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ABSTRACT

Name: Javier Abanades Tercero

Title: Impacts of wave energy exploitation

Wave energy has a great potential in many coastal areas thanks to a number of
advantages: the abundant resource, the highest energy density of all renewables, the
greater availability factors than e.g. wind or solar energy; and the low environmental
and particularly visual impact. In addition, a novel advantage will be investigated in this
work: the possibility of a synergetic use for carbon-free energy production and coastal

protection.

In this context, wave energy can contribute not only to decarbonising the energy
supply and reducing greenhouse emissions, but also to mitigating coastal erosion. In
effect, wave farms will be deployed nearshore to generate electricity from wave energy,
and therefore the leeward coast will be exposed to a milder wave climate, which can

potentially mitigate coastal erosion.

This thesis aims to determine the effectiveness of wave farms for combating coastal
erosion by means of a suite of state-of-the-art process-based numerical models that are
applied in several case studies (Perranporth Beach,UK; and Xago Beach, Spain) and at
different time scales (from the short-term to the long-term). A wave propagation model,
SWAN, is used to establish the effects of the wave farm on the wave conditions. The
outcomes of SWAN will be coupled to XBeach, a costal processes model that is applied
to analyse the effects of the milder wave conditions on the coast. In addition to these
models, empirical classifications and analytical solutions are used as well to characterise

the alteration of the beach morphology due to the presence of a wave farm.



The analysis of the wave farm impacts on the wave conditions and the beach
morphology will be carried out through a set of ad hoc impact indicators. Parameters
such as the reduction in the significant wave height, the performance of the wave farm,
the effects on the seabed level and the erosion in the beach face area are defined to
characterise these impacts. Moreover, the role played by the key design parameters of

wave farms, e.g. farm-to-coast distance or layout, is also examined.

The results from this analysis demonstrate that wave farms, in addition to their main
purpose of generating carbon-free energy, are capable of reducing erosion at the coast.
Storm-induced erosion is significantly reduced due to the presence of wave farms in the
areas most at risk from this phenomenon. However, the effects of wave farms on the
coast do not lend themselves to general statements, for they will depend on the wave
farm design (WEC type, layout and farm-to-coast distance) and the characteristics of the

area in question, as shown in this document for Perranporth and Xago.

In summary, this synergy will improve the economic viability of wave farm projects
through savings in conventional coastal defence measures, thereby fostering the
development of this nascent renewable, reducing greenhouse gas emission and
converging towards a more sustainable energy model. Thus, wave energy contributes to
mitigating climate change by two means, one acting on the cause, the other on the
effect: (i) by bringing down carbon emissions (cause) through its production of

renewable energy, and (ii) by reducing coastal erosion (effect).

VI



LIST OF CONTENTS

ABSTRACT ettt bt be e re e et es \
LIST OF CONTENTS ..ottt VII
LIST OF ABBREVIATIONS ........ooi ittt IX
LIST OF SYMBOLS. ..ottt e X
LIST OF FIGURES.........ooiiiiiiee e e Xl
LIST OF TABLES.......o oottt XIX
(O =) SRR 1
IS 111 1 oo L1 T £ [0 USSR 2
00 A |V [0 Y= U1 o] o USSP 2
1.2 AIMS and OBJECHIVES .....oviiiiiiiiieseee e 7
1.3 TRESIS SEIUCLUIE ..eovvieeeiciie ettt sttt sre e 9
CRAPLET 2 .. 11
2. StAte-OF-the @rt......cciiiiicee s 12
2.1 Fundamentals of WaVe ENEIgY .......ccccceiieiieiiciiese e 12
2.1.1 Waves and the Wave rESOUICE.........c.ccuuverierierenie s sneas 13
2.1.2 Mathematical aspects 0f 0CeaN WaVES...........cccceieeieereiie i 16

2.2 Wave energy resource charaCteriSation ...........ocooevvrerinienieiene s 18
2.3 WAVE ENEIQY CONVEISION ...uvivvieitiiiniisieeieeeesee sttt sttt e et sb et sbe e 25
2.3.1 Classification Of WECS .......ccoviiiiiiee e 27
2.3.2 WEC teChNOIOGIES ...t 29

2.4 WaVe farm iMPactS.........cccoiieiiiii e 36
2.4.1 WEC-WaVE INTEIACLION .....oveviiiiiiiiiieiieie ettt 36
2.4.2 Wave farm impacts on the wave conditions..........c.cccceecevveevveveiiieseennnn 44
2.4.3 Wave farms for coastal proteCtion?............cccccveveiieeieeiesie e 52
CRAPLET 3 e 61
3. MEhOUOIOGY ... s 62
3.1  Modelling wave farm impacts on the wave conditions...............cc.ccccevuee. 62
3.1.1  Navier-Stoke SoIVers (CFD)......ccccuoiiiiiiiniiiiiseeeee e 63
3.1.2  Potential Flow MOdelS ..........ccoeiiiiiiiii e 63
3.1.3  BouSSINESH MOUEIS........ccieiiiiecieeie e 64
3.1.4  Mild Slope wave MOdels..........cccevviiiiieiicieiecse e 65
3.1.5  Spectral MOUEIS.......c.ooviiiiice e 66
Numerical model appliCation ............cccooviiieii i 69
3.2 Modelling wave farm impacts on the beach morphology..............cc.c...... 71
321 XBRACN. ..ttt 72
MOEI BQUALTONS ...t 72
Numerical model apPlICALION .........ccoiiiiiiiiiieee s 74
TR T 1101 o= Tod i ] o [ o 1 (o] £SO 74
3.3.1  Wave condition INAICALOrS ........cceeiuiiiriieiieie e 74
3.3.2  BeaCh INGICAIOrS.....ccuiiieiieie e 76

(O 0T o (=] PSPPSR 79
A, CASE STUIES .eeeuveeeeeieieieeieseesese e e ste e e eeste e e sseeste e st e s reesteeneesseesteenaesreesreeneeas 80
4.1 Perranporth BEACK ........ccociiiiiiiii i 80
4.2 Xago BEACK ..o 86



(O T T o] (= TSSO 91

5. Wave Farm Impacts on the Beach Profile...........ccccooiiiiiiii 92
51 Materials and Methods...........oooiiiiiiiieie e 92
5.2 RESUIS .ot 97
5.3 CONCIUSIONS .....coiiieiiiiiieiieie ettt sttt nreas 106

(O T o] (= G RSOSSN 107

6. Wave Farm Impacts on the Beach Morphology.........ccccccoeviiiveiieineiiiienn, 108
6.1  Perranporth BEaCh.........ccov i 108

6.1.1  Materials and Methods ..........ccociiiiiiiiniinieee e 108
B.1.2  RESUILS....cueiiiieiicie et e 111
6.2 XAGO BRACKN ... 119
6.2.1  Materials and Methods..........ccoovieiieiiiie e 120
B.2.2  RESUILS ...t 124
8.3 CONCIUSIONS ...c.viiiieiieiieie ettt bbb 133

(O =T o] (- RSOOSR 135

7. Influence of the Farm-to-Coast DIStanCe ...........cccovvrieriererene s, 136
7.1 Materials and Methods...........cccuviiiiiiiiii e 136
7.2 RESUIS ..ottt e nre s 137
7.3 CONCIUSIONS ... .ceiieniiiiiesieeie ettt st sbe e sneenreas 147

CRAPLET 8 .. 149

8. Influence of the Wave Farm LayOut..........ccooceviiinininieienec e, 150
8.1  Materials and Methods..........ccouviiiiiiiiii e 150
8.2 RESUIS ...eiii it 152
8.3 CONCIUSIONS...c.uiiieiieiieie ittt bbb 165

(O T o] (=] SRR OSUSPRSSR 167

9. Impacts on the Modal State of the Beach...........ccccccoveviiiiiiciccicceccen 168
9.1  Material and MEthOUS.........ccoueiieiiee e 168

9.1.1  Conceptual Beach model ... 170
9.1.2  Wave propagation model............ccooiiiiiiiiiiie e 172
0.2 RESUIS ..ottt nre s 173
TR T 70 4 [od 1] o] 4 USSR 178

(O T o) =] g SR UUTOSTPSPRSPOS 181

10.  Synthesis and CONCIUSIONS .........c.coiiiiiieiiiie e 182
101 DISCUSSION 1..vitietienieie sttt see ettt sttt se e ste st st sbesneeneeneenens 182

10.1.1  INter-Site COMPAIISONS. .....c.veuveieeeriertestestesieeie et 183
10.1.2  INtra-Site COMPAIISON ......eiueeuierieierieste sttt 187
10.1.3  Performance of wave farms and their economic viability............... 191

10.2  Future ReSEArCh lINES......ccccoveiieiiee e 200
10.3  CONCIUSIONS ..ottt et 202
RETEIBNCES ...ttt sttt b e b 206
F AN o] o 1=1 o |G SRR 201

VIl



LIST OF ABBREVIATIONS

1DH — One dimensional horizontal

2D — Two-dimensional

2DH — Two dimensional horizontal

3D — Two-dimensional

BEM — Boundary Element Method

BLI - Bed Level Impact

CEA;, — mean Cumulative Eroded Area in the baseline scenario
CEA¢—mean Cumulative Eroded Area in the wave farm scenario
CFD — Computational Fluid Dynamics

CS — Case Study

EU — European Union

FEA, — beach Face Eroded Area in the baseline scenario

FEA: — beach Face Eroded Area in the wave farm scenario
LCD — Local Chart Datum

LCoE — Levelised Cost of Energy

MRE — Marine Renewable Energy

MSR — Mean Spring tide Range

NER — Non-dimensional Erosion Reduction in the wave farm scenario
OWC — Oscillating Water Column

PTO — Power Take Off

RMSE — Root Mean Square Error,

RSH — Reduction of the significant wave height

RTR — Relative Tide Range

WEC — Wave Energy Converter



LIST OF SYMBOLS

m, — spectral moment of order n
f — frequency

f, — peak frequency

S (f, 6) — wave energy density
H; — significant wave height

Tp — wave peak period

Cq— group celerity

b — width of a wave energy converter
Tmo1— Wave energy period

o — water density

g — gravity acceleration

h — water depth

6 — wave direction

K; — wave transmission coefficient

Kp — wave absorption coefficient

t —time

¢ — velocity potential function

D — distance between the twin bows of a WEC

J— wave power

N(w, 6) — directional spectral density

@ — angular wave frequency

cx and ¢, — velocity propagation in the x- and y-space, respectively

cyp and ¢, — velocity propagation in the direction and o the relative frequency space,
respectively

S —source term
Hrms — root mean square wave height

Tmo1 — Mean absolute wave period



Om— mean wave direction

s— directional spreading coefficient

C — wave group varying depth averaged

D — sediment diffusion coefficient

u® and vE — depth-averaged velocities

Ceq — equilibrium concentration

{— seabed level

Dso — mean diameter of grain

tan S — beach gradient

Uz0,— mean wind speed at a height of 10 m above the sea surface,
R’ coefficient of determination

Jwec — average wave power in front of a generic WEC of the wave farm
Hy, — breaking wave height

ws— sediment fall velocity

v — fluid kinematic viscosity

ys— density of the sediment

m — beach slope

Lnp — breaking wave length

dy — breaking water depth

Xl



LIST OF FIGURES

Figure 2.1 Annual mean wave energy concentration of NW Spain (Iglesias & Carballo,

400 ) TSRS 14
Figure 2.2 Seasonal wave height roses at La Isla Bonita in the Island of La Palma
(Iglesias & Carballo, 2010c) [HmO, significant wave height]..........ccccccovvrvennne. 15
Figure 2.3 Global distribution of annual mean wave power (Cornett, 2008).................. 20
Figure 2.4 ONDATLAS in the Portuguese coast showing the mean winter resource and
the summer resource (Pontes, Aguiar & Pires, 2005) ........ccccevvreneneneninieene, 21
Figure 2.5 Annual mean wave power in the UK (ABPmer, 2008) ..........c.ccocvvivivnnenenn 22

Figure 2.6 Combined scatter and energy diagrams in terms of significant wave height
(HmO) and energy period (Te) at points 3 and 5 using 44 years of data (1958-
2001). The colour scale represents annual wave energy, and the numbers the
occurrence of the different sea states in hours per year (lglesias & Carballo,

2000D). 1ottt eere e 24
Figure 2.7 Nearshore hot spots off the coast of NW Spain (Iglesias & Carballo, 2009).
............................................................................................................................... 25
Figure 2.8 Classification of wave energy technologies in function of the location and the
method of absorption (Falc&o, 2010D)........cccceiiiiiiiii 30
Figure 2.9 Schematic of the LIMPET WEC (left) and Mutriku breakwater-mounted
OWC (right). Sources: EVE (2014) and Wavegen............cccevvevveeieeieesieeieeseennenns 31
Figure 2.10 Scheme of Pelamis WEC. Source: (Pelamis Wave Power Ltd)................... 32

Figure 2.11 The floating PowerBuoy prototype (left) and submerged Archimedes Wave
Swing (right). Sources: Ocean Power Technologies Inc (2014) and AWS Ocean
ENErQY (2015) .ottt ns 32

Figure 2.12 Scheme of Wave Dragon device (left) and the prototype installed in Nissum
Bredning. Courtesy of Wave Dragon AS (2005), ........ccoorrrienenenenencseseeeenes 34

Figure 2.13 WaveCat scheme (left) and the tests conducted at the laboratory of Porto at
a scale of 1:50 (right) (Fernandez et al., 2012)..........ccevveiiiieieneieneereeeeees 35

Figure 2.14 Optimum array configuration (units: m). The G and P denote the method
applied to optimise the layout and correspond to general algorithm and parabola
intersection, respectively. The number signify the objective pursued: (1) to
maximise power in an array of real-tuned devices, (2) to maximise power in an
array of reactively tuned devices, and (3) to minimise power in an array of
reactively tuned devices.(Child & Venugopal, 2010) ........ccccovrerenininenieeeene 38

Figure 2.15 Wave amplitude around a set of 1 (a) or 3 (b) heaving cylinders in a view
of a 9-body array. The figure a shows the wave amplitude around the white
cylinder; and the figure b, the wave amplitude around the three white cylinders in
interaction. (Borgarino, Babarit & Ferrant, 2012)..........ccccoovevieiiicvie e, 39

Figure 2.16 Perturbed wave field normalized by recorded undisturbed wave field for the
5 x 5 WEC array configuration (Stratigaki et al., 2014). The basin width (X,
columns) and length (Y, rows) are expressed in number of WEC unit diameters, D
3 L 1 SRS 40

Xl



Figure 2.17 Calculated disturbance coefficient, KD, of an aligned (left) and staggered
(right) array formed by 9 Wave Dragon WECs for irregular long-crested waves
(Beels et al., 20108) ....c.eeveiieiieieiiesie et 41

Figure 2.18 Calculated disturbance coefficient, KD, of a 5 Wave Dragon array arranged
in two rows with a spacing of D (left — a), 2D (middle — b) and 3D (right -- c),
with D = 260 m, for irregular long-crested waves (Beels et al., 2010b). .............. 42

Figure 2.19 Spatial distribution of the wave power in a row (above) and two rows
(below) configuration with Hs = 3m, Te = 10.8s and Direction = NW (Carballo &
IG1ESIAS, 2013)...cuieiieiecieeeie et et rs 43

Figure 2.20 On the left hand, location of the Wave Hub and the points studied along the
coastline, from Pendeen (W) to Harlyn Bay (E). On the right hand, (a) AHs and
(b) AHs/Hs along the coastline varying wave energy transmission percentages for
the reference sea state: Hs = 3.3 m, Tm = 11 s and Direction = N...........ccccevvrneee 45

Figure 2.21 Impacts of a wave farm on the wave conditions with a series of smaller 100
m barriers arranged in a row (left) and two staggered rows of 100 m barriers
(Smith, Pearce & Millar, 2012). .......ccooviieiiee e 46

Figure 2.22 Results along the grid transect at 100 m intervals at distances of 1, 5 and 10
km in the lee of the wave farm for the different array layouts: continuous barrier
(left — barrier 1), single row of 100 m barriers (middle — barrier 2) and two
staggered rows of 100 m barriers (right — barrier 3) (Smith, Pearce & Millar,
740 0 ) RSO R 47

Figure 2.23 Modification of the significant wave height in the following scenarios: ()
no structure placed, (b) solid structure and (c) structure with porosity = 0.7
(Venugopal & Smith, 2007). ....cceiiiieee e 48

Figure 2.24 Disturbance coefficient ratio for the different porosity values along the line
from offshore to the coast crossing the device 3 (Venugopal & Smith, 2007). ....49

Figure 2.25 Values of the significant wave height and wave direction on the domain for
the different configurations under January offshore wave condition: Hs = 2.9 m,
Te =11.1s, Direction = NW (Palha et al., 2010). .......ccceocveiriieirie e 50

Figure 2.26 Wave height (left) and variation of the wave height (right) along the contour
of 10 m for the following scenarios: without (configuration X) and with wave
farms (configurations A to E) (Palha et al., 2010).......ccccccveveiieveciccecce e 51

Figure 2.27 Wave power pattern with the farm located at a distance from the 10 m water
depth contour of 6 km (left), 4 km (middle) and 2 km (right) under winter
conditions. The wave farm area is marked with a box (Iglesias & Carballo, 2014).

