14 | -069 | -0.87 | -1.26 | -1.68 | -2.27 | -2.76 | -3.24 | -3.82 | -4.17 | -4.51
F) 3 16 | -0.71 | -0.93 | -1.03 | -1.48 | -1.87 | -2.25| -2.65 | -3.08 | -3.34 | -3.74

Table 4.16 Minimum percentage change of mean wave direction (Dir diff in %) for case studies A to F and 10 to 100 WECs.
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Figure 4.17 Percentage change in mean wave direction (Dir diff in %) for case study A (Hs=2m, Tp=10s, Dir=315°) and a wave farm of
100 WECs. The white lines are the isobaths, the red lines are the WEC devices.
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4.3.8 Real sea states

To study the behaviour of a wave farm in real satesconditions, 19 years of wave climate have
been simulated (from 2000 to 2018). The initial wasonditions were extracted from ECMWF
database at the point located at the top left carhine main grid at a depth of around 1700 mHwit
coordinates -8°7'59.599" W, 39°40'7.017"N, EPSGHBA5S 84 coordinate system). A wave farm
of 50 devices was chosen as the most realistictvgoenario and the WECs have been arranged in
alternated lines of 10 WECs each (configuratiowi#) spacing between aligned devices equal to 50
m and spacing between lines of 20 m, as definedlsection 4.3.3. As output locations 30 reference
points have been chosen (shown in Figure 4.18yha¢h 3 are located before the wave farm (Point
1, Point 2, Point 3) and 27 are located in theofebe wave farm (from Point 4 to Point 30), betwee

a depth of 12 m and O m.

Figure 4.18 Second nested grid with an array of 50 WECs of WaveRoller type (in red) with spacing 50 m. The output locations of the
SNL-SWAN model simulations are reported (in yellow) and numbered along with the bathymetric contour lines (in m) of the area.

4.3.8.1 Model set-up

For the 19 years simulation three computationalgjnave been used, the same already mentioned in
Table 3.2 but with different cell size, to optimide computational time). The main and first nested
grids have a bathymetric resolution of 103.16 m emahputational resolution of, respectively, 500
m and 250 m. The second nested grid has insteagharhbathymetric resolution of 30 m and a
computational resolution of 25 m, which will allde better simulate the waves in the coastal area
where the wave farm is located. The input wave alendata were taken from ECMWF database and

are: significant wave height, peak period and ntgecttion every 6 hours. Those wave climate input
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data have already been analysed in section 3.4rm@ndere used again as input for the SNL-SWAN
simulations. The frequency resolution range isedéht for each input file because it has been
estimated with equation (29) for the lower frequeand equation (30) for the higher frequency, as
explained in subsection 4.2.3. This was necessacguse the sensitivity analysis of SNL-SWAN
(section 4.2) showed that the model is not workngperly with the standard frequency resolution
range of 0.04 Hz and 1 Hz. The UNIX version of SBNMWAN model énl-swan-unix-ser-ifort.eye
was run in parallel for a period of 19 years (fr@B00 to 2018) using the Medusa cluster
infrastructure. Since OBCASE 1 has been provenite glways higher differences in the wave
propagation compared to OBCASE 2, the simulatioeasevenly performed with OBCASE 1 to have

a worst-case scenario.
4.3.8.2 Time series analysis

The results obtained from the 19 years simulatienh&re reported along with an accurate analysis
of the wave conditions at several locations, betoré after the wave farm. This was performed in
terms of significant wave height but also mean waivection to assess any change in the currents
around the devices. The main objective of this ymiglis to study in more detail the wave
transformation immediately in the lee of the Wavi&tdype WECs farm and the adjacent coastal
area. As can be seen from Figure 4.19, the wave taptures the wave energy flux from the
incoming waves (Point 2) and, as a result, the ware of lower height in the region behind the
devices (Point 5). The monthly and annual mean,imax and minimum percentage decrease in
significant wave height between Point 2 and Poiigt feported in Table 4.17 and Table 4.18. What
can be observed is that there is a stronger véatyatn a monthly base rather than on an annuad.bas
From the seasonal histograms of percentage dedreagmificant wave height (Figure 4.20) can be
seen how there is a clear shift toward lower wagigltts after the wave farm (Point 5).