Figure 2.28 Variation of the wave height (left) and the transport flux (right) under the
following wave conditions: HS = 6 m, Tp = 15 s and Direction = NW (Vidal et
AL, 2007). ettt ettt reerenres 53
Figure 2.29 On the left hand, the distribution of sediment transport with the presence of
the wave farm. On the right hand, the results with the farm (dashed line) are
shown alongside the baseline scenario (solid line), with the green lines showing
the net sediment transport, northward minus southward contribution (Ruol et al.,
2001 ettt et ettt e ra et et ettt reareene e 54

X1



Figure 2.30 3-Wave Dragon wave farm layout (left) and effects on the wave conditions
by means of the disturbance coefficient, KD, under the following wave
conditions: Hs = 5m, Te = 10s and Direction = N (Ngrgaard, Andersen & Kofoed,

Figure 2.31 Ratio between local and incoming (target) wave height in presence of the
wave farm. The white area represents the emerged beach extension (Zanuttigh &
ANGEIEITT, 2013). i 56

Figure 2.32 Natural change in bed level after 6 months of simulation (left) and
considering the 10% reduction of wave energy due to the operation of a wave
farm (right). Grey shading indicates position of sand bar at the beginning of each
SIMUIALION. .ottt ee e e nne s 56

Figure 2.33 Wave farm effects on the wave conditions at Santander Bay: in the left
column, a 3-Wave Dragon wave farm and in the right column a 8-Blow-Jet wave
farm (right column). The wave conditions are indicated in the upper line

(Mendoza et al., 2014) ......cuiiieieee e 58
Figure 2.34 Coastline evolution trends for Santander and Las Glorias beaches under
different wave farm scenarios (Mendoza et al., 2014) .......c.cccevveveveevrcie s, 58

Figure 4.1 Location of Perranporth Beach and the Wave Hub in SW England [left;
water depths in m], and aerial photo of the beach [right; courtesy of Coastal

Channel OBSEIVALOIY]. ......ccoiiiiiirie s 81
Figure 4.2 Damages at Perranporth Beach after storms in winter 2013/14. Courtesy of
WWESE BITEON. ...ttt bbbttt 82

Figure 4.3 Location of the wave buoy deployed off Perranporth at a water depth of 10m.
Chart (left) and photo (right) courtesy of Marine Digimap and Coastal Channel

(@ 01 T=T AV L0] SRRSO 84
Figure 4.4 Significant wave height rose (m) at the offshore wave buoy off Perranporth
from 18/12/2006 - 31/12/2015. Source: Coastal Channel Observatory ................ 84

Figure 4.5 Joint distribution (% of occurrence) from 18/12/2006 - 31/12/2015 of the
main wave parameters: Direction, Peak Period (Tp), Mean Period (TZ) and
Significant Wave Height (HS). Source: Coastal Channel Observatory. ............... 85

Figure 4.6 Location of Xago Beach in Asturias, N Spain. The squares on the right-hand
side of the figure delimit the areas selected for the deployment of wave farms:

Xago and LIUmeres BEACKES. ........ccuviviiici e 87
Figure 4.7 Location and relevant information of the SIMAR point 3085039. Courtesy of
GO0GIE EAITN. ... s 88

Figure 4.8 Wave rose of the SIMAR point 3085039. Courtesy of Puertos del Estado...89
Figure 5.1 Initial beach profiles (P1 and P2) including their location and the position of

the wave buoy. Water depth in relation to local chart datum.............cccceevienen. 93
Figure 5.2 Computational grids of the wave propagation [water depths in m]. ............. 9
Figure 5.3 Schematic of the wave farm considered off Perranporth Beach, at a distance

of 6 km from the 10 m water depth contour. Profiles P1 and P2 are shown. ........ 95
Figure 5.4 Optimised X-Beach grid.........ccceiiiiiiiiiicic e 96

Figure 5.5 Time series of simulated (Hs, SWAN) and measured (Hs, buoy) significant
wave height. The vertical lines depicted in the graph show the months 1, 3 and 6
after the first point of the Simulation. ..o 98

XV



Figure 5.6 Scatter diagram: simulated (Hs, SWAN) vs. measured (Hs, buoy) significant
WAVE NBIGNT. .ot 98
Figure 5.7 Significant wave height in the baseline scenario (Hs,b) and in the presence of
the farm (Hs,f) at the peak of a storm (10 Mar 2008, 18:00 UTC) [Deep water
wave conditions: HsO = 10.01 m, Tp =15.12's, 0p =296.38 °]. ...oeecvvrrviriirrnnnne 99
Figure 5.8 Reduction of the significant wave height (RSH) brought about by the wave
farm at the peak of a storm (10 Mar 2008, 18:00 UTC) [Deep water wave
conditions: HsO = 10.01 m, Tp =15.12 s, 0p =296.38 °]. ccvevrvivrriirieiiiee e 100
Figure 5.9 Wave power in the baseline scenario (Jb) and in the presence of the farm (Jf)
at the peak of a storm (10 Mar 2008, 18:00 UTC) [Deep water wave conditions:
HSO =10.01 m, Tp=15.12'5, 0p =296.38 °]. .eerueiiiieiie e 101
Figure 5.10 Bed level at beach profile P1 and P2: initial [1 Nov 2007, 0000 UTC] and
after three months with and the wave farm [22 Jan 2008, 15:47 UTC]. The
average wave conditions between these two points in time were: Hs = 2.02 m and
TZ 20830 S ittt 103
Figure 5.11 Beach face level at Profile P2: initial [1 Nov 2007, 0000 UTC] and after
three months with and without the wave farm [22 Jan 2008, 15:47 UTC]. The
average wave conditions between these two points in time were: Hs = 2.02 m and
LI K 1 RSP 104
Figure 5.12 Evolution of BLI along Profiles P1 and P2 at different points in time: 1
month (M1), 3 months (M3) and 6 months (M6) after the beginning of the study
0T oo RSSO 105
Figure 6.1 Time series of simulated (Hs,SWAN) and measured (Hs,buoy) significant
wave height used to validate the wave propagation model. The storm conditions
studied from 5 Dec 2007, 00:00 UTC; to 10 Dec 2007, 18:00 UTC are

07T 0] 1T | 01 = OSSP 109
Figure 6.2 Computational grids of the wave propagation (SWAN) and coastal processes
(XBeach) models [water depths IN M .......ccooiiiiiiiiiie e 110

Figure 6.3 Bathymetry of Perranporth Beach for the coastal processes model. Profiles
P1, P2 and P3 included. Water depth in relation to local chart datum [in m]. ....110
Figure 6.4 Significant wave height in the baseline scenario (Hs) and with the wave farm
(Hsf) at the first peak of the stormy period studied (5 Dec 2007, 18:00 UTC).
[Deep water wave conditions: HsO = 6.89 m, Tp = 15.64 s, Op = 268.45 °]. The
1INE AA’ 1S SHOWIL L.eiiiiiiiiiic e 111
Figure 6.5 Reduction of the significant wave height (RSH) brought about by the wave
farm at the first peak of the stormy period studied (5 Dec 2007, 18:00 UTC).
[Deep water wave conditions: HsO = 6.89 m, Tp = 15.64 s, 6p = 268.45 °]. ...... 112
Figure 6.6 Significant wave height in the baseline scenario (Hs) and in the presence of
the farm (Hsf) across the line AA’ at the first peak of the storm studied (5 Dec
2007, 18:00 UTC). [Deep water wave conditions: HsO = 6.89 m, Tp = 15.64 s, 6p
T 26845 O ettt enes 112
Figure 6.7 Bed level difference between the first ({b) and the last point ({0) of the
] 0T = LA o] USSR 113
Figure 6.8 Bed level impact (BLI) at the end of the time period studied [10 Dec 2007,
013001 1 SO TP 114



Figure 6.9 Bed level at Profiles P1, P2 and P3: initial (£0) [05 Dec 2007, 00:00 UTC]
and at the end of the simulation in the baseline scenario ({b) and with the wave
farm (Cf) [10 Dec 2007, 06:00 UTC..cveveveeeeeieeeeeeeeeee e eseeses s 115
Figure 6.10 Mean cumulative eroded area in the baseline scenario (CEAb) and in
presence of the wave farm (CEACf) in the southern area (in red) and northern area
(in black) across each of the reference profiles P1, P2 and P3, at the end of the
time period studied [10 Dec 2007, 06:00 UTC]. The x-coordinate represents the
distance along the profile, with x = 0 the most offshore point. .............c.cccocue.... 117
Figure 6.11 Beach face eroded area in two scenarios: baseline (FEAb) and with the
wave farm (FEATf) along Perranporth Beach (y - coordinate, with y increasing
towards the north of the beach) at the end of the time period studied [10 Dec
2007, 06:00 UTC].coeeieieiieiieeiesie st see ettt ste s sre s e anaaneenes 118
Figure 6.12 Non-dimensional erosion reduction (NER) at the beach face along
Perranporth Beach (y - coordinate, with y increasing towards the north of the

beach) at the end of the time period studied [10 Dec 2007, 06:00 UTC]............ 119
Figure 6.13 Dune toe recession at Xago Beach ............cccccooveviieiicii e, 120
Figure 6.14 Computational grids for the SWAN and XBeach models, and wave buoy

locations [Water depths IN M]......cooiiiiii s 122
Figure 6.15 Wave farm layout off Xago Beach [Water depths inm]...........cccceeveenne. 122
Figure 6.16 Bathymetry of Xago Beach for the coastal processes model with Profiles

P1, P2 and P3. [Water depths in M]........cccooeiiiiniiiiiiieeee e 123

Figure 6.17 Validation of wave propagation model with the Aviles buoy data: observed
(HS, BUQY) vs. calculated (HS, SWAN) time series of significant wave height.
The dashed lines delimit the stormy period used for the study. ............ccccvvenene. 124
Figure 6.18 Validation of wave propagation model with the point SIMAR44-3085039
off Xago Beach: observed (HS, SIMAR) vs. calculated (HS, SWAN) time series
of significant wave height. The dashed lines delimit the stormy period used for the

Figure 6.19 Significant wave height in the baseline scenario (Hsb) and with the wave
farm (Hsf) on 9 Nov 2010, 18:00 UTC. [Deep water wave conditions: Hs0=10.28
M, TP =16.198, 0D =314.94 ©]...ooorrrerierereeeeeeeeeeeieseeeseeses e 126
Figure 6.20 Significant wave height in the baseline scenario (Hsb) and with the wave
farm (Hsf) along the 20 m water depth contour on 9 Nov 2010, 18:00 UTC. [Deep
water wave conditions: Hs0=10.28 m, Tp =16.19 s, 0p=314.94 °].......cocnee.e. 126
Figure 6.21 Reduction of the significant wave height (RSH) parameter along the 20 m
water depth contour on 9 Nov 2010, 18:00 UTC. [Deep water wave conditions:

Hs0=10.28 m, Tp =16.19 5, 0p =314.94 °]. c.rerieieieee e 127
Figure 6.22 Simplified dynamic and sedimentary model of Xago Beach (Flor-Blanco,
FIOr & Pando, 2013) ....ccviiiieiiicee et 128
Figure 6.23 Bed level difference between the first (Cb) and the last point ({0) of the
SIMUIALION. <.t 129
Figure 6.24 Bed level impact (BLI) in the area of interest at Xago Beach at the end of
the time period studied [16 Nov 2007, 06:00 UTC].......cccvvvevvriieneeie e 131

XVI



Figure 6.25 Bed level at profiles P1, P2 and P3: initial ({0) [07 Dec 2007, 12:00 UTC]
and at the end of the simulation in the baseline scenario ({b) and with the wave
farm (L) [16 Nov 2007, 06:00 UTCJ. .vovueereeeieeeeseeeeeeeesesseeseesee s sseeseesesnenn. 131
Figure 6.26 Beach face eroded area at the end of the time period studied [16 Nov 2007,
06:00 UTC] in two scenarios: baseline (FEAD) and with the wave farm (FEAT).
The y- coordinate represents the beach profile, with y increasing eastwards. ....132
Figure 6.27 Non-dimensional erosion reduction (NER) on the beach face at the end of
the time period studied [16 Nov 2007, 06:00 UTC]. The y- coordinate represents
the beach profile, with y increasing eastwards. .............cccooeviveiiiiesieeie s 133
Figure 7.1 The three locations considered for the wave farm, at distances of 2 km, 4 km
and 6 km from the reference (10 m water depth) contour [water depth in m]. ...137
Figure 7.2 Significant wave height [m] in the baseline scenario and in the presence of
the farm at distances of 2 km, 4 km and 6 km from the reference (10 m water
depth) contour in CS1 (clockwise from above left).........cccocvvviiieiiiiciiecee, 138
Figure 7.3 Reduction of the significant wave height (%) with the wave farm at a
distance of: 2 km (RSH2km), 4 km (RSH4km) and 6 km (RSH6km) from the
reference (10 m water depth) contour in study CS2 [inm]. .....cceoevvevviiieieenne. 139
Figure 7.4 Significant wave height [in m] in the baseline scenario (Hs, b) and in the
presence of the farm at a distance of: 2 km (Hs,2 km), 4 km (Hs,4 km) and 6 km
(Hs,6 km) from the reference (10 m water depth) contour across the line AA’ in

CS1 (above) and CS2 (DEIOW). ......oveiiiiiiiieiieeee s 140
Figure 7.5 Bed level impact with the wave farm at a distance of 2 km (BLI12km), 4 km
(BLI4km) and 6 km (BL16km) at the end of the storm in CS1.........c..ccccenene. 142

Figure 7.6 Bed level at Profiles P1, P2 and P3: initial ({0) and at the end of the storm in
CS2 in the baseline scenario ((b) and with the wave farm at a distance of 2 km
({f2km), 4 km (Cf4km) and 6 km (CFOKM). ...oovveviiiiiiiiccee 143

Figure 7.7 Beach face eroded area in the following scenarios: baseline (FEAD) and with
the wave farm at a distance of 2 km (FEA2km), 4 km (FEA4km) and 6 km
(FEA6km) along Perranporth Beach (y - coordinate, with y increasing towards the
north of the beach) at the end of the storm in CS1 (above) and CS2 (below).....145

Figure 7.8 Non-dimensional erosion reduction (NER) at the beach face in the following
scenarios: with the wave farm at a distance of 2 km (NER2km), 4 km (NER4km)
and 6 km (NER6km) along Perranporth Beach (y-coordinate, with y increasing
towards the north of the beach) at the end of the storm in CS1 (above) and CS2
(DEIOWV). .. 145

Figure 7.9 Mean cumulative eroded area in the baseline scenario (CEAD) and in
presence of the wave farm at a distance of 2 km (CEA2km), 4 km (CEA4km) and
6km (CEA6km) from the reference (10 m water depth) contour in the northern
area (above) and southern (below) across each of the reference profiles P1, P2 and
P3 (Figure 6.3) at the end of the storm in CS1. The x- coordinate represents the

distance along the profile, with x = 0 the most offshore point. ................cccce.. 146
Figure 8.1 Wave farm layout. Water depth in relation to local chart datum [water depth
10100 ] (TSRO PRORPPRTRPRPRON 151

XVII



Figure 8.2 Significant wave height (m) in the baseline scenario and in the presence of
the farm with the following configurations 2D-2D, 3D-3D and 4D-4D (clockwise

Trom @aDOVE 1ETL). e s 153
Figure 8.3 Significant wave height (m) in the presence of the farm with the following
configurations 2D-2D (left) and 2D-3D (Fight). .....ccccooviieiinirniiene e 153

Figure 8.4 Significant wave height [in m] in the baseline scenario (Hs,b) and in the
presence of the farm with the following array configurations: 2D-2D (Hsf,2D-
2D), 2D-3D (Hsf,2D-3D), 3D-3D (Hsf,3D-3D) and 4D-4D (Hsf,4D-4D) along the
20 m water depth CONTOUN ........eiieiece e 154

Figure 8.5 Reduction of the significant wave height (%) for the following wave farm
layouts: 2D-2D (RSH2D- 2D), 2D-3D (RSH2D-3D), 3D-3D (RSH3D-3D) and
4D-4D (RSH4D-4D) [clockwise from above left]. ... 155

Figure 8.6 Bed Level Impact (BLI, in m) in the area of interest with the different wave
farm configurations: 2D-2D (BLI2D-2D), 2D-3D (BLI2D-3D), 3D-3D (BLI3D-
3D) and 4D-4D (BLIAD4D)......ccciuiiiieieie et 158

Figure 8.7 Bed level at Profiles P1, P2 and P3: initial ({0) and at the end of the storm in
the baseline scenario ({b) and with the wave farm with the different wave farm
configurations: 2D-2D ({2D-2D), 2D-3D ({2D-3D), 3D-3D (£3D-3D) and 4D-4D
(LADAAD). ...t 160

Figure 8.8 Beach face eroded area in the baseline scenario (FEADb) and with the
different wave farm configurations: 2D-2D (FEA2D-2D), 2D-3D (FEA2D-3D),
3D-3D (FEA3D-3D) and 4D-4D (FEA4D-4D).......ccccouveieiieieiene s 161

Figure 8.9 Non-dimensional erosion reduction at the beach face in the baseline scenario
(NERD) and with the different wave farm configurations: 2D-2D (NER2D-2D),
2D-3D (NER2D-3D), 3D-3D (NER3D-3D) and 4D-4D (NER4D-4D)............... 162

Figure 8.10 Mean cumulative eroded area in the baseline scenario (CEAb) and in
presence of the wave farm with 2D-2D (NER2D-2D) and 2D-3D (NER2D-3D)
layout across each of the reference profiles P1, P2 and P3. The x-coordinate
represents the distance along the profile, with x = 0 the most offshore point. .... 164

Figure 8.11 Mean cumulative eroded area in the baseline scenario (CEAb) and in
presence of the wave farm with 3D-3D (CEA3D-3D) and 4D-4D (CEA4D-4D)
layout across each of the reference profiles P1, P2 and P3. The x-coordinate
represents the distance along the profile, with x = 0 the most offshore point. .... 165

Figure 9.1 Three different profiles at Perranporth Beach and their respective

localisation. Water depth in relation to local chart datum [in m]. .......c.ccccoeneeee. 169
Figure 9.2 Conceptual beach model (Masselink & Short, 1993)..........ccccccivviiiiiniienn, 172
Figure 10.1 Consequences of 13/14 winter storms at Perranporth Beach (UK) and

Soulac-sur-Mer (France) on the left and right hand, respectively....................... 183
Figure 10.2 Evolution of the modal state of the beach with a wave farm operating

AT 0] =TRSO OURPRTRPRS 189
Figure 10.3 Levelised cost (E/MWh) of different technologies including external costs

(Astariz et al., 20158) .....oeoivieiiieiiiiie e 192

XVII



LIST OF TABLES

Table 2.1 List of wave farms, the country, the power installed and the commissioned
year (European Commission, 2009) ........ccoovririierienieniene e 27
Table 5.1 Accretionary and erosionary periods with their corresponding average wave
(0101010 11403 LTSS USRPRPTPR TIPSR 97
Table 5.2 Significant wave height reduction (AHs) and wave power reduction (AJ)
caused by the wave farm at different points along the 10 m contour. ................. 101
Table 5.3 Eroded area in the baseline scenario (A), in the presence of the farm (Af), and
Erosion Impact (El) index for Profiles P1 and P2 at different points in time: 1
month (M1), 3 months (M3) and 6 months (M6) after the beginning of the study

Table 6.1 Wave data used to validate the wave propagation model and values of the
error statistics: Root Mean Square Error (RMSE) and the coefficient of
determination (R2).......cciiiieiiee e 124

Table 7.1 Offshore wave conditions: significant wave height (Hs), peak period (Tp),
mean direction (0), spreading (s) and transmission coefficient (Kt) for the
AITFEreNnt CASE STUIES. ......eieeieieie e 137

Table 7.2 Average wave power on a generic WEC of the wave farm (JWEC) for the

different case Studies [KW/M] ..o 140
Table 7.3 Average wave power on a generic WEC of the wave farm (Jwec) from Nov
2007 t0 OCt 2008 [KW/M] ..ot 141
Table 8.1 Array configurations, including intra- and inter-row spacing ............c......... 151

Table 8.2 Average resource available in a WEC of the wave farm (jvac) for the
different coast-to-farm distances and layout scenarios from Nov 2007 to Oct 2008

Table 9.1 Percentages of the beach modal state for the south section of the beach
(Profile P1) from 1st November 2007 to 31st October 2008. In green shaded the
most frequent modal state for each SCeNArio............ccoeovevveieveerr e 174
Table 9.2 Percentages of the beach modal state for the middle section of the beach
(Profile P2) from 1st November 2007 to 31st October 2008. In green shaded the
most frequent modal state for each SCENario............ccccceeviveiieve e 175
Table 9.3 Percentages of the beach modal state for the north section of the beach
(Profile P3) from 1st November 2007 to 31st October 2008. In green shaded the
most frequent modal state for each SCeNArio............ccooovevveieieerveie e 176
Table 9.4 Percentages of the beach modal state for the north section of the beach
(Profile P3) in “summer” (1st November 2007 - 31st April 2008) and “winter”
(1st May 2008 - 31st October 2008). In green and brown shaded the most frequent
modal state during the winter and summer period, respectively. ........c.c.ccocouee.e. 177
Table 10.1 Rated power and estimated cost of WaveDragon, Pelamis and Aquabuoy
(Astariz & Iglesias, 2015a; Astariz et al., 2015a; Barrero, 2011) .......cccccvevene. 193
Table 10.2 Efficiency and capacity factor of different WECs using data extracted from
prototypes (Fernandez Diez, 2004).........ccceueiiiiiiieie e 194



Table 10.3 Indicative costs associated with the cost of coastal protection (DEFRA,
2005D) ..ttt ettt b reere et et nes 196

XX



Chapter 1

Introduction



Chapter 1

1. INTRODUCTION

This chapter deals with the foundation for the thesis and the work that is presented
in the following sections. The framework of the thesis is introduced starting with the
motivation; following this, the overarching aims and objectives are presented defining
the main lines of the research; and finally, a summary of key research and relevant

literature is provided, highlighting the principal areas relevant to the present study.