Point 2

Point 5

2010
2011
2012
2013
2014 -
2015
2016
2017
2018
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o~ ~N o~ ~N N o~ N
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Figure 4.19 Time series of significant wave height Hs (in m) at a location before the wave farm (point 2) and after the wave farm
(point 5) simulated with SNL-SWAN for the years 2000-2018.
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MEAN (%) MAX (%) MIN (%)
Jan 46.19+ 11.63 83.54 0.05
Feb 46.49+ 11.97 84.27 0.01
Mar 48.48+ 12.80 84.61 0.02
Apr 47.98+ 16.22 84.96 0.01
May 46.89+ 18.84 84.57 0.02
Jun 42.64+ 21.41 83.67 0.00
Jul 43.82+ 21.97 83.67 0.00
Aug 43.59+ 21.74 84.16 0.00
Sep 42.90+ 18.69 81.65 0.00
Oct 45.92+ 15.90 83.98 0.01
Nov 48.78+ 13.49 84.41 0.09
Dec 45.81+ 14.36 90.40 0.01

Table 4.17 Monthly mean, maximum and minimum values of percentage decrease in significant wave height between a point before
the wave farm (point 2) and a point after the wave farm (point 5) for the simulated period 2000-2018.

MEAN MAX MIN
2000 45.45+ 18.29 82.14 0.00
2001 47.23+ 15.76 82.73 0.04
2002 46.84+ 15.90 83.46 0.02
2003 42.53+ 18.90 84.10 0.00
2004 46.64+ 16.73 84.41 0.02
2005 45.92+ 17.69 83.72 0.01
2006 44.22+ 17.49 74.25 0.02
2007 45.27+ 16.37 84.55 0.01
2008 47.38+ 15.56 84.25 0.01
2009 45.39+ 16.61 83.06 0.00
2010 46.55+ 17.83 84.57 0.02
2011 45.36+ 17.00 83.67 0.00
2012 45.23+ 17.55 83.75 0.05
2013 46.45+ 18.04 84.96 0.04
2014 44.32+ 17.46 74.09 0.01
2015 47.18+ 16.36 90.40 0.01
2016 46.65+ 16.61 87.89 0.01
2017 44,70+ 18.38 82.14 0.01
2018 47.13+ 14.77 83.98 0.00

Table 4.18 Annual mean, maximum and minimum values of percentage decrease in significant wave height between a point before

the wave farm (point 2) and a point after the wave farm (point 5).
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Figure 4.20 Histograms od percentage of occurrence of significant wave height Hs (in m) for winter (December, January, February),
spring (March, April, May), summer (June, July, August) and autumn (September, October, November). Point 2 is located before the
wave farm, point 5 is located in the lee of the wave farm.

4.3.8.3 WECs effect on wave power resource

The wave power resource, or wave energy flux pérafnwvave-crest length, has been calculated
with equation (22) before the wave farm and after wave farm (Figure 4.21). The difference
between the energy flux before and after the wavess the devices does not represent the energy
extracted by the wave farm. However, it helps usideding how much the wave power resource is
decreasing due to the presence of the WECs thatgay changes in the flow field around the wave
farm. The mean wave energy flux per unit of wauesttength at point 2 is 184923.7 kW/m while

at point 5is 5.9+ 12.3 kW/m, which is three times less.

81



Point 2 Point 5

I A
ol
1
&, . r I F £ \ . & Al
i of P

Vave Power Resource (kW/m) Wave Power Resource (KWW /i

_
o
o o

g
L= = ]

(=]
=1

ge af doowire
WoW o s D
soBocoa =
i OO0

eaaBs

o
i,
,

Figure 4.21 Percentage of occurrence (in %) of energy flux per unit of wave-crest length (in kW/m) available at Point 2 and Point 5.

4.3.8.4 \WWECs effect on mean wave direction

The goal of this study was to quantitatively chéedaze the environments where WEC devices may
be installed and to assess effects of WECs on ydeotlynamic but not on the local sediment
transport. However, there can be changes in therpatof sediments dynamics and circulation due
to the presence of WEC devices. This is becausesvake the main source of shear stress at the
sediment bed in the nearshore region and they aasecresuspension of sediment and, once
suspended, sediments will be transported by thebowd currents produced by waves and tides.
Therefore, even if SNL-SWAN is not a sediment tpars model, it allows to identify changes in
wave direction due to the presence of the WEC alngyarticular, from the histograms of percentage
of occurrence of mean wave direction before theesfavm (at location 2) and after the wave farm
(at locations 4 and 6), it is possible to obseme changes (Figure 4.22). For instance, in point 4
and 6 the directions increase compared to poime&gning that there is a clockwise rotation in the

direction of the waves at both sides of the wavmnfa
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Figure 4.22 Histograms of percentage of occurrence of mean wave direction (in °) at Point 2 (in blue) before the wave farm and Point
4 (in red) and 6 (in grey) after the wave farm for the period from 2000 to 2018.
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4.3.9 WEC devices comparison

To investigate the levelized coast of energy (LC@)a Bombora wave farm, a study in 2016
investigated the economics of a 60MW wave farm ting of 40 WECs in Praia de Almagreira
(Bombora Wavepower, 2016). In the present studysttime WECs configuration was considered to
simulate the effects of the farm on the signifioaat’e height, peak period and mean direction of the
incoming waves. The results have been compareditaitar wave farm of bottom-fixed oscillating
flap devices to understand the differences betwleetwo kinds of farms, Bombora and WaveRoller.
The WaveRoller array configuration and spacing leetwdevices were chosen to be the most
comparable with the Bombora array.