1.1 MOTIVATION

The adverse effects brought about by the world’s reliance on fossil fuels are well
known: (i) greenhouse gas emissions that exacerbate climate change, (ii) diminished
reserves of carbon fuels, and (iii) geopolitical wrangling over the control of the oil and
gas reserves, which has led to many conflicts and all-out wars in the last decades. In
addition, the variability in oil and gas prices has a deleterious effect on the global
economy. These arguments, and the international treaties and protocols signed to foster
the efforts against climate change, call for the development of renewable energy

sources.

Among renewable energies, the potential for development of Marine Renewable
Energy* (MRE) is widely recognised (Bahaj, 2011; Iglesias & Carballo, 2009), so much
so that it is poised to become a fundamental pillar in the EU energy policy, cf. the
European Strategic Energy Technology Plan (SET-Plan) described in European
Commission (2007). In fact, the MRE industry has established for ocean energy (wave
and tidal) and offshore wind a target of installed capacity for 2050 of 188 GW and 460
GW respectively (EU-OEA, 2010; Jeffrey & Sedgwick, 2011; Moccia et al., 2011),

which are ambitious goals given that the figures for 2020 are 3.6 GW and 40 GW

! Marine renewable energies include both ocean energy and offshore wind energy. Ocean energy comprises essentially wave
and tidal energy, but also Ocean Thermal Energy Conversion (OTEC) and salinity gradient energy.
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(EWEA et al., 2012). In the UK’s perspective, the Low Carbon Innovation Co-

Ordination Group (LCICG) signalled that wave energy could make a meaningful
contribution to the energy mix from around 2025, with the potential to deliver over 50
TWh per year, i.e. around 10% of the UKs forecast electricity needs in 2050 (LCICG,

2012).

Furthermore, wave energy exploitation presents a number of advantages in relation

to other renewable energies (Drew, Plummer & Sahinkaya, 2009a):

1. The resource: Sea waves offer the highest average energy density among
renewable energy sources (Clément et al., 2002a) and the resource is very
abundant in many coastal areas.

2. Availability: Wave can generate power up to 90 % of the time, compared to
~20-30 % for wind and solar devices (Pelc & Fujita, 2002).

3. No losses in depth water: Waves are propagated from large distance without
any losses in depth water.

4. The environmental impact: A wave farm operating nearshore causes a
limited negative environmental impact (Halcrow, 2006). In general, offshore
devices have the lowest environmental impact. The impact on the
biodiversity is quite low, and just the species that reside near the surface
could be slightly affected by the deployment of wave farms. Although the
main advantage in this aspect is the negligible visual impact as wave farms
are deployed far away from the coastline (generally between 5 and 10 km),
especially in comparison with offshore wind parks.

5. Seasonality: Wave energy resource varies according to the electricity

demand in temperate climates.
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However, and despite of all the advantages of wave energy, the viability of wave
energy projects needs to be enhanced in order to achieve the aforementioned goals. For
this purpose, it is necessary to reduce the Levelised Cost of Energy (LCoE), which
defines a unit cost for electricity by dividing the total energy production by the costs
involved in developing projects. Wave energy’s LCoE may be expected to fall in the
years to come given the relatively immature stage of the technology. The process
whereby the development of an incipient technology, improvements by practice and
economies of scale lead to savings is exemplified by the so-called learning curve. The
greatest opportunities for cost reduction in wave energy as a stand-alone energy source
at present are related to the installation and construction processes (Astariz & Iglesias,

2015a) and the optimisation of the design.

In addition to the previous options, two “strategic” approaches for reducing the cost
are: (i) combining wave energy with other forms of marine renewable — notably,
offshore wind (Astariz et al., 2015a; Astariz et al., 2015b; Astariz et al., 2015c; Perez
Collazo et al., 2014; Stoutenburg, Jenkins & Jacobson, 2010), and (ii) using wave farms
for coastal defence in synergy with their main function of generating carbon-free energy

(Abanades, Greaves & Iglesias, 2014a; 2014b; 2015b; 2015a).

Regarding the former, the author of this thesis has collaborated in the investigation
of the advantages that combining wave and offshore wind energy present, which are
detailed in Astariz et al. (2015a); (2015b; 2015c). In sum, combined wave-offshore
wind energy brings down costs through shared electrical infrastructure (cables,
substation, grid connection), foundations and substructures (hybrid systems) or
moorings, and maintenance (crews, boats and other equipment). These items represent a
substantial portion of the total cost, and therefore sharing them with an offshore wind

farm would be effective in improving the economic viability of wave energy. Additional
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advantages of combined offshore wind and wave energy are: (i) optimised use of the
scarce marine space, with an enhanced energy yield per unit area; (ii) smoother power
output; and (iii) a less energetic wave climate within the offshore wind farm, which will
reduce the loads on foundations and, importantly, increase the weather windows for
maintenance, which will in turn reduce downtime (Astariz et al., 2015b; Pérez-Collazo,

Greaves & Iglesias, 2015).

Regarding the latter, determining the effectiveness of wave farms to protect the
coast is the main objective of this document. As waves propagate through the Wave
Energy Converters (WECSs) that form a wave farm, the wave height is reduced. Then,
the coast in the lee of the farm is exposed to a milder wave climate, which in turn may
result in a modification of the coastal processes that occur nearshore. Whether this
modification can lead to a reduction of the erosion needs to be investigated given that
the potential application of wave farms as a complement, or in certain locations as an
alternative, to coastal defence presents numerous advantages, not least in the current

transition environment.

The conventional approach to defending the coast against flooding and erosion
involves coastal structures — this is the so-called “hard engineering” approach. The
downsides of this approach are well known, particularly in the context of transition
coasts, owing to the inability of structures to adapt to sea-level rise. Indeed, there have
been recently many cases of coastal structures failing to cope with the increased
pressures of climate change (Castelle et al., 2015; Kendon & McCarthy, 2015; Senechal
et al., 2015; Sibley, Cox & Titley, 2015; Slingo et al., 2014; Spencer et al., 2015). These
examples of failures of coastal structures — due to either structural collapse or excessive
overtopping — expose the dramatic consequences of the inadequacy of many of the

existing structures in the current transition scenario. The conventional approach to
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solving this problem entails upgrading the existing structures or building new ones, in

both cases at a large cost.

On these grounds, nearshore wave farms present three main advantages relative to
conventional coastal structures. First, by providing renewable, carbon-free energy, wave
farms contribute to decarbonising the energy supply and thereby combatting the man-
made causes of climate change. Second, the environmental impact of wave farms on the
littoral — the single most sensitive environment in the planet — is considerably lower
than that of coastal structures. Last, but not least, wave farms consisting of floating
WECs (e.g. WaveCat, WaveDragon, DEXA — see Section 2.3.2 WEC technologies)
adapt naturally to sea level rise, and therefore can cope well with the main impact on the

littoral of climate change.

Thus, rather than resorting to the conventional approach (more structures) to fix
obsolete, underperforming structures, deploying wave farms to generate carbon-free
energy as their main purpose and, in synergy with it, defending the coastline against
erosion and flooding is a new alternative that warrants consideration. Incidentally, their
application to coastal defence would enhance their economic viability through the

savings achieved in conventional defence schemes.

This alternative to conventional coastal defence schemes (based on structures such
as groynes, detached breakwaters, etc.) is in fact a new paradigm to mitigating climate
change and confronting two global challenges: the environmental repercussions of the
current energy model and the risks to properties and infrastructure posed by coastal
erosion. As explained, these two challenges are connected, for climate change is set to

exacerbate coastal erosion through its effects of sea level rise and increased storminess.
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1.2 AiMS AND OBJECTIVES

The advent of wave energy warrants the investigation of using wave farms as an
alternative to coastal defence, not least in this climate change scenario. In this sense, the
overarching objective of this document is to analyse the effects of wave farms on the
coast, and subsequently, to determine their effectiveness as part of a coastal protection

scheme.

The fundamental objectives of this thesis are:

e Determination of the impacts of wave farms on the nearshore wave
conditions. The manner in which the extraction of wave energy by the
WECs that form the wave farm affects the wave patterns in the lee of the
farm will be investigated.

e Quantification of the wave farm impacts on the beach profile (1DH or 2D)
and on the beach morphology (2DH or 3D) based on the modified wave
conditions in the lee of the farm.

e Evaluation of the modal state of the beach (e.g. dissipative, reflective and
intermediate beach) in the presence and in the absence of a wave farm
operating nearshore.

e Establishment of the effectiveness of wave farms to protect the coast. In
view of the results from the points above, the degree of coastal protection
offered by nearshore wave farms will be determined.

e Assessment of the effects at different time scales from the short (days) to the
medium (months). The former allows primary the assessment of storm-
induced erosion, while with the latter the morphological changes in beaches,
such as profile erosion and accretion; and the modal state of the beach can

be examined (Cowell & Thom, 1994).
7
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o Identification of the role played by the key parameters of the design of wave
farms, e.g. farm-to-coast distance and layout, in the synergetic application of

wave farms.

The novelty of this thesis lies in the quantification of the wave farm effects on the
beach. For the first time, the response of the beach with a wave farm operating
nearshore will be analysed through the application of state-of-the-art process-based
numerical models: a third-generation spectral wave model (SWAN) and a coastal
process model (XBeach). Thus, this study will answer a fundamental scientific question:
the response of the coastal environment under different wave conditions, in this case
associated with the wave energy extraction by wave farms; bearing in mind that coastal
environments are the most rapidly changing environments in the planet and wave

energy is their main driving agent.

For this purpose, two case studies representative of the effects of climate change on
the coast are considered: Perranporth Beach (UK) and Xago Beach (Spain).
Perranporth Beach has experienced significant erosion over the last years, not least
during the harsh winter 2013/14. Indeed, the Shoreline Management Plan has identified
the area as subject to significant erosion risk, and a number of options are being
assessed to confront this challenge (CISCAG, 2011). For its part, Xago has also
experienced increased erosion on its dune system — evidenced by the recession of the
dune toe, between 3.1 m and 11.5 m — under the heightened storminess of recent years
(Flor-Blanco, Flor & Pando, 2013; Flor, Flor-Blanco & Flores-Soriano, 2015). In view
of these risks, these areas constitute a prime location for using such wave farms for

coastal protection.

A set of ad hoc indicators is developed in the frame of this work to quantify the
effects of wave energy absorption by the farm on the wave conditions and the coastal

8
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morphology and, subsequently, the degree of protection afforded by the wave farm in

the different scenarios.

1.3 THESIS STRUCTURE

The structure of this thesis is as follows. First, in the following section the main
aspects of wave energy and its current state-of-the-art will be included in order to
identify the gaps in the knowledge and select the best methods to accomplish the
objectives of this thesis. On this basis, the methodology will be presented in Section 3,
which will be consisted of: (i) a description of the numerical models applied and their
advantages against other state-of-the-art models; and (ii) the development of a set of ad
hoc indicators to quantify the impacts of wave farms on the wave conditions and the
beach morphology. Following this, the main characteristics of the two case studies
considered: Perranporth and Xago Beach will be described in Section 4. The results of
the wave farm impacts on the coast will be described in the following sections: in
Section 5 the evolution of the beach profile at Perranporth Beach (2D) in the medium
term, in Section 6 the response of the beach (3D) at Perranporth and Xago Beach in the
short term, the role played at Perranporth by the farm-to-coast distance and the layout
will be analysed in Section 7 and 8, respectively; and finally the evolution of the modal
state of a beach at Perranporth will be studied in Section 9. To summarise and conclude,
in Section 10 the main results will be synthesised, the future directions for wave energy
outlined and conclusions drawn as to the effectiveness of wave power to combat climate
change, with a focus on the mitigation of its effects on the double front of its roots
(greenhouse gas emissions) and its consequences (sea-level rise and increased

storminess).
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2. STATE-OF-THE ART

Marine Renewable Energy (MRE) can substantially contribute to increasing the
proportion of renewables in the energy mix, and subsequently, reducing the carbon
footprint. The great potential of marine renewable energies has been addressed in
different studies (Bahaj, 2011; Clément et al., 2002a; Pelc & Fujita, 2002; Thorpe,
1999; Twidell, 2005) and lies in the large variety of methods to harness the resource,
including (i) tidal barrage power, using potential energy (head) difference; (ii) tidal
stream power, using the kinetic energy in tidal flows; (iii) wave power, which captures

the energy in wave motion; (iv) ocean circulation; (v) salinity or (vi) thermal gradients.

Among them, wave energy is one of the most promising renewable since it presents
a large number of advantages: the abundance and high density of the resource in many
coastal areas, leading to high availability values (approx. 90% vs. 30% in the case of
wind or solar energy) and, importantly, the low environmental impacts and, in
particular, the visual impact of wave energy converters, not least in the case of offshore
floating WECs. However, on the downside, the levelised cost of wave energy
conversion is high. On this basis, this thesis will analyse the effectiveness of applying
wave farms for protecting the coast in synergy with their primary role, generating
electricity; which would enhance the economic viability of wave energy. The following
sections will focus on the main aspects of wave energy, which will be of relevance for

the aim of this work.

2.1 FUNDAMENTALS OF WAVE ENERGY

In the following ocean waves and the wave resource are presented, followed by a

brief summary of their mathematical treatment.
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2.1.1 WAVES AND THE WAVE RESOURCE

The process of wind wave generation, whereby energy is transferred from the wind
to the sea surface, is controlled by the wind speed under a quadratic relationship —
meaning that, although stricto sensu any wind is capable of generating waves, in
practice it is only the strong (storm) winds that generate wave fields of relevant power
for energy conversion. This occurs primarily in the high seas, far from the coast. The
waves thus generated travel over thousands of miles of open ocean in an extraordinarily
efficient process of energy transmission — with very small energy losses — until they
eventually reach a coastline. In approaching the shoreline waves leave deep water,
propagating over intermediate and, subsequently, shallow water. Whereas waves in
deep water do not interact with the seabed, in intermediate water they start interacting
(“feeling”) the seabed, and this interaction intensifies as water depths decrease,
consisting of two fundamental processes, refraction and shoaling, which modify wave

properties (Holthuijsen, 2007).

Ultimately, waves reach the shoreline, where they are extinguished, being their
energy in part dissipated through breaking and in part reflected back. In areas sheltered
by natural or man-made structures (headlands or breakwaters and groynes,
respectively), another process is to be added to the former: diffraction. As a result of
these nearshore processes, wave patterns in intermediate and shallow water are
generally more complex than offshore — all the more so where the bottom contours are
irregular. Indeed, an uneven bathymetry typically leads to wave energy concentrations
in certain areas (Figure 2.1) — the so-called nearshore hotspots (lglesias & Carballo,
2010a), and areas where the resource is comparatively very weak (e.g. bays). The
typical spatial extent of nearshore hotspots is O(10% — 10° m), and therefore a detailed

study (usually involving numerical modelling) must be carried out to determine the
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optimum locations for a wave farm (Carballo & Iglesias, 2012; Veigas, Lopez &

Iglesias, 2014).
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Figure 2.1 Annual mean wave energy concentration of NW Spain (lglesias & Carballo, 2009).

The complexity of the wave energy resource stems not only from its spatial
variability but also from its temporal fluctuations, which occur at different time scales
(Carballo et al., 2015). At the shortest (wave) time scale, an individual wave is generally
different from the next, only some seconds later; at longer time scales (monthly,
seasonal) the wave resource will typically differ markedly, with values in winter bearing
little resemblance to those in summer (Figure 2.2); at even longer time scales
(hyperannual) oscillations (Iglesias & Abanades, 2014; Neill et al., 2009; Neill et al.,
2014) such as ENSO (El Nifio-Southern Oscillation) or NAO (North-Atlantic
Oscillation). This remarks the importance of studying the wave farm impacts not just in
the short-term scale (days), but also in longer time scales, such as medium (months) to
large (years). In this sense this document will consider time scales ranged from hours
(24 hours in the analysis of frequent storms — Section 7 and 8), to days (7 days in the

study of storm clustering — Section 6), to months (6 months to analyse the medium-term
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impacts — Section 5), to a year (to analyse the evolution of the modal state of the beach

— Section 9).
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Figure 2.2 Seasonal wave height roses at La Isla Bonita in the Island of La Palma (lglesias & Carballo, 2010c)
[Hmo, Significant wave height].