The characteristics of both farms are reportedahld 4.19 and two different configurations have
been tested:

- with the devices aligned in a direction perpendici the incoming waves of 315°, which is
the optimal configuration for the WaveRoller typeWECSs (reported in orange in Figure

4.24 and Figure 4.25) and corresponds te 0° in Figure 4.23;

- with the devices aligned in a direction rotatedrof 30° with respect to the previous one,
which is the configuration suggested by Algieal. (2017) for the Bombora type of WECs
on the coast of Peniche (reported in green in Eigu?24 and Figure 4.25).

WaveRoller type Bombora type
WECs length 25m 75m
WECs spacing 45 m 60 m
WECs number 40 40
WECSs orientation Aligned with wave crest Perpenidicto wave crest

Table 4.19 WECs characteristics in the farm for the WaveRoller and Bombora type. The spacing in the case of Bombora includes the
diameter of 15 m and the actual distance between WECs of 45 m. The WECs orientation refers to waves coming from 315°.

Crest

Figure 4.23 Bombora WEC orientation with respect to incoming waves. Source: Algie et al. (2017).
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Figure 4.24 Location and disposition of the wave farm of 40 WECs of WaveRoller kind. The orange WECs refers to the configuration
perpendicular to the incoming waves of 315° while the green WECs refers to the same configuration rotated of 30°.

Figure 4.25 Location and disposition of the wave farm of 40 WECs of Bombora kind. The orange WECs refers to the configuration
perpendicular to the incoming waves of 315° while the green WECs refers to the same configuration rotated of 30°.

Both devices have been simulated under initial waseditions from A to F, angle of inclination
a=0° and 30° and with SNL-SWAN OBCASE 1 and 2. Itsvekecided to test again the OBCASE 2
to see if with a different device the results wocidinge. Theg-factor was then estimated because it
can give a measure of the overall constructivgator > 1) or destructivegffactor < 1) interactions
between the single devices within the array in gemwh performance. The-factor results are
summarised in Figure 4.26, while the total powesasbed (in kW) by the 40 WECs array of both
types (Bombora’s mWave and WaveRoller) is repontegigure 4.27. Moreover, the ratio between
the mean power absorbed (in kW) by a single WaMeRWEC and the mean power absorbed by a
single Bombora’s mWave WEC was calculated andpsrnted in Table 4.20. From the comparison

of the two types of devices can be concluded that:

- For the WaveRoller type of WECSs the optimal wawenfaonfiguration (which means higher
g-factors) is with an angle of inclinatien= 0° (as already demonstrated in subsection 4.3.4)

- For both devices, OBCASE 1 gives higher performahea OBCASE 2 because, as already
mentioned in subsection 4.2.5.2, the devices mdwdit absorb more energy when the power
matrix is used instead of the RCW curve. The totaler absorbed by both the WEC types is
higher for OBCASE 1 than for OBCASE 2 (Figure 4;27)
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- Among all the simulated case studies for both des/tbe higher performance is obtained for
case study E, which corresponds to=H4 m, T, = 14 s and Dir = 315°, while the lower
performance is obtained for case study A, whiclesponds to k=2 m, To = 10 s and Dir
= 315°;

- The array of 40 WaveRoller type devices showedwamadl higher performance if compared
to the array of 40 Bombora’s mWave type devices, ithdue to the different power matrix
(reported in Figure 2.7 and Figure 2.10) that ereéfore largely influencing the simulated
absorbed power.
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Figure 4.26 Q-factor for two different WEC devices, Bombora type (B) and WaveRoller type (WR), obtained from the simulation of
case studies A to F, with SNL-SWAN OBCASE 1 and 2 and for a configuration perpendicular to waves coming from 315° (a=0) and a
configuration clockwise rotated of a=30°.
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Figure 4.27 Total power absorbed (in kW) by a farm of 40 aligned WECs of Bombora type (B) and WaveRoller type (WR). The values
are obtained from the simulation of case studies A to F, with SNL-SWAN OBCASE 1 and 2 and for a configuration perpendicular to
waves coming from 315° (a=09) and a configuration clockwise rotated of a=30°.
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Ratio of power absorbed OB1 0 OB1_30 0OB2_0 0OB2_B80
A 1,24 1,11 1,17 1,10
B 1,23 1,05 1,23 1,08
C 1,14 0,98 1,00 0,94
D 1,25 1,16 0,63 0,63
E 1,77 1,68 0,46 0,50
F 1,41 1,31 0,57 0,59

Table 4.20 Ratio between the power absorbed by a single WaveRoller WEC and a single Bombora's mWave WEC. The values are
obtained from the simulation of case studies A to F, with SNL-SWAN OBCASE 1 and 2 and for a configuration perpendicular to waves
coming from 315° (a=0°) and a configuration clockwise rotated of a=30°.