In view of the variability of the wave resource — spatial and temporal — a
fundamental requirement for its exploitation is a detailed assessment of this variability
in the areas or regions of interest. The variability of the wave climate has long been
investigated for other purposes, including navigation, port and coastal engineering,
offshore engineering and naval architecture — incidentally, fields in which wave energy
is a source of concern (of loading, in technical terms) rather than a benefit. For this
reason, the outcome of previous work, albeit informative, is often insufficient for
purposes of assessing the wave resource, and an ad hoc characterisation of the wave

resource is necessary.
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The areas with realistic potential for the development of wave energy present
average power values above 20 kWm™, and tend to be located in the Ecuador and high
latitudes owing to the global atmospheric circulation. Furthermore, the seasonal
variability of the wave resource is typically lower in the Southern Hemisphere than in
the Northern. On this basis, many coastal areas of South America, Africa and Australia
would be particularly attractive for wave energy exploitation — with the downside of
their distance to the energy consumption centres. The characterisation of the wave
resource has been undertaken recently in a number of areas with potential for the
deployment of wave farms, and will be described in more detailed in Section 2.2 Wave

energy resource characterisation.

2.1.2 MATHEMATICAL ASPECTS OF OCEAN WAVES

Ocean waves consist of a superposition of a very large number of individual
sinusoidal (harmonic) waves, each with its own amplitude, frequency and direction.
This superposition is expressed mathematically as a Fourier series, which can represent
any sea state (Holthuijsen, 2007). The Fourier series, a time domain concept, has its
counterpart in the frequency domain in the wave energy density spectrum, usually
referred to for brevity as the wave spectrum, which quantifies the distribution of wave
energy over the different frequencies. Often, the directional information is contained in

the spectrum, which is then a directional spectrum.

On the basis of the directional wave energy spectrum it is possible to compute the
wave parameters of interest, some of which are presented below (Dalrymple & Dean,

1991).

If the directional wave energy density is denoted by S(f,8), with f the wave

frequency, the spectral moments may be defined as
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The significant wave height is then given by

H, = 4m;’ (2.2)

and the peak wave period may be computed as the inverse of the frequency at the
spectral peak (fp),

T,=(f,) (2.3)

The mean wave direction may be obtained from the directional wave energy

spectrum through

27 o

[ [s(f.0)sinodf do
6. = arctan =2 (2.4)
S(f,0)cosadf do

o'—.'_\f]J
O gy 8

The wave power, or wave energy flux, is given by

27 o0

J:pg”cg(f,h)S(f,e)dfde (2.5)

where p is the seawater density, g is the gravitational acceleration, and cq is the
group celerity, i.e. the velocity at which wave energy propagates, which is a function of
the wave frequency and water depth. Seawater density depends on salinity and
temperature, which vary in time and space; an average value was taken for this work, p

= 1025 kg/m®.

Naturally the actual power output will depend on the converter efficiency, equation

(1.6) yields the wave power per unit width of wave front; if a certain wave energy
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converter (WEC) captures the energy of a width b of wave front, the corresponding

power is
Riec = Jb (2.6)

In many cases, the detailed shape of the spectrum is unknown, and only some of the
characteristic wave parameters are given. In this case, the wave power, also known as
wave energy flux, can be computed from the following approximation:

,092 2
J="-T H"° 27
29 ToH, @)

where p is the water density, g is the acceleration due to gravity, Hs is the

significant wave height (m) and Tro1 (s™) the wave energy period, defined as

Ton=—" (2.8)

Further analysis describing the equations that govern the extraction for specific
devices can be found in the literature, e.g. Falcdo (2010b); however this is not the aim

of the present study.

2.2 WAVE ENERGY RESOURCE CHARACTERISATION

The generation of wave energy resource, as explained in Section 2.1.1 Waves and
the wave resource, depends directly on wind and indirectly on sun, which characterise
this resource as stochastic. Then, the characterisation of the resource is essential to
assess the economic viability of a wave farm at a selected location. Most of the wave
climate characterisations conducted so far have focussed on extreme conditions
corresponding to return period of interest for the design of structures, and do not

comprise the information required for the resource characterisation.
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The lack of onsite wave buoy data limits the assessment of the wave energy
resource characterisation; however, this shortcoming can be overcome through the
application of numerical models, ideally calibrated and validated with wave data from

wave buoys or other sources.

The offshore wave resource must be properly characterised as a prerequisite, for
offshore wave conditions are required to prescribe the boundary conditions. The
offshore wave resource can be described through: (i) deep water wave buoy data, where
available; (ii) numerical models that account for wave generation and propagation in
deep water (e.g., WAVEWATCH I11); (iii) remote sensing (satellite, HF-RADAR, etc.);
(iv) hindcast datasets; or a combination of the above. A detailed guide for characterising
the resource can be found in Iglesias and Abanades (2014), which will not be presented
in this document as it is out of its scope. The objective of this section is to identify the
case studies for the analysis of the wave farm impacts where the resource is sufficiently

large to justify the deployment of a wave farm.

The resource characterisation has been established at different scales: global,
continental, national and regional, being the last one recommended for determining the
best location for a wave farm. Regarding the global scale, Cornett (2008) assessed the
global wave energy resource during 10 years, from 1997 to 2006, using the hindcast
generated by the offshore third generation wave model WAVEWATCH-III (Tolman,
2002a; Tolman, 2002b), which consists of global and regional nested grids with a
resolution of approx. 50 km. A weather model Global Forecast System (GFS) is coupled
to implement wind data. The seasonality and variability of wave resource was
quantified by means of several indicators, finding January and July with the greatest
values of resource for the North and South Hemisphere respectively. Although the

resolution of the study did not allow the identification of the best location for a wave
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farm, the relevance of this work lies in the first approximation to determine the areas

with greatest potential for wave energy exploitation (Figure 2.3).
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Figure 2.3 Global distribution of annual mean wave power (Cornett, 2008)

The greatest resource (over 120 kwW/m) was found in the South Hemisphere, but in
areas remote from the population. The coastal areas with the highest values of resource
(over 70 kW/m) were the following: (i) the Atlantic facade of Europe, (ii) the Patagonia
Coast (south of Chile); and (iii) the south of Australia Coast and New Zealand. While a
significant proportion of the population live near the Atlantic Coast in Europe, the
population density of the other two areas is very low, particularly in the Patagonia,
which is practically uninhabited. To a less extent, with a mean value of the annual
resource between 40-70 kW/m, the areas of South Africa and North Pacific Coast

(United States and Canada) could be included.

According to these results and the population of the above areas, the Atlantic facade
of Europe constitutes a prime area for wave energy exploitation. This has been
corroborated by a number of studies focussed on the resource characterisation in

Europe, which are described in the following paragraphs.
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As regards the European scale, Pontes et al. (1996) presented WERATLAS (Wave

Energy Resource Atlas), which is a user-friendly software that contains wave climate
information of offshore locations in the North-Eastern Atlantic Ocean and the North,
Norwegian, Barents and Mediterranean Sea. These data were extracted from the
numerical wind-wave WAM model (Glnther, Hasselmann & Janssen, 1992) in
conjunction with the European Centre for Medium-Range Weather Forecast (ECMWEF).
This large area is divided into 5 smaller regions and consists of information recorded at
85 locations. The atlas results are in line with the results presented above for the global

assessment, highlighting the predictions for the Atlantic Ocean facade.
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Figure 2.4 ONDATLAS in the Portuguese coast showing the mean winter resource and the summer resource
(Pontes, Aguiar & Pires, 2005)

In a national scale, the ONDATLAS is a detailed nearshore wave energy atlas for
Portugal (Pontes, Aguiar & Pires, 2005), which followed the same approach applied in
WERATLAS, but in this case studying the nearshore area in Portugal. Figure 2.4 shows
the seasonal variability of the wave resource along the coast, remarking the resource in
the North Coast of Portugal. In the case of UK, ABPmer (2008) produced an atlas for
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the characterisation of all renewable energies in UK (wave, wind and tidal). The wave
energy resource atlas was conducted applying the UK Waters Wave Model with a
resolution of 12 km and a Global Wave Model with a resolution of 60 km. These 2™
generation models are valid offshore since they are not able to calculate the coastal
processes influenced by the bottom friction. Hindcast wave data were implemented in
the model to provide wave datasets (and associated analysis) of up to 30 years temporal

length along the UK coast.
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Figure 2.5 Annual mean wave power in the UK (ABPmer, 2008)

Figure 2.5 shows the annual mean wave power considering the contributions of the
wind-wave and swell components. The wave energy resource was found to be of
relevance in two main areas (Neill et al., 2014; Reeve et al., 2011a; Smith, Pearce &
Millar, 2012): Orkney (N Scotland) and Cornwall (SW England). In the former,
numerous tests of marine renewable energies (both tidal and wave) have been conducted

by the European Marine Energy Centre (EMEC). In the latter, the Wave Hub, a testing
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facility for wave, tidal and offshore wind technologies, was installed and presents the

advantage of being closer to a more populated area.

Finally, the characterisation of the resource at regional scales was generally carried
out using finer resolutions. For this purpose, spectral wave models, e.g. in Iglesias and
Carballo (2010c) and Rusu and Guedes Soares (2012), and less frequently Boussinesg-
type wave models, e.g. in Vicinanza, Contestabile and Ferrante (2013), are generally
applied in lieu of the hindcast models (WAM, WWWIII, etc.) that were used in the
global, continental and national scales. A review of the different numerical models to

study wave energy will be presented in Section 3.

These regional studies were conducted worldwide, from areas in the Pacific Coast
(Lenee-Bluhm, Paasch & Ozkan-Haller, 2011; Stopa, Cheung & Chen, 2011), to Islands
in the Atlantic Coast (Goncgalves, Martinho & Guedes Soares, 2014a; Iglesias &
Carballo, 2011; Veigas & Iglesias, 2013), to sheltered coasts such as the Mediterranean
and Baltic ones (Bernhoff, Sjostedt & Leijon, 2006; Liberti, Carillo & Sannino, 2013) to
the Atlantic Coast in Europe and America (Defne, Haas & Fritz, 2009; Goncalves,
Martinho & Guedes Soares, 2014b; Iglesias et al., 2009). Between these areas, it is
noteworthy to mention the north coast of Spain, which was well characterised from
Galicia (NW) to the Basque Country (N) by Iglesias and Carballo (2009); (2010b;

2010a).

Figure 2.6 shows the wave energy resource in Asturias at two locations. The
characterisation was carried out using a 44-year data series. The most likely scenarios
were found around the isoline of 50 kW/m, and the mean annual wave power in these
nearshore points was found to be over 30 kW/m. This constituted Asturias as a prime
location for the deployment of a wave farm, as was corroborated by the Asturian

Institution for Energy Development (Flor-Blanco et al., 2011).
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Figure 2.6 Combined scatter and energy diagrams in terms of significant wave height (H,,) and energy period
(Te) at points 3 and 5 using 44 years of data (1958-2001). The colour scale represents annual wave energy, and
the numbers the occurrence of the different sea states in hours per year (lglesias & Carballo, 2010b).

Finally, several studies focused on determining the optimum location for a wave
farm. As explained in Section 2.1, during the propagation of the waves to the coast their
properties change as a result of the bottom friction experiencing refraction and shoaling.
In the presence of irregular bottoms this interaction increases and results in areas of high
energy concentration (hot spots — Figure 2.7) and, on the other side, areas of relatively

low energy (cold spots). The relevance of this concept will be shown alongside this
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thesis, in particular, in the comparison of the wave energy resource between the two

case studies analysed — Section 10.
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Figure 2.7 Nearshore hot spots off the coast of NW Spain (Iglesias & Carballo, 2009).

Based on the characterisation of the resource in conjunction with the distance to
populated areas, the availability of data (both wave and bathymetric), and importantly,
the erosion threat in the adjacent beaches, two case studies are selected along the
Atlantic facade of Europe: Perranporth Beach in the SW of England and Xago Beach in
the N of Spain. Therefore, these locations are primer areas for investigating the
synergetic application of wave farms: carbon free energy generation and the mitigation

of the climate change impacts.

2.3 WAVE ENERGY CONVERSION

At this time, wave energy is regarded as expensive — which can only be considered
as natural at this point in time given its early stage of development and the difficulties
posed by the harsh marine environment. It is clear, however, that for wave energy to
truly take off, its costs must decrease. Over time it may be expected that, as the

technology develops and larger investments are made, economies of scale will be
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achieved, which will eventually lead to reductions in costs, especially related to the

fabrication and optimisation of WECSs.

The objective of this section is to identify and classify the different technologies to
harness the wave motion; and based on this technology review, a Wave Energy
Converter will be selected for the study of the wave farm impacts. At present no single
technology can be deemed to be the definitive technology. A number of crucial aspects
— from the energy performance to survivability under storm conditions — require further
investigation. In addition to the existing technologies, new patents continue to appear.
This interest in the sector is driven by the fact that the global wave resource is vast, and
more than sufficient to set wave energy on a par with other renewables such as

hydropower or wind energy.

Research and development of wave energy conversion, as many other renewables,
gained momentum after the oil crisis in the 1973; however, the failure of several
technologies during their testing resulted in a partial vanishing of the interest. The
aspects that limited the development of wave energy at the time were (Kerr, 2007): (i)
the low performance of the devices, (ii) the large electrical losses; and (iii) the lack of
studies characterising the wave energy resource, which led to the installation of devices
in areas with energetic resource but remote to the population. Then the high cost for the
grid connection and the fabrication costs brought about the interruption of the wave

energy development until the new century.

In this century, the appearance of new technologies that improved the efficiency
and feasibility of the devices, a better understanding of the wave resource and the
reduction of the grid connection costs increased the interest in wave energy. In 2000,
Islay LIMPET, deployed in Scotland, was the first WEC prototype connected to the

national grid of United Kingdom. In that decade, the Pelamis device was strongly
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developed through numerical modelling and laboratory tests under extreme conditions
to assess its reliability. Between 2004 and 2007, full-scale prototype tests were carried
out at the European Marine Energy Centre (EMEC) in Scotland. After this testing
phase, the first wave farm operating nearshore was installed in the northwest coast of
Portugal at Agucadoura, although after some problems the wave farm was
decommissioned. Other projects conducted at different locations with different

technologies can be seen in Table 2.1.

Wave Farm Name Country MW Commissioned
Mutriku Breakwater Wave Plant Spain 0.3 2009
Agucadoura Wave Farm Portugal 2.25 2008
Islay Limpet UK 0.5 2000
Orkney Wave Power Station UK 2.4 2011
SDE Sea Waves Power Plant Israel 0.04 2009
Siadar Wave Power Station UK 4 2011

Table 2.1 List of wave farms, the country, the power installed and the commissioned year (European
Commission, 2009)

The following subsection classifies the different WEC technologies according to
different criteria: (i) installation site, (ii) dimensions relative to the wave length, and (iii)
principle of operation. The latter is arguably the most usual, and will be developed in
more detail. After, a review of the most relevant technologies will be presented in order
to select the most appropriate WEC for the analysis of the wave farm impacts on the

coast.

2.3.1 CLASSIFICATION OF WECS

Classification according to the installation site: Three types of WECs can be

distinguished according to this criterion:

e Onshore WECs, located entirely on land.
e Onshore-offshore WECSs, which capture wave energy in the nearshore and

transform it into electricity in an onshore facility.
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e Offshore WECs, which are deployed in the sea. This group may be further

divided according to whether the WECs are floating or resting on the

seabed.

The most common location for WECs is offshore despite of the higher costs for the
grid connection. The onshore technologies are characterised by their relatively simple
and inexpensive maintenance, a result of both their good accessibility as onshore
devices and the fact that they are less exposed to the harsh marine environment than the
other categories. Another substantial advantage is the absence of a submarine cable —
unlike offshore devices. On the downside, the wave resource that onshore WECs can
exploit is smaller due to bottom friction and depth-induced wave breaking. A further
disadvantage is the occupation of land and the corresponding environmental impact on
the coastline, which can be more or less significant depending on the type of shoreline

and the actual design of the device.

Classification according to the dimensions relative to wave length: This criterion

distinguishes between two types of WECs: point absorbers and line absorbers. The
dimensions of point absorbers are at least one order of magnitude smaller than the wave
length, whereas the predominant dimension of line absorbers is of the same order of
magnitude as the wave length. Line absorbers can be orientated transversally or

longitudinally to the incoming wave direction.

Classification according to the principle of operation: There are three categories within

this classification:

e Overtopping devices, based on waves overtopping a barrier, and the
overtopping flowrate being stored at a reservoir and subsequently used to

drive a turbine.
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e Wave-activated bodies, which capture wave energy through the heaving
motion of a floater.

e Oscillating Water Columns (OWCs), which — as indicated above — use a
water column as a piston to create an air flow, which in turn drives a

turbine-generator group.

2.3.2 WEC TECHNOLOGIES

A wave energy converter is a technology that uses the motion of ocean surface
waves to create electricity. Energy capture is achieved by means of a Power Take Off
(PTO) incorporated in the device that converts the mechanical energy into electricity.
The PTO is different according to the WEC technology and its principle of operation.
These technologies were reviewed by a large number of authors (Clément et al., 2002b;
Drew, Plummer & Sahinkaya, 2009b; Falcdo, 2010a; Falnes, 2007; Iglesias, Alvarez &

Garcia, 2010; McCormick, 1981; Thorpe, 1999).

Having put forward different criteria on which WEC technologies can be classified,
in this section the state-of-the-art is reviewed through notable WECSs. The last criterion
of classification (principle of operation) is followed to systematise the review (Figure

2.8).
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Figure 2.8 Classification of wave energy technologies in function of the location and the method of absorption
(Falcéo, 2010b)

Oscillating water columns (OWCs): The water column is housed in a

semisubmerged concrete or less commonly steel chamber connected to the sea by an
underwater opening. The lower part of the chamber is flooded with sea water, and its
upper part contains air. The oscillation of the water inside the chamber (the “water
column”) induced by the waves outside causes the alternate compression and
decompression of the air above, which is used to drive a bidirectional air turbine

coupled to an electrical generator.

Onshore OWC is the most advanced technology. Figure 2.9 shows two devices that
are currently in operation: Mutriku (Spain) or Pico (Acores, Portugal). Although the
principle is very similar in both devices, the main difference lies in the installation of
the chamber. While Mutriku is mounted on a breakwater, LIMPET is a fixed structure.
Following a similar approach, floating OWCs are also installed offshore, e.g. Oceanlinx

MK1 and Sperboy, but their level of development is lower compared to onshore WECSs.
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Turbine
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Air is compressed
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Figure 2.9 Schematic of the LIMPET WEC (left) and Mutriku breakwater-mounted OWC (right). Sources:
EVE (2014) and Wavegen

In this context, this technology will not be considered for the study as the
technology has been mostly developed onshore and therefore they could not be used in

synergy for coastal protection.