Case study A and E have been analysed in mord betause they resulted to be respectively the
case with minimum and maximum total power absorhéeé. percentage change in significant wave
height has been calculated for both kind of devares OBCASESs (Figure 4.28, Figure 4.29, Figure
4.30 and Figure 4.31) and the following observatican be done:

- OBCASE 1 (Figure 4.28 and Figure 4.29) always gilaggher significant wave height
percentage decrease when compared to OBCASE 2r¢HigBO and Figure 4.31) for both
devices and initial conditions (note that OBCASEa® a different scale);

- The study case A with lower initial significant weaheight (H = 2 m) resulted to have a
higher percentage change in significant wave heighhe lee of both the arrays (with a
maximum of 52.37% change obtained with the WaveRtyipe array with configuratiosm =
30° and OBCASE 1);

- The study case F with higher initial significantwgaheight (H= 4 m) resulted to have a
higher percentage change in significant wave hejgith a maximum of 29.92% change
obtained with the WaveRoller type array with coaofigtiona = 30° and OBCASE 1);

- Maximum changes in $are always found in the lee of the wave farm, whlteser to the
coastline (between 0 and 5 m of depth) they deerea8-10%;

- Changes in wave peak period are negligible: masglyal to 0% with some cases of 10%
decrease between the baseline scenario and sichslzaario, which corresponds to around
1 s difference;

- Changes in wave mean period are negligible: masilyal to 0% with some cases of 5%
decrease between the baseline scenario and sichslzaario, which corresponds to around
0.5 s difference;

- Changes in mean wave direction ranges betwe2¥% which corresponds to a difference

raging betweent8°.
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OBCASE 1) Case study A: Hs = 2m, Tp = 10s, Dir = 315°
WaveRoller type a =30°

WaveRoller type a = 0°
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Figure 4.28 Significant wave height percentage decrease (%) from the baseline scenario for a 40 WECs array (in red) of WaveRoller
type (top) and Bombora type (bottom) located perpendicular to the incoming waves (right) or rotated of 30° (left). The bathymetric
contours are also reported.

OBCASE 1) Case study E: Hs = 4m, Tp = 14s, Dir = 315°
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Figure 4.29 Significant wave height percentage decrease (%) from the baseline scenario for a 40 WECs array (in red) of WaveRoller
type (top) and Bombora type (bottom) located perpendicular to the incoming waves (right) or rotated of 30° (left). The bathymetric
contours are also reported.
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OBCASE 2) Case study A: Hs = 2m, Tp = 10s, Dir = 315°
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Figure 4.30 Significant wave height percentage decrease (%) from the baseline scenario for a 40 WECs array (in red) of WaveRoller
type (top) and Bombora type (bottom) located perpendicular to the incoming waves (right) or rotated of 30° (left). The bathymetric
contours are also reported.

OBCASE 2) Case study E: Hs = 4m, Tp = 14s, Dir = 315°
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Figure 4.31 Significant wave height percentage decrease (%) from the baseline scenario for a 40 WECs array (in red) of WaveRoller

type (top) and Bombora type (bottom) located perpendicular to the incoming waves (right) or rotated of 30° (left). The bathymetric
contours are also reported.

88



5| Discussion

The main objective of the present work was to sttlyy impact of wave farms on the wave
propagation near the coastline of Almagreira beactth of Peniche. To accomplished that, the SNL-
SWAN wave model was used and an overview of itdiegion is here presented and discussed.

As a preliminary step, initial site-specific wav®del validation was accomplished using the native
SWAN model for a three nested-grid domain becatise equivalent to SNL-SWAN for cases
without obstacles. The model domain boundary wawvelitions were determined from the European
Centre for Medium-Range Weather Forecasts (ECMWdRalhse for a period of 9 years (2010-
2019). The results from SWAN model simulations hbgen validated against in-situ data from the
Nazaré Costeira buoy, located at a depth of ar@0rmd. The model performance statistics computed
showed agreement between modelled and measuredidata high level of confidence, therefore
allowing to employ the SWAN model with high levell @onfidence for hindcasting of the wave
parameters in the specific area of Almagreira beach

Once validated the model, a wave and wave poweracteization has been performed to
characterize the sea states of interest. In péaticit is fundamental to characterize the local
directional spread of sea states because waveyeoengerters (WECS) efficiency is directionally
dependent and the direction of the incoming waviests the wave shadow in the lee of the farm.
There are already previous assessments of thepaaver resource: the first for Portugal continental
coast, based on thirty three years of wave hind¢h879-2012) with two spectral models,
WAVEWATCHIIl and SWAN, by Silveet al (2018); the second for the coastal area norreaiche
for an eight-year period (2005-2012) with SWAN hiv&et al (2016).

In order to assess the wave regime at the exaatiéocof Almagreira beach the SNL-SWAN model
was run for 19 years of ECMWF data with a thredetegrid domain. By multiplying the average
energy flux per wave front length, the average ahmumber of hours and the probability of
occurrence of each sea state it was possible tomotite average annual energy per unit wave crest
length available in each sea state. From thatpsgt common and energetic sea states offshore
Almagreira beach have been identified with thedfelhg characteristics: case A, with H#2 m and
Tp=10s; case B, withd+ 2 mand §= 12 s; case C, withd¥+ 2 m and F = 14 s; case D, with H

=3 mand =14 s; case E, withd+ 4 m and = 14 s; case F, withd+ 3 mand F=16 s. The
main direction of incoming waves resulted to rabgeveen 290° and 340 °, which corresponds to
the North-West.
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Under those six wave regimes, a SNL-SWAN modeliseitg study was conducted in the presence
of an array of 10 bottom-fixed oscillating wavegeidevice of the type WaveRoller. The model runs
were conducted using a two-nested grid domainaalsdé three to save computational time. The most
important outcome from the sensitivity analysisam@g the computational spectral grid. The
recommended frequency range by SWAN user manuahlRtial, 2014) in coastal areasi®4 <

f < 1.00 Hz. However, it was found out that for the presentgtthat, for boundary initial peak
periods higher than 10 s, when WECs are introducdtie nested domain unreliable results are
produced. Therefore, in the simulations was necgdeaset different frequency ranges for the six
case studies depending on the SNL-SWAN input pealkog, calculated with the equations reported

in subsection 4.2.3.

SNL-SWAN includes a frequency-dependent WEC modbukg, based on the WEC’s power
performance, calculates the transmission coeffisidhhas been already demonstrated by Stokes &
Conley (2018) that frequency-dependent modellirey (vith SNL-SWAN) can give a more precise
representation of energy extraction than frequendgpendent modelling (i.e. SWAN) with a single
transmission coefficient applied for the entire WBay. This is true for cases where the WEC
absorption characteristics (power matrix or reltbapture width curve) are defined and available.
For the present study, the exact WaveRoller povariris not available, therefore the power matrix
of a similar device was considered, a bottom-firedillating flap with 26 m length (Babaet al,
2012).

With that power matrix, the SNL-SWAN five obstacleses (OBCASES) have been evaluated, with
OBCASE 0 being equal to the native SWAN model ygeeted from Chanet al.(2016); OBCASE

3 and 4 not working at all, due to a bug into tbdecof the SNL-SWAN version used for the present
work; OBCASE 1 giving higher percentage decreasesignificant wave height and more power
absorption than OBCASE 2. However, since SNL-SWAId recent modification of SWAN (Ruehl
et al, 2013), it was possible to compare the resuttsfthe present study only with two previous
studies, by Rueldt al. (2015) and by Chareg al.(2016). They both found that OBCASE 2 simulated
wave height reductions in the lee of the devicesewensistently higher than those modelled using
SNL-SWAN OBCASE 1. According to Chareg al. (2016), these differences are likely due to the
data interpolation necessary for computing the R€&MYe used in OBCASE 2. A plausible reason
for this difference between the results by Ruethél (2015) and by Chanet al. (2016) and the
results from the present work was identified. Tikithat the relative capture width curve used & th
present study as an input for the simulations WIBCASE 2 was not obtained from a company or

from the literature. It was instead calculated fribve power matrix values of power absorbed and the
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simulated incoming power. A better investigatiortiled differences between this study and previous

applications of SNL-SWAN could help improving theB® module.

In any case, being the aim of the present work texamine the effects of WECs on near-field and
far-field wave conditions in the lee of the farmrBOASE 1 was preferred to perform all the following
analysis because, in this specific case and acwptdithe principle of precaution, it represents th

worst-case scenario in terms of changes in sigmfigvave height if compared to OBCASE 2.

With OBCASE 1 and the six selected sea states, SWIAN simulations were performed to examine
the effects of WEC variations (WEC farm configuoati spacing of the WEC devices within the
array, number of WEC devices in an array) in tieedthe farm. The installation of a wave farm will
affect the surrounding environment at various Ievél will alter patterns of wave propagation,
circulation patterns and processes of the locadystem. Different configurations of the farm may,
therefore, produce different impacts on this emmnent. In the literature, there have been several
attempts to understand the dynamics and interactobmultiple WECs ( Babarit, 2010; Borgarino
et al 2012; Child & Venugopal, 2010; Cret al, 2009; Renzet al, 2014; Wolgamokt al, 2012).