Wave-activated bodies, also known as body system, are offshore devices generally

comprised of a one or several floating bodies equipped with a power take-off (PTO)
mechanism. The method of energy conversion is based on the body motion (in one or
more degrees of freedom) as a response to the incoming waves. They can be either

floating or fully submerged.

One example of a floating wave-activated body is the Pelamis device, which
consists of a semi-submerged device composed of five cylindrical sections held together
by cardan joints. As waves pass, the cylinders are displaced up and down by the
buoyancy force, thereby activating the joints (Figure 2.10). They are usually located at

water depths over 50 m at distances between 2 and 10 km from the coast.
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Figure 2.10 Scheme of Pelamis WEC. Source: (Pelamis Wave Power Ltd)

Other group of devices in this category are those composed of floatation elements
oscillating on the sea surface. Among these is PowerBuoy (Figure 2.11), a point
absorber consisting of a floating element that reacts against a submerged cylindrical
body, terminated at its bottom end by a large horizontal damper plate that aims at
increasing the inertia through the added mass of the surrounding water. The relative

heaving motion between the two bodies is converted into electrical energy by means of

a hydraulic PTO.

Figure 2.11 The floating PowerBuoy prototype (left) and submerged Archimedes Wave Swing (right). Sources:
Ocean Power Technologies Inc (2014) and AWS Ocean Energy (2015)

Submerged offshore WECSs are less common than floating ones, the reason being
that underwater components add a new level of complexity. Designs are mostly at an

early stage of development. The most developed device might be the Archimedes Wave
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Swing (Figure 2.11). These devices cannot be seen on the surface of the sea, for it is
located at a depth of 6 m — which reduces its visual impact. However, the maintenance

of this device is relatively complex, as all the equipment is underwater.

In sum, the technology of these devices is more developed than the offshore OWC,
however, although the performance of these devices can justify their deployment in
wave farms, their principle of operation, either translation or rotation, does not bring
about sufficient reductions of wave height in their lee to protect the coast. Therefore,

these WECs will not be selected for studying their impacts on the coast.

Overtopping devices: An overtopping device captures sea water of incident waves

in a reservoir above the sea level. This difference in elevation between the water in the
reservoir and the sea surface is used to drive the PTO, generally a turbine. Overtopping

devices have been designed and tested for both onshore and floating offshore.

Among the onshore devices, the Seawave Slot-Cone Generator harnesses the wave
run-up over a sloping ramp, in principle on a rubble-mound breakwater. The water is
captured through horizontal slots at three different levels, each connected with a
reservoir. Nevertheless, these devices will not be considered in this thesis as its purpose

is to investigate the impacts of an offshore wave farm on the coast in its lee.

However, the principle of operation allows the production of large amounts of
energy and, at the same time, reduces significantly the wave height in the lee of the
device. Therefore, offshore overtopping converters are suitable for the purpose of this
thesis. In this context, two WECSs should be outlined: the Wave Dragon (Kofoed et al.,
2006; Tedd & Kofoed, 2009) and WaveCat (Fernandez et al., 2012; Iglesias et al.,
2008). These devices are installed in relatively deep water, between 25 m and 40 m, to

take advantage of the ocean waves.
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In the case of Wave Dragon (Figure 2.12), overtopping occurs at a ramp
perpendicular to the direction of the incoming waves. In order to capture a wave front
length larger than the ramp itself, two deflectors protrude from the ramp sides; they
focus the waves towards the ramp, thereby enhancing wave height. Overtopping water
is collected in a reservoir above the sea level; the difference in elevation between the
water in the reservoir and the outside (sea) water is used to propel an ultra-low head
Kaplan turbine. Freeboard and draft are varied according to the wave conditions. Wave
Dragon is one of the heaviest WECs, with a structure around 30,000 tons, which would
require a substantial mooring system. The first prototype connected to the grid is
currently deployed in Nissum Bredning, Denmark. Long term testing is carried out to
determine system performance; i.e. availability and power production in different sea

states.

Jaddl

reflector

reflector

Figure 2.12 Scheme of Wave Dragon device (left) and the prototype installed in Nissum Bredning. Courtesy of
Wave Dragon AS (2005),

The WaveCat (Figure 2.13) differs from the Wave Dragon in its structure and in the
way overtopping occurs. Like a catamaran — from which it takes its name — WaveCat
consists of two hulls. Unlike a catamaran, however, the hulls are convergent rather than
parallel, so that from above they form a wedge. With a single-point mooring system
(e.g., CALM, catenary anchor leg mooring) WaveCat swings so that it is always
orientated in the direction of the incoming waves, which propagate into the wedge. As a

wave crest advances between the two hulls, the wave height is enhanced by the tapering
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channel until, eventually, the inner hull sides are overtopped. Unlike Wave Dragon, in
which the overtopping wave crest impinges normally on a ramp, in the case of WaveCat
the overtopping crest impinges obliquely on the hull side. Overtopping water is
collected in three reservoirs on each hull, at different levels — all above the mean sea
level. The difference in elevation with respect to the exterior (sea) level is used to drive

a turbine for each reservoir as the water is let out back to sea. Freeboard and draft, as

well as the wedge angle, can be varied according to the sea state.

Figure 2.13 WaveCat scheme (left) and the tests conducted at the laboratory of Porto (right) at a scale of 1:50
(Fernandez et al., 2012).

The advantages of WaveCat are threefold. First, overtopping occurs along the hull
sides, so the WEC motions do not significantly affect the overtopping volumes but
merely shift the point along the hull where overtopping starts. Second, the oblique
overtopping signifies that the wave loads on the structure are considerably lower than in
the case of normally incident waves. Last, but not least, the wedge between the hulls can
be closed so WaveCat becomes a conventional (monohull) ship — a useful survivability
strategy. Maintenance costs are expected to be low, similar to those of a ship, and the
fact that it can be towed to a dry dock in its closed configuration (monohull) and
repaired using the same installations is an added advantage. On these grounds, the

WaveCat WEC is selected for studying the impacts of wave energy on the coast.
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2.4 WAVE FARM IMPACTS

Wave Energy Converters (WECs) will be deployed forming arrays, also known as
wave farms, because single devices will not be able to provide the amounts of energy
that are required. Within the farm, the incident waves are reflected, transmitted and
absorbed by the WECs, which in turn, may affect the overall performance of the farm as
the wave resource is altered. In other words, the incident wave power is partly absorbed
and redistributed around the WECs that form the wave farm, and this can result in a

positive or negative effect on the power absorption of the neighbouring WECs.

Subsequently, as the wave is partially absorbed by the WEC, the wave height in the
lee of the farm is considerably reduced and this modification of the wave conditions can
affect positively or negatively the morphodynamics and morphology of the beach. This
is particularly relevant in wave farms formed by offshore overtopping devices (e.g.

WaveCat and Wave Dragon), which are based on waves overtopping a barrier.

In this heading the studies focused on assessing the impacts of the wave farms will
be presented. The review will be divided in 3 sub-sections: first, the studies focussed on
the WEC-wave interaction in the wave farm scale; second, those that assessed the wave
farm impacts on the wave conditions; and, thirdly, the works that outlined the idea of

using wave farms for coastal protection.

2.4.1 WEC-WAVE INTERACTION

The primary objective of most of the studies that analysed the WEC-wave
interaction was to determine the optimal array configuration in order to minimise the
negative interactions between WECs, and therefore maximise the overall performance
of the wave farm. For this purpose, sensitivity analyses were carried out applying
different numerical models. However, an optimum layout cannot be generalised as it

will vary as a function of: (i) the boundary conditions of the wave farm, i.e. wave
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climate, (ii) the location of the wave farm, e.g. distance to the coast and the water depth,

and (iii) the type of wave energy converter.

The type of WEC is likely the most important aspect since the processes that govern
the WEC-wave interaction vary as a function of the WEC. For instance, in the case of
Oscillating Water Column (OWC) systems (e.g. Sperboy, Ocean Energy) or oscillating
bodies (e.g. PELAMIS, AquaBouy), the incident wave is partly diffracted, also called
scattered, and partly absorbed due to the destructive interference with the generated
(also called radiated) wave. Consequently, the performance of the adjacent WECS in the
farm is influenced by the scattered incident wave and the radiated wave from the
oscillating device. For its part, absorption is the prevalent process that governs the
interaction between overtopping WECs and the wave field, as the devices absorb wave
energy by capturing the water volume of overtopped waves in a reservoir, and then,
creating a hydraulic head. This generates a shadow in the lee of the devices, which can
affect the performance of the WECs installed in the next rows. In sum, the redistribution
of wave energy in the farm will vary according to the type of WEC deployed (Beels et

al., 2010a).

Child and Venugopal (2010), on the basis of their first work (Child & Venugopal,
2007), pioneered the optimisation of wave farm layouts. They analysed different array
configurations under different wave conditions. The optimisation process is
accomplished with arrays of five wave-activated floating devices, identical in geometry
and power take-off characteristics. The interaction of each array was determined
applying a numerical model that accounted for the incident, the scattered and the
radiated wave in conjunction with the motion of the device. In addition, a genetic

algorithm (G) and the parabola intersection (PI) method were used to obtain the optimal
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configurations. The results showed that th

D

staggered formations maximised the

resource of the wave farm (Figure 2.14).
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Figure 2.14 Optimum array configuration (units: m). The G and P denote the method applied to optimise the
layout and correspond to general algorithm and parabola intersection, respectively. The number signify the
objective pursued: (1) to maximise power in an array of real-tuned devices, (2) to maximise power in an array
of reactively tuned devices, and (3) to minimise power in an array of reactively tuned devices.(Child &
Venugopal, 2010)

Babarit (2010) studied the WEC-wave interaction as a function of the distance
between devices. For practical reasons, e.g. grid connection and moorings costs,
distances between devices around hundreds of meters were considered. The different
array configurations were studied at deep water to simplify the problem, by means of a
Boundary Element Model (BEM) based on the linear potential flow theory under
regular and irregular wave conditions. Based on the results presented, locating wave
devices at distances shorter than 100 m is not recommended due to the negative
interaction between devices. For greater distances, between 100 and 500 m,
recommendations are difficult to establish since the wave interaction varied depending
on the array configuration, particularly when the direction of the incident waves were
not aligned with the array. This is one of the main disadvantages of oscillating devices
in relation to overtopping devices since the latter have a degree of liberty to move in
order to be always aligned with the wave direction and then maximise their

performance.

Similarly, Borgarino, Babarit and Ferrant (2012) assessed the influence of the

interactions between WECs in the energy production of the array. Two WECs were
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considered: heaving cylinder and surging barge, which were arranged in 9-body arrays
with regular patterns, forming either square or triangular grids. This study revealed that
locating WECs in wave farms forming square configurations is not appropriate,
particularly for short spacing between devices, as the masking effect is exacerbated. In
this line, the study corroborates that the triangle-based arrays, also called staggered
formations, may be the most suitable configuration, as they minimise the destructive

interactions between WECs.

(@

Figure 2.15 Wave amplitude around a set of 1 (a) or 3 (b) heaving cylinders in a view of a 9-body array. The
figure a shows the wave amplitude around the white cylinder; and the figure b, the wave amplitude around the
three white cylinders in interaction. (Borgarino, Babarit & Ferrant, 2012)

To complement the result from the numerical models, physical modelling has also
been conducted to determine the interaction between converters. Stratigaki et al. (2014)
analysed the effects in large arrays of up to 25 heaving point absorber WECs for a range
of configurations and wave conditions. Although all the configurations have not been
analysed, the results of the 5 x 5-WEC rectilinear array showed the wave height
attenuation in the lee of the WEC array. Figure 2.16 illustrates the modification of the wave
field with the devices for large-crested waves. While in the first rows of devices the wave
height increased, in the lee of the device attenuation, up to 18.10% at a distance of 30D —

with D indicating the diameter of the device — was found. The future analysis of the other
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array configurations will allow the determination of the best layout to minimise the

destructive interaction between devices.
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Figure 2.16 Perturbed wave field normalized by recorded undisturbed wave field for the 5 x 5 WEC array
configuration (Stratigaki et al., 2014). The basin width (X, columns) and length (Y, rows) are expressed in
number of WEC unit diameters, D =0.315 m.

Regarding offshore overtopping converters, the studies have been mainly focused
on the aforementioned devices: Wave Dragon and WaveCat WECs. Beels et al.
(2010a); (2010b) implemented the Wave Dragon WEC in a time-dependent mild-slope
equation model (MILDwave) to establish the optimum wave farm. To model the
combined effects of reflection, transmission and consequently absorption of a WEC,
laboratory tests of a single device were conducted to determine the wave transmission

coefficient.

The optimisation of the layout was carried out by means of the assessment of two
key parameters: (i) the distribution of the WECs and (ii) the spacing between WECSs.
Regarding the former, both staggered and aligned (also called square) were studied in a
9-WECs array arranged in 3 lines. The representation of the effects on the wave height
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in the adjacent WECs and the lee of the devices was carried out by means of an
absorption coefficient, Kp, which represented the ratio between the disturbed significant

wave height and the incident significant wave height at the wave generation boundary.

Figure 2.17 illustrates that the reduction of the significant wave height is higher in
front of the devices situated in the second and third row in the case of the aligned
formation, and therefore the staggered formation presents better performance than the
square grid. While, the capture ratio in the second and third row of devices was 45%
and 35%, respectively for the staggered grid, in the case of the aligned grid both rows
presented ratios of 30% (Beels et al., 2010a). However, it is noteworthy to highlight that
this finding does not imply that the attenuation of the wave height in the lee of the wave

farm formed by staggered grids is less than with aligned grids.
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Figure 2.17 Calculated disturbance coefficient, Kp, of an aligned (left) and staggered (right) array formed by 9
Wave Dragon WECSs for irregular long-crested waves (Beels et al., 2010a)

Secondly, and considering a staggered formation, the influence of the distance
between devices is analysed. A 5 Wave Dragon farm was studied with three spacings:
D, 2D and 3D, with D = 260 m, i.e. the distance between the twin bows of the device.

For overtopping converters, the greater the spacing, the lesser the interaction; however,
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it also needs to take into account that the smaller the distance, the cheaper the cost of the
farm. The results showed that the layout with a distance between devices of 2D was the
optimal farm layout (Figure 2.18), taking cost and spatial considerations into account.
Furthermore, it was observed that five Wave Dragon WECs installed in a staggered grid
at a distance of 2D, would produce practically five times more than a single Wave
Dragon WEC, as the incident wave power in the second row is barely affected by the

first row (Beels et al., 2010b).
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Figure 2.18 Calculated disturbance coefficient, Kp, of a 5 Wave Dragon array arranged in two rows with a
spacing of D (left —a), 2D (middle — b) and 3D (right -- c), with D = 260 m, for irregular long-crested waves
(Beels et al., 2010b).

As regards the WaveCat, Carballo and Iglesias (2013) studied two different 12-
WavecCat array configurations, the first with the WECSs arranged in just one row, and the
second with the devices in two rows in a staggered formation. This work aimed at
proving that the performance of the wave farm is not drastically affected by the
absorption of the first row of devices. For this purpose, the phase-averaged spectral
model SWAN (Booij, Holthuijsen & Ris, 1996) was applied using the values gathered
in the experimental campaign carried out to determine the WaveCat WEC-wave

interaction under different wave conditions (Fernandez et al., 2012).

Based on previous studies, a separation of 2.2D — with D equal to 90 m and
corresponding to the distance between the twin bows of the device — was considered. In
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this case, the results (Figure 2.19) showed that the wave height in front of the devices in
the second row was lower than the first, and therefore the overall performance of the
wave farm was greater with just one line. On the other hand, the one-row layout is less
appropriate than the two-rows given that its greater performance does not justify the

increase of the costs (maintenance, cable, space occupied, among others).
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Figure 2.19 Spatial distribution of the wave power in a row (above) and two rows (below) configuration with
H;=3m, T.=10.8s and Direction = NW (Carballo & Iglesias, 2013).
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In sum, although there is no prevailing layout, which is in line with the absence of a
prevailing WEC, a number of recommendations can be extracted from this section.
Spacing between devices below 100 m are completely inappropriate, especially for
overtopping devices, in which the absorption by the WEC is the most relevant process.
The works reviewed showed that avoiding the destructive interference between devices
is essential in the design of the wave farm layouts in order to not decrease their
performance and, therefore, their economic viability. On the other hand, distances
between WECs over 300 - 400 m, are not recommended since they would increase

significantly the costs of the wave farm.

2.4.2 WAVE FARM IMPACTS ON THE WAVE CONDITIONS

The knowledge of the impacts of wave farms is a fundamental prerequisite for the
development of wave energy and this is reflected in the number of studies investigating

the effects of wave farms on the wave conditions in their lee.

First, Millar, Smith and Reeve (2007) used the spectral wave model SWAN to
investigate the effects of a wave farm in the Wave Hub project (UK). A fine grid was
nested in a coarse computational grid with a resolution of 200 and 5000 m, respectively.
The wave field-wave farm interaction was studied by means of different notional energy
absorption coefficients: (i) 0% that represents complete absorption of all incoming wave
energy at the obstacle (an unachievable scenario); (ii) 70% that corresponds to an array
of densely spaced with high-efficiency WECs, (iii) 90% that represents lower
efficiency, widely spaced WECSs, and (iv) 40%, included in the study to enable the
establishment of trends. The study analysed the reduction of the wave height brought
about by the Wave Hub along the 300 km of shoreline in the SW Coast of England

under different wave conditions.
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The results (Figure 2.20) showed that the reduction of the significant wave height
on the coastline reached values around 5% in the case of the scenario with a
transmission coefficient of 40%; while in the scenarios with lower efficiencies (e.g.

90%), the changes were practically negligible.

Wave Hub

70000

% Change in Hs

Figure 2.20 On the left hand, location of the Wave Hub and the points studied along the coastline, from
Pendeen (W) to Harlyn Bay (E). On the right hand, (a) 4H;and (b) 4H¢/H; along the coastline varying wave
energy transmission percentages for the reference sea state: H; =3.3 m, T,, = 11 s and Direction = N.

This work pioneered the analysis of the impacts of the wave farm on the wave
conditions, but the validity of the results warrants discussion. Three shortcomings of the
model are detected: (i) the resolution of the model limited the accuracy of the results as
the assessment was carried out with a grid of 200 m, (ii) the wave farm was modelled as
a single element, and finally (iii) the values of the wave absorption coefficient were
notional. In spite of that, this work represented a scientific breakthrough in the study of

the wave farm impacts.

Smith, Pearce and Millar (2012) followed a similar procedure, although some
changes were adopted to obtain more realistic results. The most relevant upgrade was
the use of a wave absorption coefficient that varies as a function of the frequency. The

SWAN source code was modified to apply an individual transmission coefficient to
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each of the frequency bins of the spectrum, thus allowing variation in energy absorption

across the spectrum.