In particular, an interesting analysis of the iattion of waves with an array of oscillating wave
surge converters (OWSCs) and the performance df systems was performed by Sarkaral
(2014).

According to Sarkaet al (2014), to evaluate the interaction effects ofaaray configuration of
multiple WECs on the extracted power, the intecactactor ¢-factor) can be used. The wave farm
configuration that gave them the best performaaceith the devices alternated in two rows. Even
though the same methodology has been used, focdkes study the configuration with the WECs
aligned along a single line resulted to have tighéstg-factor, therefore is the best one in terms of
performance. However, to have a larger number gicdse in a confined area nearshore, a more
compact configuration was chosen with the devidésrraated in more rows. With the same
methodology, the optimal spacing between two devieghe same row was found to be 50 m while
between two devices in different rows was 20 ms&we computational time, both spacings have
been tested only at 10, 20 and 50 m. However, teromtethod to define the optimal spacing, both
between devices and between lines, would have toegefine a tendency simulating more than just
three spacing values, for instance: 10, 15, 2043050 m.

With the alternated configuration, the wave prop@again the presence of a wave farm from 10 to
100 WECs was studied under the six study casewanels coming from 315°. In Costaal,, (2001)

it is verified that the three main wave directiansFigueira da Foz and Sines are: North (360°),
Northwest (315°) and West (360°). Thus, since Renis located between those two sites, these three
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main directions were tested in the simulations. dinection of 315° was chosen since from the wave
climate analysis it showed to be the most commowewdirection in that area (about 60% of the
waves from 200 to 2018 had a direction betweenz29%nd 337.5°) and, from the simulations, a
wave farm placed perpendicular to that directioregithe highesi-factor. This result is also in good

agreement with a previous theoretical study by &asenugopal (2016).

The wave farm impact on significant wave heightamperiod and direction was evaluated in terms
of percentage change from baseline, where basslite model results in the absence of WECSs. In
particular, the results illustrate that the sigrafit wave heights decreased of up to 60% between
baseline and modelled conditions for 10 WECs antb@9% for 100 WECs. The maximum changes
in significant wave height were observed downstredrthe WEC array near the array centreline,
where the largest wave shadowing effects are pestligiven that the modelled incident wave
direction is from North-West. Right in the lee bEtWECSs array the difference in significant wave
height for an array of 100 devices reached more ghen. However, when analysing the impact of
the farm on the nearshore area between 0 m andi&pth the averagestdhange for a farm of 10
WECs was 0.01 m, with a maximum of 0.23 m &mda farm of 100 WECs was 0.03 m, with a
maximum of 0.27 m. Therefore, it seems that wheneimsing the number of devices is mostly the
area close to the farm to be affected in termseofgntage change of significant wave height, while

closer to the coast the change ranges of few cetrig

However, even though a change in significant waeght was found, at the present a generic
threshold for “significant” WEC induced impacts domot exist and, anyway, it would be site-
specific. Moreover, as stated by Stokes & Conl&18), the impact of a WEC farm on surfing waves
will depend on the wave preferences of local watsrs as waves previously larger than the preferred
range may be reduced to a surfable range. Thialsarbe investigated as an interesting way of beach
protection. The concept of using WECs also as atabdefence is a win-win alternative because

they can be used both as renewable energy soudderacoastal protection (Mendoza et al., 2014).

Changet al (2016) simulated with SNL-SWAN Santa Cruz a wave farm of 50 bottom-fixed
oscillating flaps with 6 m spacing and 26 m diamef®r input waves of &1.7 m, 1=12.5 s and
Dirm=205 ° the significant wave height percentage chahgy obtained with OBCASE 1 ranges
between 0-35% in the lee of the wave farm. Theltiegupercentage change in; for case study B
(Hs=2 m, Tp=12 s and Di=315 °) ranged between 0-70%, the double of thtdioéd by Changt

al. (2016). However, it is not possible to comparmesthresults since even thouidjle same power
matrix and same device type have been used, tlingpaetween devices for the present study was
50 m and the depth of the wave farm ranged betd8enl7 m.
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The changes in peak period were negligible, asdyrassessed by Chaegal (2016), due to the
fact that with OBCASE 1 the obstacles absorb timeespercentage of wave energy from all wave
frequencies (i.e. because the transmission cogffics frequency-independent), therefore ther@is n
change in peak wave energy. The mean period redunkead to increase in the lee of the wave farm
and to decrease nearshore. However, the decreasalways lower than 0.6 s in the nearshore area
between 0 m and 5 m depth for all the wave farntscaise studies simulated, while in the lee of the
devices the maximum increase in mean period waaraat for 100 WECs and case study A and
resulted to be 2.79 s.