Every WEC has its own response function (Power Transfer Function, PTF) that
defines the proportion of power extracted from the waves as a function of the wave
frequency. The wave farm was represented in three configurations: (1) a continuous
barrier of 4 km as it was defined by Millar, Smith and Reeve (2007), (2) a series of
smaller 100 m width barriers with 200 m spacing between them, and (3) two staggered
rows of 100 m barriers with an inter- and intra-row spacing of 200 m and 500 m,

respectively (Figure 2.21).

08
055
0s

045

04
0235
03
028
02
018
01
005

o

o ' Difterence

135000 140000 145000 150000 155000 160000 165000 170000 175000 180000135000 140000 145000 180000 155000 160000 165000 170000 17500 160000  werve
mE

Figure 2.21 Impacts of a wave farm on the wave conditions with a series of smaller 100 m barriers arranged in
a row (left) and two staggered rows of 100 m barriers (Smith, Pearce & Millar, 2012).

The results were analysed at different distances from the wave farm: 1, 5 and 10 km
with a grid spacing of 100 m across the grids (Figure 2.22). Two scenarios were
considered: low-efficient (narrow PTF) and high-efficient (wide PTF) WECs. Whereas,
a wide bandwidth PTF captured power across a wider range of the spectrum but,
potentially, with a lower maximum absorption; a narrow bandwidth PTF, captured
higher power at the peak, but which can only convert the power of the waves across a

narrow section of the spectrum.
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Figure 2.22 shows that the low-efficient scenario presented negligible reductions of
the wave height in the lee of the farm, with values around 1% at a distance of 10 km
from the farm. On the other hand, the attenuation of wave energy for the high-efficient
case cannot be overstated, with reductions over 5% at distances of 5 km in the lee of the
farm. However, this work did not overcome the main shortcomings of the previous
paper: the absorption in the farm was still modelled with notional values (motivated by

the lack of data at that time), and the resolution of the grid.
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Figure 2.22 Results along the grid transect at 100 m intervals at distances of 1, 5 and 10 km in the lee of the
wave farm for the different array layouts: continuous barrier (left — barrier 1), single row of 100 m barriers
(middle — barrier 2) and two staggered rows of 100 m barriers (right — barrier 3) (Smith, Pearce & Millar,
2010).

Following a different approach, Venugopal and Smith (2007) applied a nonlinear
Boussinesq wave model (MIKE 21) to assess the manner in which the modification of
the wave absorption coefficient affected the wave conditions in the Orkney Islands
(Scotland). The devices were modelled as solid structures and porous structures. As for
the former, the devices mainly reflected waves (as a vertical breakwater) and did not
allow any wave energy absorption or transmission through them. As for the latter, the

modification of the porosity values enabled the representation of different degrees of
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reflection, absorption and transmission. The wave farm was modelled with 5 WECs,

whose dimensions were 160 m length and 10 m width, with a spacing of 160 m.
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Figure 2.23 Modification of the significant wave height in the following scenarios: (a) no structure placed, (b)
solid structure and (c) structure with porosity = 0.7 (Venugopal & Smith, 2007).

Figure 2.23 shows the comparison between the baseline scenario (no farm) and the
wave farm scenarios. While the devices ‘non-absorbent’ (i.e., solid structure, n = 0)
presented results that are unachievable, with reductions of wave height of up to 70%,
the devices modelled with a porosity coefficient of 0.7 significantly reduced the wave
height in the lee of the coast, with reductions of over 10% at the shoreline. The
disturbance coefficient, Kp, is illustrated in Figure 2.24 along the line that crossed the
device 3 from offshore to the coast for different porosities. The highest reductions were
found for values of porosity equal to 0.5 and 0.6; as the non-porous or solid scenario led
to an increase of the reflection and diffraction. For its part, with higher values of
porosity the device acted like a transparent structure, resulting in less reflection and less
absorption as indicated by a maximum reduction of only about 13% in wave height

behind the device for n = 0.9.

However, although the model represented better the impacts as high-resolution
grids were implemented, the approach to model the wave energy extraction caused by

the WECs was very poor. Furthermore, the variation of the results as a function of the
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absorption was not clear, with smaller porosities providing greater reductions in the lee

of the device than solid structures.
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Figure 2.24 Disturbance coefficient ratio for the different porosity values along the line from offshore to the
coast crossing the device 3 (Venugopal & Smith, 2007).

Palha et al. (2010) used the parabolic mild slope wave model REFDIF to
accomplish a sensitivity analysis of different array configurations formed by Pelamis
WECs to analyse their impact on the wave conditions at the West coast of Portugal. The
main difference from the previous works was the approach taken in modelling the
energy absorption. Instead of using notional values of wave energy extraction by the
WEC, estimated coefficients were provided by the developer. The REFDIF model was
adapted to consider the effects of the WECSs, but the model could only be run under

monochromatic wave conditions.

Five wave farm configurations were tested, named A to E (cases b to f in Figure
2.25). In configurations A to C, the wave farms were positioned along a single row
perpendicular to the wave propagation direction. In D and E the WECs were arranged in
three and two staggered rows, respectively. Values of up to 23% of wave energy

extraction were found within the wave farm. The configurations A to C and E presented
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the lower variation on the significant wave height in points near the coast in relation to
the array configuration D. Along the contour of 10 m water depth it was found that the
E configuration, despite its less reduction of wave height (~15%) in the lee of the farm
than the D layout (~20%), extended its impact along a wider area (Figure 2.26). This
work revealed that the attenuation of wave height is very significant in the lee of the
farm, especially considering that the PELAMIS device is a wave-activated body and the
main process that govern its interaction with the wave field is not the wave absorption,
as it is in the case of overtopping wave converters (which leads to greater reductions of

wave height in the lee of the devices).
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Figure 2.25 Values of the significant wave height and wave direction on the domain for the different
configurations under January offshore wave condition: Hy=2.9 m, T, = 11.1 s, Direction = NW (Palha et al.,
2010).
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Figure 2.26 Wave height (left) and variation of the wave height (right) along the contour of 10 m for the
following scenarios: without (configuration X) and with wave farms (configurations A to E) (Palha et al.,
2010).

Iglesias and Carballo (2014) analysed the influence of another key design
parameter: the farm-to-coast distance. Based on the layout presented by Carballo and
Iglesias (2013), the wave farm was located at three farm-to-coast distances: 2, 4 and 6
km from the 10 m contour (Figure 2.27), at water depths of 30, 50 and 80 m,
respectively. The aforementioned shortcomings were overcome with the
implementation of the wave farm in a high-resolution grid and modelling the wave-

WEC interaction with the wave transmission coefficient obtained in laboratory tests.
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Figure 2.27 Wave power pattern with the farm located at a distance from the 10 m water depth contour of 6
km (left), 4 km (middle) and 2 km (right) under winter conditions. The wave farm area is marked with a box
(lglesias & Carballo, 2014).
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The results showed that the greatest attenuation of wave energy was found with the
closest wave farm to the coast, with values over 20%. The farm at an intermediate
distance also reduced significantly the wave height (~18%) and the furthest wave farm
presented the lowest attenuation (~10%). On the other hand, the resource for the furthest
wave farm was larger than the other two scenarios. This work demonstrated the
important role played by the distance to the coast, and that a detailed impact assessment
must be carried out for any wave farm project to determine the optimum location based
on a series of parameters: resource, impact, costs (the greater the distance the greater the

cost due to moorings and cables, among others), etc.

In summary, two main recommendations can be extracted from these works: (i) the
necessity of using high-resolution grids to define correctly the position of the WEC in
the farm, and to resolve the individual wakes caused by the devices and their interaction
each other; and (i) the use of data obtained from real models, prototypes or laboratory

tests to predict the wave-WEC interaction with accuracy.

2.4.3 WAVE FARMS FOR COASTAL PROTECTION?

In view of the effectiveness of wave farms to reduce the wave energy in their lee,
the possibility of protecting the coast through wave farms has attracted the interest of a
number of studies. One of the first works on this issue was conducted by Vidal et al.
(2007) and analysed the impacts of a wave farm formed by 10 OPT PB150 buoys
located at Santona (N Spain) at a water depth of 50 m. The wave propagation was
conducted by means of the OLUCA-SP model, that solves the parabolic version of the
mild slope equation, and the results were coupled to the EROS-SP, which was applied

to determine the sediment transport.

The results of the wave height attenuation in the lee of the farm (Figure 2.28) were

not in line with the results presented above; with reductions either in the lee of the farm
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or at the coastline found to be practically negligible (as sediment transport is driven by
wave energy). Thus, the modification of the sediment transport was insignificant. In any
case, the results of the study cannot be generalised, considering that the wave farm was
composed of buoy-type WECs, whose interaction with the waves is not governed by the
absorption, and therefore, the degree of protection afforded is less than in the case of

overtopping devices.
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Figure 2.28 Variation of the wave height (left) and the transport flux (right) under the following wave
conditions: Hs=6 m, T, = 15 s and Direction = NW (Vidal et al., 2007).

Ruol et al. (2011) studied the impacts of a wave farm consisting of one line of
DEXA WECs (wave activated bodies) at a distance to the coast of 650 m in Milano
Marittima (Italy), a beach that is maintained periodically by beach nourishment. For this
purpose, experimental tests of the device were carried out in order to determine the
wave transmission coefficient (Ky) as a function of the length of the device and the
length of the incident wave. On this basis, the variations in the longshore sediment

transport were assessed using the CERC formula (US Army Corps Of Engineers, 1984).

For the wave conditions analysed the wave transmission coefficient was approx.
0.8, and this resulted in a decrease of the sediment transport of 43%. Figure 2.29 shows
the evolution of the sediment along the coastline in the presence and in the absence of

the wave farm. The green lines (right image) show the net sediment transport, north
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(positive) minus south (negative). It is interesting to notice that the reduction of the two
components (North and South) is not proportional, and the distribution of the net
transport in presence and in absence of the WEC is quite different. These results are
very promising but need to be corroborated with more accurate studies. Furthermore,

the distance of the farm to the coast contributed to reaching this degree of coastal

protectlon.
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Figure 2.29 On the left hand, the distribution of sediment transport with the presence of the wave farm. On the
right hand, the results with the farm (dashed line) are shown alongside the baseline scenario (solid line), with
the green lines showing the net sediment transport, northward minus southward contribution (Ruol et al.,
2011).

Ngrgaard, Andersen and Kofoed (2011) analysed the possibility of using a 3-Wave
Dragon wave farm for coastal protection in the North Coast of Spain. For this purpose, a
Boussineg-type wave model, MIKE21, was applied to analyse the impact of the wave
farm using the transmission values obtained in the laboratory tests of a single Wave
Dragon WEC. The impact of the wave farm was significant (Figure 2.30), corroborating
the great potential of wave farms to reduce the wave height in their lee; with reductions
by up to 21%. However, although the study outlined the possibility of using wave farms

for protecting the coast, the effects on the coast were not assessed.
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2190m

Figure 2.30 3-Wave Dragon wave farm layout (left) and effects on the wave conditions by means of the
disturbance coefficient, Kp, under the following wave conditions: Hy;=5m, T, = 10s and Direction = N
(Ngrgaard, Andersen & Kofoed, 2011)

Similarly, Zanuttigh and Angelelli (2013) studied the synergetic application of
wave farms analysing the impacts of a wave farm formed by floating DEXA WECs in
Santander (Spain). The investigation consisted of physical and numerical modelling.
Regarding the former, tests of a single device (in a scale of 1:30) and a 3-WEC array (in
a scale of 1:60) were carried out to determine the transmission coefficients. As for the

latter, the impacts on the wave conditions were assessed applying MIKE21.

The results showed that the transmission coefficient of a single device was approx.
0.8, while in the case of the array the transmission coefficients in the lee of the device
located in the second row varied from 0.6 to 0.9 as a function of the wave conditions.
Based on these coefficients, the analysis of the wave farm impacts through numerical
modelling showed a reduction of the wave height of up to 20% in some sections of the
coastline (Figure 2.31). These results were of relevance as a wave-activated body was
considered to protect the coast (as mentioned above, overtopping WECs are generally
the most effective for this purpose) and their efficiency to attenuate the wave height in
the lee of the farm was proven by means of physical and numerical modelling; however,

the effects of the wave energy extraction on the coast were not quantified.
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Figure 2.31 Ratio between local and incoming (target) wave height in presence of the wave farm. The white
area represents the emerged beach extension (Zanuttigh & Angelelli, 2013).

Neill and Iglesias (2012) applied the cross-shore profile model, UNIBEST-TC, to
analyse the impacts of extracting wave energy on the beach profile. Energy was
extracted from the model boundary considering a 10% reduction in wave energy due to
WEC array operation. Although this was a relatively simple approach to account for
WEC array operation at the model boundary, it was sufficient to enable a first order

examination of the environmental impact on nearshore processes.
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Figure 2.32 Natural change in bed level after 6 months of simulation (left) and considering the 10% reduction
of wave energy due to the operation of a wave farm (right). Grey shading indicates position of sand bar at the
beginning of each simulation.

The results shown above outline the capability of a wave farm to protect the coast
by means of enhancing the sand bar formation. Since reduced water depth over the bar
enhances depth-induced wave breaking, WEC array operation could provide enhanced

coastal protection from storm waves. However, this statement needed to be tested for

56



State-of-the-art

variable wave forcing over seasonal timescales, and for more realistic WEC array

energy extraction scenario.

Finally, Mendoza et al. (2014) investigated the effects of 4 different wave farms
composed of 3 Wave Dragons arranged in 2 rows (overtopping), 8 Blow jets arranged in
one row (hybrid system, whose main principle is overtopping), 45 DEXA arranged in 5
rows (wave-activated body) and 18 Seabreathe arranged in 2 rows (offshore OWC). The
first two wave farms were located at Santander Bay (Spain) and the other two at Las
Glorias Beach (Mexico). The impacts on the wave conditions were analysed by means
of a 2D elliptic modified mild-slope model, WAPOQP; and the effects on the coast by
applying the analytical solution presented in Kamphuis (1991b) for calculating Long-
Shore Sediment Transport (LST). According to the type of WEC, the wave farms were
located at different farm-to-coast distances, and consequently, water depths. Figure 2.33
shows the results at Santander bay, and can be readily observed the different effects on
the wave patterns as a function of the WEC. The greater dimensions of the Wave

Dragon resulted in a greater shadow in the lee of the farm.

Based on these results, the impact of the wave farm was analysed by means of the
LST formula. In the case of Santander the beach studied was Somo (on the right hand of
Figure 2.33). Using the rates of longshore sediment transport, an index was developed
to compare the impact between the baseline and wave farm scenarios, Xy/Xy, which
indicates the accretion (positive) or the erosion (negative) induced by the wave farm.
Figure 2.34 shows the longshore sediment transport rates and the results for the index
Xp/Xu, finding that the Wave Dragon and the DEXA WECs offered the greatest degree of
coastal protection. However, if their effectiveness to protect the coast is analysed in
terms of number of devices, it is clear that the overtopping device is the most

appropriate for this purpose, as the array of DEXA WECs consisted of 45 devices,
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while the Wave Dragon was formed by only 3. In any case, although these results were

very promising they were based on the longshore sediment transport and the storm-

induced erosion was not quantified. For this purpose, a coastal process model is needed.
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Figure 2.33 Wave farm effects on the wave conditions at Santander Bay: in the left column, a 3-Wave Dragon
wave farm and in the right column a 8-Blow-Jet wave farm (right column). The wave conditions are indicated
in the upper line (Mendoza et al., 2014)
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Figure 2.34 Coastline evolution trends for Santander and Las Glorias beaches under different wave farm
scenarios (Mendoza et al., 2014)
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In summary, even though most of the works presented praised the effectiveness of
wave farms for protecting the coast, this has not been deeply analysed so far. A clear
attenuation of the wave height in the lee of the device was observed in practically all
cases, which decreased towards the coastline, but was still significant at water depths
below 10 m. Furthermore, analytical solutions have demonstrated that wave farms
would reduce the longshore sediment transport in sandy beaches, which in turn, would
result in savings from beach nourishment. However, the manner in which wave energy
extraction by WECs affects the coastal processes, and in particular storm-induced
erosion, have not been analysed yet, and this aspect is crucial, not least for being
required for any Environmental Impact Assessment, but also to establish the degree of
coastal protection that a wave farm can offer. On this basis, assessing wave farm
impacts, both on the wave conditions and on the coastal processes, is the main focus of

the present thesis.
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3. METHODOLOGY

This section presents the methods followed to bridge the gap in the knowledge of
the wave farm impacts on the coast, and subsequently to establish the degree of coastal
protection offered by wave farms. It will be divided in three sections: the first two will
describe the numerical models applied to analyse the impacts on the wave conditions
(Section 3.1) and the beach morphology (Section 3.2) and will be followed by the
definition of a series of ad hoc impact indicators, most of them developed in the frame
of this thesis to analyse the impacts of wave farms (Section 3.3). The numerical
modelling sections will include a review of the main techniques and models to

determine the optimum models for the purpose of the thesis.

3.1 MODELLING WAVE FARM IMPACTS ON THE WAVE CONDITIONS

Numerical modelling, in conjunction with laboratory tests, is one of the pillars to
study the effects of wave farms. The wave farm-wave field interaction can be studied by
means of phase-resolving or phase-averaged models. Phase-resolving techniques
include potential flow models and those that resolve equations such as Navier-Stokes,
Boussinesq and mild slope. On the other hand, phase-averaged methods are spectral
wave models that resolve the wave action balance equation. In this context, a brief
review of the different methods to model wave energy exploitation will be presented,
illustrating with examples the applicability of the different models. The different
methods and the main equations will be presented; nevertheless, a full description of the
models will not be accomplished as it is out of the scope of this section, which actually
aims to select the proper tool for studying the wave farm impacts on the wave

conditions.
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3.1.1 NAVIER-STOKE SOLVERS (CFD)

The term CFD stands for Computational Fluid Dynamics (CFD), and therefore,
would encompass any model that resolves fluid mechanics; however, it is well known
that this term is used to refer non-linear Navier-Stoke Solvers. The Navier-Stoke
equations are based on the mass and momemtum conservation, accounting for processes
as turbulence of viscous effects. They can be classified into two categories: (i) direct
numerical simulation and (ii) CFD codes, in which some of the processes are resolved

through parameterisation rather than being directly resolved.