The changes in wave direction were negative oridpeight corner of the wave farm, meaning that
the waves are rotating clockwise, and positive enldottom left corner, so the waves are rotating
counter-clockwise around the wave farm. All peragetdifferences between the baseline scenario
and all simulated WEC array are within +4%, cormgping to £10° change in mean wave direction,
comparable with the results obtained by Chartgal (2016): +4.5% percentage difference
corresponding to £10° in mean wave direction. Zeave direction change was observed in the
central part of the lee of the array.

This study, along with previous studies (Abanagtes., 2015; Black, 2007; Dea & Haller, 2014; Li,

2010; Millar et al., 2007), demonstrated that tkardfield and far-field attenuation of wave heights
increases with increasing energy absorption (dstrg&) and decreases with increasing distance
from the WEC array. What was also be observedatswien the number of WECSs increases, the

footprint area increases and the wave height inethef the wave farm decreases.

Moreover, to simulate the behaviour of a wave farmeal sea state conditions, 50 WaveRoller type
of WECs have been studied under 19 years (from 200R019) of wave climate. The large
hypothetical WEC array investigated did show sigaifit alterations to the wave properties. It was
observed a stronger variability in significant waneaght on a monthly base rather than on an annual
base. Locations in the lee centreline of the astaywed the largest potential changes in wave height

compared to those at the eastern and western $rioigbe shadow zone.

As already demonstrated by Jomtsal. (2014), WEC devices can also change the pattdrtiseo
sediments dynamics and the circulation and thosegds in wave direction were identified but
should be further investigated to assess whetlegraffect the circulation and sediment transport in
the adjacent area. Where the waves are alteredebgresence of a WEC farm knock-on effects to
coastal sedimentation and beach morphology mayrdeay, Abanadest al, 2015; Dea & Haller,
2014; Gonzalez-Santamastal, 2013; Li, 2010).
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A limit of the study has to be mentioned, that nmidpe overcome in future studies: to save
computational time the baseline scenarios wersinuilated for these 19 years and a quantification
of the percentage change in significant wave haggtiterefore missing.

The results from the present study could be useplide the selection of conditions with which to
run full ocean circulation models that consider agvcurrents, and winds. The ocean circulation
model, coupled with sediment transport simulati@as, indicate potential coastal geomorphological
variability due to the presence of WEC arrays. drtipular, to assess the effects of WECs not only
on the hydrodynamics but on local sediment transgfoer SNL-SWAN wave model could be coupled
with the sediment transport model SNL-EFDC (Thanhl, 2008).

In the last step of this study, a WaveRoller farrmaswcompared to a Bombora’s mWave farm
(Bombora Wavepower, 2016), which is a submergedspire differential device. The WaveRoller
device type resulted in greater reductions in wlaeights in the lee of the WEC array due to its
potential for capturing more power than the Bomlsona\Wave device type. This is due to the fact
that the power matrix of the WaveRoller type of WE&3 larger values than the Bombora’s mWave
power matrix, therefore the transmission coeffitseare lower and more energy is absorbed from the
incoming waves. However, the effect of Bombora's aw/ farm extended over approximately the
same spatial extent due to its size and spaciegelly potentially having a similar impact on the
shoreline than the WaveRoller. Again, both OBCASEntl 2 have been tested and compared to
verify if with a different device, therefore a difent power matrix, the results would change. & wa
found that for both devices with OBCASE 1 the whaeght decrease in the lee of the wave farm is
higher than with OBCASE 2, contrarily to what wasitid in previous studies (Ruett al, 2015;
Changet al, 2016). Further investigations should be therefedormed to determine the reasons
for this substantial difference. For the WaveRd\ge of WECs the optimal wave farm configuration
(which means higher g-factors) resulted to be withangle of inclinatiorx = 0°, which means

perpendicular to the incoming waves.

Previous model sensitivity studies revealed thatrttagnitude of wave height reduction is directly
correlated to a WEC’s power matrix values thusheopgower absorbed, with larger values resulting
in more reduction in wave height and vice versdaft@et al, 2014a). The main outcome from the
comparison between the two kinds of device is thatpower matrix is of fundamental importance
when simulating the impact of an array of WECslm wave propagation and transformation. The
resulting percentage change in wave height is ewdle sensitive to the input values of power

absorbed.
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6| Conclusions

The presence of wave energy converters (WECSs) faanssignificantly alter wave propagation

patterns and affect coastal circulation pattereslingent transport patterns, and therefore alter
ecosystem processes. Wave model simulations prévedmeans to investigate WEC effects on the
nearshore physical environment and calculate theepproduced from an array of WECs, over a

range of anticipated wave conditions.