CFD models present a large number of advantages, e.g. accounting for turbulence
and two-phase flow, which indicate the model as the most appropriate for assessing
breaking conditions or flows containing gas. For instance, these models are particularly
relevant to study OWC WECs (Lopez et al.,, 2014). On the downside, the main
disadvantage of these models is their computational demand even in reduced scales due
to the very fine mesh required for these models. As a consequence, CFD models were
applied to determine the response of single WECs, and, therefore, their utilisation for

investigating the effects of wave extraction in the lee of the devices is not suitable.

3.1.2 POTENTIAL FLOW MODELS

Among potential flow models, Boundary Element Method (BEM) has been the
method most applied for marine renewable energy. They are primary based on the

following assumptions:

e The fluid is invicid (i.e. frictionless)
e The flow is irrotational (i.e. the fluid particles are not rotating). Then, if
#(x,y,z,t) is the velocity potential function, the velocity can be derived at any

point of the fluid domain as:

V(X Y,z,t)=V4(x, Y, z,t) (3.1)
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e The flow is incompressible, which leads to
VA(x, Y, 2,t) =0,

in order to satisfy the Laplace's equation.

Nonetheless as the flow is irrotational, processes such as wave breaking cannot be
accounted for. Furthermore, water depth is usually assumed constant along the array to
simplify the problem, as the accurate representation of the bottom friction effects would
increase considerably the computational time. In this line, BEM models have been
generally applied to determine the WEC-wave field interaction within the wave farm
(Babarit, 2010; Borgarino, Babarit & Ferrant, 2012; Child & Venugopal, 2007; Child &
Venugopal, 2010), in most of them with the purpose of identifying the optimal layout

for wave farms, as seen in Section 2.4 Wave farm impacts.

In sum, these models despite of numerous advantages are not recommended to
describe the impacts of wave energy extraction on the coast in the lee of the farm,
especially in shallow waters when coastal processes such as wave breaking, shoaling

and refraction occur.

3.1.3 BOUSSINESQ MODELS

Boussinesg-type wave models are based on the classic Boussinesq equations
(Peregrine, 1967), which basically do not account for the vertical component of
velocity, assume the horizontal velocity constant along the depth, the fluid
incompressible and the flow irrotational, in order to approximate wave propagation.
This approximation is not accurate in shallow waters due to the non-linearity and
dispersion properties of waves. Therefore, the depth averaging limits their application to

water depths of up to 0.25 times the deep water wave length.
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In view to improving the applicability of these equations in both shallow water and
deep water the classic Boussinesq equations were enhanced to account for the effects of
deeper water depths, varying bathymetries, frequency dispersion, wave breaking, among
others. Then, one of the most representative models, MIKE21BW, is based on the
enhanced Boussinesq equations and calculates the free surface elevation from the flux
density, rather velocities as potential flow models do. The model accounts for the most
important wave transformation such as shoaling, refraction, diffraction, wave breaking
and non-linear wave-wave interaction. On the other hand, the complexity of Boussinesq
models limit their application for running time series of several hours and the model can

become unstable under some circumstances.

Regarding their applicability to marine renewable energy, the model has been
applied to determine the impact of wave farms on the wave conditions in their lee under
different wave conditions (Ngrgaard, Andersen & Kofoed, 2011; Venugopal & Smith,
2007; Vidal et al., 2007; Zanuttigh & Angelelli, 2013), but its applicability for time

series is not recommended due to the computational costs associated.

3.1.4 MILD SLOPE WAVE MODELS

Mild-slope models receive their name as were developed to describe the
propagation of the waves over low gradient bathymetries. They are based on the Mild-
slope equations (Berkhoff, 1974), which are a type of depth-averaged equation derived
from the potential flow theory. The simplicity of the original equation presented several
limitations given that only linear and monochromatic waves were propagated over
mildly varying bathymetries; nonetheless the recent enhanced forms of the equation
allow the consideration of processes such as wave breaking, diffraction, nonlinearity of
waves and bottom friction. The equation can be presented in its fully-fledged elliptical

version (the most complex) or in its parabolic and hyperbolic incarnations.
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Several models based on the different forms of the equation (MILDwave, OLUCA-
SP, WAPOQP, REFDIF) have been used to study the effects of wave farms within the
wave farm as well as in its lee (Beels et al., 2010a; Beels et al., 2010b; Mendoza et al.,
2014; Palha et al., 2010). The model is considerably faster solving wave propagation
than the aforementioned ones; nonetheless, as it depends on the potential wave theory, it
has insufficient theoretical foundation to deal with physical processes as reflection and

diffraction.

3.1.5 SPECTRAL MODELS

Finally, spectral wave models are phase-average models, which rather than
predicting the surface elevation of the waves through a suite of equations, resolve the
evolution of the directional spectrum as waves propagate over varying water depths by
means of the energy conservation equation (Hasselmann, 1971; Longuet-Higgins &
Stewart, 1961). Hence, these models compute the wave action, which consists of the
spectral energy density divided by the intrinsic frequency. The new third-generation of
wave models (which refers to those that account for all the physics relevant for the
development of the sea state) predicts accurately the growth, decay and transformation
of wind-generated waves and swells in the deep waters and shelf-seas. Thus, spectral
models are capable of representing most of the wave transformation processes: shoaling,
depth- and current-induced refraction, wind forcing, whitecapping, bottom friction
dissipation, depth-induced breaking and non-linear quadruplet and triad wave-wave
interactions. On the downside, as phase-averaged models, the diffraction cannot be
calculated explicitly; nevertheless, in the case of SWAN (one of the most used wave
propagation models) it can be modelled through a phase-decoupled refraction-

diffraction approximation.

Regarding their applicability to study wave farm impacts, wave spectral models,

and particularly SWAN, have been the most used numerical method (Carballo &
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Iglesias, 2013; Gonzalez, Zou & Pan, 2012; Iglesias & Carballo, 2014; Millar, Smith &

Reeve, 2007; Reeve et al., 2011b; Rusu & Guedes Soares, 2013; Smith, Millar &
Reeve, 2007; Smith, Pearce & Millar, 2010). As they solve the energy conservation
equation, the implementation of the wave farms into the model is carried out by means
of transmission coefficients that represent the absorption of wave energy brought about
by the WECs. This approach does not account for the energy radiated, which will be of
relevance in the case of wave-activated bodies. However, for overtopping devices, it can

be assumed negligible, especially to study the effects of a wave farm on the coast.

Hence, in view of the aims and objectives of this thesis (Section 1.2) and
considering the efficiency of wave spectral models to propagate long time series, the use
of these models, in this case SWAN, is the most appropriate approach. A brief

introduction of the model will be presented in the following section.

3.151 SWAN

Mathematical model

Simulating WAves Nearshore, SWAN (Booij, Ris & Holthuijsen, 1999), is a third-
generation wave model that estimates the characteristics of the waves (significant wave
height, peak period, mean direction, etc., or even more accurately, the directional wave
spectrum) in coastal areas, lakes and estuaries from given wind, bottom and current

conditions.

The model solves the spectral wave action balance equation without a priori
assumptions on the shape of the wave spectrum. The wave field is described by the two-
dimensional wave action density spectrum, N(®,6), where o is the angular wave
frequency and 6@ is the wave direction. The wave action density spectrum is used in lieu
of the energy density spectrum, for action density is conserved in the presence of

currents whereas energy density is not; in any case, the wave energy spectrum may be
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computed from the wave action spectrum. The wave action balance equation is
discretised by means of the finite difference method in time, geographic space (x,y), and

spectral space (w,6).

The spectral wave action balance equation reads

N aCN), a(c,N) ,0C,N)  AEN) _S

(3.3)
ot ox oy ow 00

The first term on the left-hand side represents the local rate of change of wave

action density in time; the second and third terms stand for the propagation of wave

action over geographical space, with propagation velocities ¢, and ¢, inthe X andy

directions respectively; the fourth term quantifies the shifting of the relative frequency
due to variations in depths and currents, with propagation velocity c,, in the o direction;
finally, the fifth term represents the effects of refraction induced either by depth
variations or by currents, with propagation velocity c, in the & direction. The
expressions of the above propagation velocities are derived from linear wave theory. As
for the right-hand side of the equation, S includes the source and sink terms of physical

processes which generate, dissipate or redistribute wave energy:

S = SnI4 + SnI3 + Sin + ch + Sbot + Sbrk (3-4)

where Sp4 refers to the redistribution of energy by nonlinear quadruplet wave—wave
interactions, Spi3 the non-linear triad redistribution of wave energy, Si, the transfer of
energy from the wind to the waves and the dissipation of wave energy due to
whitecapping, Spot the sink term of energy dissipation by bottom friction and Spthe

energy dissipation in random waves due to depth-induced breaking.
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The wave energy flux, also called wave power, is computed on its x— and y—

components with the two following expressions:

w
D
=]

X

o
Il
o'—.’g’
O

p9c,E(0,0)dode

p9c,E(o,0)dodo

v={

o'—.m

where E(o,6) is the directional spectral density, which specifies how the energy is
distributed over frequencies (o) and directions (6). The wave power magnitude is then

calculated as

1

J=(32+37)
The whole set of the governing equations regarding the spectral description of wind
waves, the propagation of wave energy, the source and sinks, the influence of ambient

current on waves, the modelling of obstacles and the wave-induced set-up can be found

at SWAN’s manual (SWAN, 2007).

Numerical model application

SWAN has been developed to simulate coastal wave condition, and for this purpose
the essential input data consists in a detailed bathymetry and the incident wave and
wind field. The wave and wind data can be prescribed offshore coupling SWAN with
larger scale models. In the case of the present document, the wave data is obtained with
a three-hourly frequency from WaveWatch 111, a third-generation offshore wave model
consisting of global and regional nested grids with a resolution of approx. 50 km
(Tolman, 2002b). In the same line, the wind data was provided from the Global Forecast

System (GFS) weather model.
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The best practice to apply the model efficiently is through various grids, refining the
grid towards the area of interest. In this line, the nesting concept is a very important
implementation in order to reduce computational time and enhance accuracy, and it
refers to computations conducted first on a coarse grid for a larger region and using the
results as boundary conditions for a finer grid in the region of interest. The same types
of coordinates (cartesian or spherical) have to be used in order to apply nesting. It is
important to mention that curvilinear grids can be used for nested computations, but the
boundaries should always be rectangular. Moreover, SWAN can also simulate
unstructured grids, also called irregular grids and consists of triangles or tetrahedrons in
an irregular pattern. This is relevant for complex bottom topographies in shallow areas

and irregular shorelines.

Hence, as calculations are performed on a grid, SWAN is an Eulerian model that
accounts for refractive propagation over varying bathymetries and current fields by
solving the discrete balance equation. SWAN provides a representation of directional
and non-directional spectrum at any point of the computational grids through spectral
and time-dependant parameters of waves, e.g. wave height, peak or mean period, wave

direction and energy transport.

On these grounds, the application of SWAN in this thesis will be conducted using
two computational grids, a coarse grid from offshore to the coast and a high-resolution
nested grid in the area of interest. The resolution of the nested grid allows the precise
definition of the WEC position in the array and the simulation of their individual wakes
with accuracy. This is a prerequisite to a detailed assessment of the wave farm effects
(Carballo & Iglesias, 2013). The device that will be considered for the study is the
WaveCat Overtopping WEC, as explained in Section 2.3.2 WEC technologies. The

WEC-wave field interaction will be modelled by means of the wave transmission
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coefficients obtained in the laboratory tests (Figure 2.13) conducted at the laboratory of
Porto by Fernandez et al. (2012). The transmission coefficients were calculated as the
ratio between the wave heights measured in the lee and in front of the device under
different wave conditions. The results showed that the wave transmission coefficient
presented very small variability (K;~ 0.76), and therefore a constant value will be used
in the medium- and long-term analysis. The limited range of wave conditions impeded
the development of a frequency-dependant model; however, this is included in the
future lines of research as part of the European WAVEIMPACT project lead by Prof
Gregorio Iglesias and that is focussed on the interaction between a wave farm and the
ocean through laboratory tests and numerical modelling (vid Section 10.2 Future

Research lines)

3.2 MODELLING WAVE FARM IMPACTS ON THE BEACH MORPHOLOGY

The results of the wave propagation model will be coupled to a coastal processes
model for the first time for this purpose. Applying a coastal processes model, the natural
coastal response during time-varying storm conditions can be assessed. In this sense, the
effects on the coast of the modification of the wave conditions caused by the wave farm
will be studied in this thesis in order to establish the effectiveness of wave farms to

protect the coast.

While the number of wave models and theories is large, the number of models to
describe the beach morphodynamics is limited. The coastal processes models could be
classified in two categories: depth-averaged and depth-resolving models. The latter
correspond with phase-resolving models, primarily Boussinesq models; which resolve
the wave field on the time scale of individual waves and are capable to model the non-
linear evolution of the wave field with accuracy. However, despite of their advantages

to simulate the wave field, their representation of the coastal processes is less efficient.
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Furthermore, depth-integrated models require higher computational costs and this make

them not appropriate for simulating storm clustering.

On the other hand, depth-averaged models have evolved from 1DH (2D) to 2DH
(3D). The Storm-induced BEAch Change, SBEACH (Larson & Kraus, 1989) model
was one of the first numerical models to analyse beach erosion and is cross-shore beach
numerical model to analyse berm, and dune storm-induced erosion. The model is
limited to cross-shore given that to account for the landward transport, heuristic
approaches can be adopted, but their application to analyse the beach morphology (3D)
is very complicated. In this context, XBeach is a three-dimensional model for wave
propagation, long waves and mean flow, sediment transport and morphological changes

of the nearshore area, beaches, dunes and back barrier during storms.

Moreover, the model has been widely and successfully applied to simulate the
beach response under storm conditions (Callaghan, Ranasinghe & Roelvink, 2013;
McCall et al., 2010; Pender & Karunarathna, 2013; Roelvink et al., 2009; Splinter et al.,
2014), so XBeach is the most appropriate coastal processes model to analyse the effects

of wave energy extraction on the beach.

3.2.1 XBEACH

Model equations

The model solves coupled 2D horizontal equations for wave propagation, flow,
sediment transport and bottom changes, for varying (spectral) wave and flow boundary
conditions. Wave processes are solved with the time dependent wave action balance
equation (2.4) coupled to the roller energy equations and the nonlinear shallow water
equations of mass and momentum; and sediment transport are modelled with a depth-

averaged advection diffusion equation on the scale of wave groups.
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The wave group forcing is derived from the time-varying wave action balance with
a dissipation model different to the presented for the wave propagation model and
allows the combination with wave groups. A roller model is used to represent
momentum stored in surface rollers which leads to a shoreward shift in wave forcing.
The wave-group forcing drives infragravity motions and both longshore and cross-shore
currents. To model these infragravity waves and unsteady wave-induced currents, in
addition to surface elevations and flows, the shallow water momentum and mass
balance equations are implemented by means of the Generalized Lagrangian Mean
formulation. These equations are not presented given that are out of the scope of this
thesis and can be found in the XBeach’s manual (Roelvink et al., 2006), however the
depth-averaged advection diffusion equation (Galappatti & Vreugdenhil, 1985) is

presented below due to its importance in the erosion process,

6(2tC) + a(h;(uE) +§(Dsh %)+%\/E)+%[Dsh %)z —hCe(fl_s_ hc (3.8)
where the x- and y-coordinate represent the cross-shore and longshore direction,

respectively, C is the depth-averaged sediment concentration, Ds is the sediment

diffusion coefficient, the terms u® and vF represent the Eulerian flow velocities, Ts is the

sediment concentration adaptation time scale that depends on the local water depth and

the sediment fall velocity, and Cgq is the equilibrium concentration according to the Van

Rijn-Van Thiel formulation (Van Thiel de Vries, 2009), thus representing the source

term in the sediment transport equation.

The novelty of this model lies in the computation of the sediment transport in the
time-scale of wave groups since they dominate the flow during overwash in conjunction
with a robust momentum conserving drying/flooding formulation regimes. Furthermore,

as the model takes into account the variation in wave height in time it resolves the long
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wave motions created by this variation, so-called ‘surf beat’, and is responsible for most
of the swash waves that actually hit the dune. Hence, XBeach is more capable to model

the development of the onshore/offshore sediment transport.

Numerical model application

Similarly to SWAN, the necessary data to simulate the beach response using
XBeach is bathymetry data and wave and water level conditions. The bathymetric data,
gathered during field campaigns, is interpolated onto the grids. In the case of coastal
processes models, it is not common to use the concept of nested grids to study the
response of beaches. Regarding the water levels and wave conditions, the model allows
the implementation of water level time series to all four corners of the model domain
and wave forcing on the offshore boundary. In this line, the definition of the grid should
be aligned with the direction of the beach in order to cover with one of the contours the
beach area, and with the opposite the offshore one. Thus, the offshore wave conditions,
extracted from SWAN, will be prescribed in this offshore boundary. Finally, the results
of the bed levels, water levels, water depths and concentrations are defined in the cell

centres, and velocities and sediment transports are defined at the cell interfaces.

3.3 IMPACT INDICATORS

The wave farm impacts on the nearshore wave conditions and the beach

morphology were analysed be means of a series of impact indicators.

3.3.1 WAVE CONDITION INDICATORS

The farm impacts on the nearshore wave conditions were analysed by means of the :
(1) the Reduction in the Significant wave Height, RSH, and (ii) the average wave power
of the wave farm, Juwec. These indicators are applied to the results of the wave

propagation model.
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The quantification of the attenuation of the wave height in the lee of the device is
carried out by means of the Reduction in the Significant wave Height (RSH) index,

defined by

(Hs,b (X1 y) - Hs,f (X’ y))

RSH (X’ y) = H (X y) )

(3.9)

where Hss and Hsp are the significant wave height with and without the wave farm,
respectively, at a point in the coast designated by its coordinates (x,y), with the x-
coordinate referring to the easting and the y-coordinate to the northing of the

computational grids of the wave propagation model.

The average wave power of a WEC, Juec, quantifies the average resource available
in front of a generic WEC of the wave farm. This indicator is defined to compare the
resource found at different locations and varying the key design wave farm parameters,
e.g. farm-to-coast distances and spacing between devices. Juec, in units of Wm™ in the

Sl, is defined as
- 1 N M
Jwec :Wanlzmzl‘]”'m (3.10)

where the index n = I...N refers to the WEC, with N the total number of WECs in

the farm, m = 1...M refers to the point in time, based on the discretisation

t =mAt (3.11)

where t is time and M is the total number of time points studied and J, n, is the wave
power incident on the n-th WEC at the m-th point in time, which is calculated applying

the equation (2.7).
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Finally, the total incident power in the device is calculated through the capture
width, which computes the wave crest captured by the device. This factor varies
according to the type of WEC and for the case of the WaveCat is the distance between

its twin bows, equal to 90 m.