The present study aimed to examine potential WE&yateployment scenarios at Almagreira beach
at the Portuguese coast and investigate the wad#icadions caused by those WECs downstream
of the wave farm, at nearshore locations. For pligose a modified version of a standard wave
modelling tool, named SNL-SWAN (Sandia National aediories - Simulating WAves Nearshore),

was utilized. Note that the SNL-SWAN model can eatd WEC farm effects on wave propagation
by incorporating a WEC module in which the user parameterize a device using a power matrix

or relative capture width curve.

The WEC chosen is similar to the WaveRoller osiiiita wave surge converter of 25 m, already
tested in Praia de Almagreira north of Penichees2@07. SNL-SWAN was first validated against
the in-situ data from the “Nazaré Costeira” buoyl gjood agreement was found between the
modelled and observed data. Then the wave climateei study area was characterized and six most
common and energetic sea states were chosen: &isenA; with H=2 m and § = 10 s to case F,
with Hs=3 m and F= 16 s. The North-West (315°) was decided as th&t sommon wave direction

to be used in the simulations and the arrays oféRaller type devices were placed perpendicular to

this incoming direction.

SNL-SWAN includes a frequency-dependent WEC modbukg, based on the WEC’s power
performance, calculates the transmission coeffisiefhe SNL-SWAN five obstacle cases
(OBCASES) have been evaluated: as expected OBCA8&UGed equal to the native SWAN model;
OBCASE 3 and 4 were not working in the SNL-SWANsien used for the present work; OBCASE
1 gave higher percentage decreases in significawevheight and more power absorption than
OBCASE 2 and was therefore chosen for precautioneagons as it represents the worst-case
scenario in terms of changes in significant wavghteAs an indirect advancement and result of this
study the bug into the code of the SNL-SWAN modas$ bbeen fixed by the Sandia National

Laboratories team.

The WEC spacing, general placement and absorptieninaportant factors to consider when
evaluating the effects of WEC arrays on nearshayegsses. In this study was demonstrated that the
overall performance of an array is largely influeddy the positions of each WEC. The general
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framework developed here can be used to design efficeent arrays while minimizing impacts on

nearshore environments.

In this particular case, the model was run wittaelay of 10 to 100 WECs at a depth between 10 m
and 17 m and the optimal spacing between two dswcthe same row was found to be 50 m while
between two devices in different rows was 20 m. Waee farm configuration that gave the best
performance was with the devices aligned in one. rel@wever, the configuration with WEC
alternated in two or more rows was chosen to madigrm with 10 to 100 devices to limit the

deployment area.

The results from the simulations were compared witldel runs without WECs (baseline scenario)
and generally the changes in significant wave Hemggre the primary alteration resulting in the
presence of a WECSs array and larger numbers of dé&Ces within an array absorb a larger amount
of wave energy, resulting in a larger wave shadovee of the array (both in horizontal extent and
in magnitude of wave decrease). Maximum changétsiwere found for locations downstream of
the WEC array, along the angles of incident waveation. When analysing the impact of the farm
on the nearshore area between 0 m and 5 m depélvéhage kElchange for a farm of 10 WECs was
0.01 m, with a maximum of 0.23 m afa a farm of 100 WECs was 0.03 m, with a maximum o
0.27 m.

From the simulations of real sea states for thegdrom 2000 to 2018, it was possible to observe
that locations in the lee centreline of the arrayenlargest potential changes in wave height coetpar
to those at the eastern and western fringes a§lthdow zone. Moreover, WEC devices can change
the patterns of the sediment’s dynamics and citiculaThis work showed that a wave farm could
alter the behaviour of Almagreira beach in its bbeg this could not be a negative aspect: the wave
farm could lead to beach accretion and thus sereeunter erosional trends. But the effects of wave
energy extraction on beach morphology and watersuseuld be better investigated through a
validation of the model results with in-situ dat#,lat the moment, there is no available accei®eto

prototype testing data.

Moreover, it was found that the decrease of sigaift wave height also depends on the WEC device
type. A comparison was performed between a wava tH#r40 WaveRoller type of WECs and 40
Bombora’'s mWave type of WECs and the result istijyrrelated to the power matrix: the device
with higher power absorption potential showed atgedecrease in significant wave height in the
lee of the wave farm. Therefore, extreme attentnust be played in getting the correct values from
the specific company that is planning on deployéngertain device or from ongoing laboratory

studies and field tests. What can be concluddthis gjiven a reliable power matrix or relative capt
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width curve and the length of the device, SNL-SWAduUId be a good instrument to compare
different kind of WEC devices.

With the present work, the potentiality of SNL-SWAGBCASEs 1 and 2 model has been
investigated and as a future work would be intargsb perform all the analysis with and without
the WECs farm with SNL-SWAN OBCASEs 3 and 4 to cangpthem with OBCASEs 1 and 2.

Future work might also include modelling of the \WRwller type or other types of devices under
extreme wave conditions and a coupling of that wigediment transport model.
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