3.3.2 BEACH INDICATORS

The ad hoc impacts on the coastal morphodynamics were studied applying the
impact indicators developed in the framework of this thesis: (i) Bed Level Impact (BLI),
(if) beach Face Eroded Area (FEA), (iii) Non-dimensional Erosion Reduction (NER),
and (iv) mean Cumulative Eroded Area (CEA). These impact indicators are applied to
the results of the coastal propagation model and allow the quantification of the

offshore/onshore and alongshore sediment transport.

The bed level impact (BLI), with units of m in the S.1., represents the change in bed

level caused by the wave farm and is defined as

BLI(x,y)=¢; (% Y)=& (%), (3.12)

where {i(x,y) and ¢p(X,y) are the seabed level with the farm and without it (baseline),
respectively, at a generic point of the beach designated by its coordinates (x,y) in the
computational grid of the coastal processes model. The y-coordinate axis follows the
general coastline orientation, with the y-coordinate increasing towards the eastern end of
the beach, and the x-coordinate represents the beach profiles with x-values increasing
towards the landward end of the profile. A positive value of BLI signifies that the

seabed level is higher with the farm than without it.

The storm-induced erosion in the beach face area, which corresponds to the seaward

section of the beach exposed to and shaped by the action of waves, is quantified by the
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beach face eroded area (FEA) indicator, with units of m? in the S.1., and it is defined in

both scenarios, baseline (FEAp) and with the wave farm (FEAy):

Xmax

FEA,(Y) = | [0 y) =&y (x )] dx, (3.13)
FEA, () = | [&00y)-&, (xy)]ox, (3.14)

where {(x,y) is the initial bed level at the point of coordinates (X,y), and X; and Xmax
are the values of the x-coordinate at the seaward end of the beach face and landward end
of the profile, respectively. The FEA indicator is a profile function, and hence depends

on only the y-coordinate.

The non-dimensional erosion reduction (NER) is also a profile function, in this case

non-dimensional, defined as

FEA, — FEA,

== (3.15)

NER(y) =

It expresses the variation in the eroded area of a generic profile (y) brought about by
the wave farm as a fraction of the total eroded area of the same profile. A positive or
negative value implies a reduction or increase in the eroded area as a result of the wave

farm.

Finally, the mean cumulative eroded area (CEA), with units of m? (or m® per linear
metre of beach) in the S.I., was also determined in the baseline (CEAp) and with the
wave farm (CEAy) scenario. For its definition, three reference profiles were considered:

P1, P2 and P3 (Figure 3.14). For each of these the beach was divided into two parts, to
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the north (CEA," and CEA") and south (CEA,® andCEA? ) of the reference profile,

the corresponding indicators were computed from

Yp X

[ [[¢oCe ) —<o(x ]d x dy
CEAbS(X)Z Yo %o

(YP _yo)

ij(‘[é’o(lv y)_é/f (Z! y)]d)(dy
CEAS (x) = 2o

(YP_yo)

ax X

T J‘[C:O(Z’y)_é’b(lvy)]d;(dy
CEP\]N (X): Yo %

(ymax _yP)

ij‘[go(l,y)—gf(le)]dxdy
CEAT ()= 5 ,

and

(3.16)

(3.17)

(3.18)

(3.19)

where y is the variable of integration representing the coordinate along the profile,

and x and xo, and Yo, Ymax and yp are the limits of integration along the profile and along

the coast, respectively. xo is the value of the x-coordinate corresponding to the first point

of the profile and x takes values from X, to Xmax. Along the beach, yj is the value of the

y-coordinate corresponding to the westernmost point of the beach, ymax the easternmost

point and yp the value corresponding to the reference profile. The factor represents the

average cumulative eroded area of the two sections of the beach along the profile (x). A

positive value signifies that the mean volume of material along the section of the beach

is reduced compared with the initial situation (erosion).
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4. CASE STUDIES
A number of aspects are considered in the selection of the cases studies: the wave
energy resource, the threat of coastal erosion in the adjacent beaches, the distance to
populated areas and the availability of data (water level, wave field and bathymetric).
Following this, two case studies are selected along the Atlantic facade of Europe:

Perranporth and Xago Beach, located in the SW England and N Spain, respectively.

While at Xago Beach the location of the wave farm is delimited by the Asturian
Institution for Energy Development (FAEN), at Perranporth Beach there is no defined
area, which allows the study of the role played by several key design parameters, e.g.

the farm-to-coast distance and the farm layout (vid Chapter 7, 8 and 9).

In this chapter, the main features and data of both beaches will be presented.

4.1 PERRANPORTH BEACH

Perranporth Beach is a 3.6 km sandy beach located in Cornwall, SW England
(Figure 4.1). The selection of this case study is motivated by two main reasons: (i) the
erosion experienced by the beach over the last years, and particularly under the storms
of February 2014; and (ii) the interest of the area for wave energy development, as
shown e.g. by the nearby Wave Hub — a grid-connected offshore facility for WEC

testing.
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Figure 4.1 Location of Perranporth Beach and the Wave Hub in SW England [left; water depths in m], and
aerial photo of the beach [right; courtesy of Coastal Channel Observatory].

Regarding the coastal erosion issues, the dune erosion during the storms of winter
13/14 threatened the foundations of many properties in the waterfront as can be seen in
Figure 4.2. The Cornwall Council estimated that 1x10° tonnes of sand were washed out
at Perranporth Beach, i.e. 210.28 m®m (cubic metres per metre width of beach) were
eroded during that winter (Watknis, 2014). Furthermore, these figures are set to increase
as a result of sea-level rise and increased storminess due to climate change, e.g. Pugh
(2004), Stocker et al. (2014) and Chini et al. (2010). Then, it is hard to overstate the
economic and environmental consequences of coastal erosion: loss or damage to
property and infrastructure, losses through decreased revenues in the tourist and

recreational sectors, etc.

In this line, the Cornwall and the Isles of Scilly Coastal Advisory Group declared
Perranporth subject to flooding and erosion in the latest Shoreline Management Plan
(CISCAG, 2011) and, stated that, although it is not recommended to carry out any short-
term action, it is necessary to monitor the beach as current erosive trends could risk

many properties, and therefore intervention would be required in the near future. For
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these purposes, a substantial investment (over £3.2 billion from April 2010 to March
2015) has been and will be undertaken by the Department for Environment, Food &
Rural Affairs (DEFRA) to manage areas in flood and coastal erosion risk (DEFRA,

2015b).

Figure 4.2 Damages at Perranporth Beach after storms in winter 2013/14. Courtesy of West Briton.

Regarding the resource, the area has been identified as a prime region for the
development of wave energy, as explained in Section 2, and has attracted research
attention from the characterisation of the resource (Martinho & Soares, 2011; van
Nieuwkoop et al., 2013) to the determination of the wave farm impacts on the wave
conditions (Gonzalez-Santamaria, Zou & Pan, 2013; Millar, Smith & Reeve, 2007;

Reeve et al., 2011b; Smith, Pearce & Millar, 2010).

As for the beach, Perranporth is located on the north coast of Cornwall and faces the
Atlantic Ocean and Perran Bay. It lies between two rocky headlands and is oriented
northeast-southwest. The beach is backed by a sandy dune, which has been designated
as a Special Area of Conservation by the European Union. The beach has a relatively
flat intertidal area, tan f = 0.015 — 0.025, and a medium sand size, Dsp; = 0.27 — 0.29
mm, derived from the erosion of rocky shores and cliffs (Austin et al., 2010). The Mean
Spring tidal Range (MSR) is 6.3 m (macro-tidal beach) and the tidal regime is
semidiurnal.
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The beach is characterised by the occasional presence of a submarine bar, at water
depths between -5 and -10 m, particularly in winter, which forms part of the response
mechanism of the natural system to protect the beach face from increased wave attack.
It has a bearing on behaviour of the beach; under energetic waves and increased
offshore sediment transport, it grows at the expense of the intertidal beach face. This
causes that waves break over the bar and create rip circulation. These rip currents are
anti-clockwise and are controlled by the gaps in the bar. In this sense, the beach has
been described as dissipative (Butt, Russell & Turner, 2001; Masselink et al., 2005) and
as a low-tide bar rip system (Scott, Masselink & Russell, 2011; Scott et al., 2007), with
Austin et al. (2010) indicating that it is at the transition between the low tide bar/rip and

dissipative beach.

The beach profiles used in this document were obtained through field surveys
conducted by the Coastal Channel Observatory. The surveys conducted at the end of
summer at Perranporth Beach, are generally associated with less energetic wave
conditions. The beach profile evolution is characterised during the summer by an
increase of the sediment transport onshore. In contrast, offshore movement of sediment
is the predominant phenomenon during the winter owing to the more energetic wave
conditions, which results in a lowering of the intertidal beach face. Indeed, most of the
profile changes at Perranporth Beach occur in the lower intertidal to sub-tidal active

regions (Scott, Masselink & Russell, 2011).

The wave conditions are described using half-hourly data from the directional wave
buoy off Perranporth, in approximately 10 m of water, operated by the Coastal Channel
Observatory. The analysis of these reflects the exposure of the area to heavy swells
generated by the long Atlantic fetch, as well as to locally generated wind seas. The

average significant wave height (Hs), peak period (T,) and peak direction (6,) in the
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period covered by the wave buoy data (2006 — 2014) were: 1.79 m, 10.36 s and 280°,

respectively.

|
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Figure 4.3 Location of the wave buoy deployed off Perranporth at a water depth of 10m. Chart (left) and
photo (right) courtesy of Marine Digimap and Coastal Channel Observatory.
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Figure 4.4 Significant wave height rose (m) at the offshore wave buoy off Perranporth from 18/12/2006 -
31/12/2015. Source: Coastal Channel Observatory
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The wave rose off Perranporth (Figure 4.4) illustrates that waves come
predominantly from the IV quarter (W-N). The mild waves (the most common) come
from directions around the East, while the greatest waves are more likely from
directions around the NW. This is also shown in Figure 4.5; where the wave heights
over 4 m generally come from directions around 300°. Observing the period, the waves
can be distinguished between swell and wind waves. The former and more frequent are
associated to higher periods, in general peak periods over 10 s and are the result of the
orientation of the coastline and its exposure to the long Atlantic fetch. Whereas the
latter corresponds with periods around 5 s and are consequence of the strongest winds,
usually from the NW, with the mean wind speed at a height of 10 m above the sea

surface, Uy over 20 ms .

Perranporth 2006 to 2015 - Joint distribution (% of occurrence)
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Figure 4.5 Joint distribution (% of occurrence) from 18/12/2006 - 31/12/2015 of the main wave parameters:
Direction, Peak Period (T,), Mean Period (T;) and Significant Wave Height (Hs). Source: Coastal Channel
Observatory.
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The wave data from the offshore buoy will be used to validate the results of the
wave propagation model, which will be forced with the hindcast data from WaveWatch

111, as explained in the Methodology (Section 3.1.5.1).

In addition, as the SW coast of England is characterised by a large tidal range, tide
was included into the morphodynamic model with constituents obtained from the TPXO
7.2 global database, a global model of ocean tides that solves the Laplace equations
using data from tide gauges and the TOPEX/Poseidon Satellite (Egbert, Bennett &

Foreman, 1994) .

4.2 XAGO BEACH

Xago Beach, an approx. 2 km sandy beach located on the coast of Asturias (N
Spain), was selected based on the studies of the Asturian Institution for Energy
Development (FAEN), which defined two locations for the installation of the first
offshore wave farm on the Spanish Coast (Figure 4.6): Xago and Llumeres Beach (Flor-
Blanco et al., 2011). The determination of these areas for wave energy exploitation were
motivated by the large wave energy resource found in the characerisation of their
resource (Iglesias & Carballo, 2010b) and the ad hoc morphologic and bathymetric

study to select the adequate area for the deployment of a wave farm.

Xago was selected rather than Llumeres for three reasons: (i) the resource was
greater in Xago than Llumeres, which is sheltered to the waves from the IV quarter by
Cabo de Pefias; (ii) while the Xago area is located in front of Aviles, the third biggest
city of Asturias with a population over one hundred thousand people, the population of
the cities near Llumeres do not exceed ten thousand people; and finally (iii) in the lee of

the area defined in Xago, it is found Xago Beach, a very touristic place that has
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experienced significant erosion over the last lustrum, which may affect the economy of
the area. In contrast, in the lee of the area defined in Llumeres, it is found Llumeres

Beach, a 500 m gravel beach whose relevance is not as significant as Xago Beach.
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Figure 4.6 Location of Xago Beach in Asturias, N Spain. The squares on the right-hand side of the figure
delimit the areas selected for the deployment of wave farms: Xago and Llumeres beaches.

Xago is a large, embayed and mostly dissipative beach, which is transformed into
low-tide bar/rip channel systems at times of low wave conditions. The beach,
characterised by a flat intertidal area, is practically rectilinear with an orientation
southwest-northwest and a medium siliciclastic sand size. A number of samples were
collected in the intertidal area to determine the grain size distribution — an essential
prerequisite for the coastal processes model. The values of Dsy (= 0.27 mm) and Dy
(=0.43 mm) and are obtained by means of the GRADISTAT model (Blott & Pye,

2001).

With a semidiurnal tidal regime and a Medium Spring tidal Range (MSR) of 2.66
m, Xago lies at the transition between a lower mesotidal and a macrotidal beach (Flor-
Blanco, Flor & Pando, 2013). The wave conditions are analysed using the wave data
from the SIMAR-44 dataset, a suite of hindcast points along the Spanish coast that
analyse the wave conditions during the last 44 years. Particularly, the SIMAR point

3085039 located off Xago Beach is used for this purpose (Figure 4.7). The wave rose in
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this point (Figure 4.8) shows that the beach is exposed primarily to waves from the IV

quarter, particularly from the NW, with a probability of occurrence greater than 70%.

Finally, high-resolution bathymetric data of the study area, obtained in ad hoc
surveys conducted by the University of Oviedo, are used as input for the coastal
processes and wave propagation numerical models. Importantly, this dataset covered
not only the submarine beach but also the subaerial, including the dune system, with
elevation values ranging from —20 m to +15 m (relative to the Spanish National

Geodetic Vertical Datum).

SIMAR point 3085039

SIMAR point 3085039
Longitude 5.96°W
Latitude 43.63°N

First data recorded 21/02/2005

«GOOgGle

Figure 4.7 Location and relevant information of the SIMAR point 3085039. Courtesy of Google Earth.
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Figure 4.8 Wave rose of the SIMAR point 3085039. Courtesy of Puertos del Estado.
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Chapter 5
5. WAVE FARM IMPACTS ON THE BEACH PROFILE

If a wave farm is to be used for protecting the coast, in addition to its primary
objective of generating free-carbon energy, it is essential to understand its impact on the
beach profile — an aspect of great practical relevance that has not been investigated so
far. This is the main objective of the present chapter, which is conducted through a case
study: Perranporth Beach. The following contents are published in the paper of Coastal
Engineering (5-year impact factor: 2.757): “Wave farm impact on the beach profile:

a case study”, which was accepted for publication on the 13 January 2014.

This chapter is structured as follows. In section 5.1, the specific methods and data
used to study the impacts in the medium term are presented. This is followed by the
results describing the impact of the wave farm on the wave conditions and the evolution
of the beach profiles in Section 5.2. Finally, in Section 5.3, conclusions are drawn

concerning the effects of a wave farm on the beach profile.

5.1 MATERIALS AND METHODS

The study covered the period from November 2007 to May 2008, corresponding to
the part of the annual cycle with the highest frequency of storms based on the onsite
wave buoy data. This time scale allows the assessment of the morphological changes in
beaches, such as scarp formation, profile erosion and accretion, and bar evolution

(Cowell & Thom, 1994).

The wave data used for this study were hindcast and onsite wave buoy data. The
directional wave buoy of the Coastal Channel Observatory located in front of
Perranporth beach, in approximately 10 m of water depth with reference to the local
chart datum (LCD), provided half-hourly data. The wave buoy data were used in

conjunction with hindcast data from WaveWatch |1l to validate the high-resolution
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nearshore wave propagation model from November 2007 to November 2008. During
the period studied, the mean values of significant wave height, Hs, and peak wave
period, T,, were 2.4 m and 13 s, respectively. Given the orientation of the coastline and
its exposure to the long Atlantic fetch, the relevant wave directions come from the 1V

quarter (from W to N), prevailing NW.

Wind data with a three-hourly frequency obtained from the Global Forecast System
(GFS) weather model were used as input of the wave model. In the period covered in
the study the mean wind velocity magnitude at a height of 10 m above the sea surface

was Ui = 9.5 ms *. The strongest winds came from the NW, with uy, values exceeding

-1
20 ms .
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Figure 5.1 Initial beach profiles (P1 and P2) including their location and the position of the wave buoy. Water
depth in relation to local chart datum

As mentioned in Section 3, the methodology is based on coupling two numerical
models: a nearshore wave propagation model (SWAN) and a morphodynamic model

(XBeach), which are run in two scenarios, both with and without the wave farm.
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Regarding SWAN, a high-resolution grid is essential in this work in order to: (i)
implement the WECSs that formed the wave farm in their exact position, (ii) represent
accurately the impact of the wave farm on the wave conditions in its lee, and (iii)
determine the wave conditions to establish the morphodynamical state of the beach. On
this basis, two computational grids are defined (Figure 5.2): (i) an offshore grid
covering approx. 100 km x 50 km with a grid size of 400 x 200 m, and (ii) a high-
resolution nearshore (nested) grid covering the study area, with dimensions of approx. 8

km x 6 km and a grid size of 16 m x 12 m.

450
MNearshore grid (SWAN)
Resolution: 16 % 12 m
+440

59 58 57 56 55 54 53 52 51 -5
Easting {*} —

Figure 5.2 Computational grids of the wave propagation [water depths in m].

To study the effects of wave energy exploitation on the beach profile an array of 11
WaveCat WECSs arranged in two rows was considered. Following Carballo and Iglesias
(2013), the array was located in a water depth of 35-40 m (Figure 5.3). The distance
between devices was 2.2D, where D =90 m is the distance between the twin bows of a
single WaveCat WEC. Finally, the wave transmission coefficient of the WECs,
obtained from the laboratory tests carried out by Fernandez et al. (2012), was input into
the coastal propagation model. Based on the results of these tests, which showed a very

small variability in the wave transmission coefficient, the value K; = 0.76 was adopted.
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Regarding XBeach, this model is generally applied to analyse the response of the
beach under storm conditions (Armaroli et al., 2013; McCall et al., 2010), however in
this case analyses the beach profile evolution in the medium term. For this purpose, the
approach used in Pender and Karunarathna (2012, 2013) is followed, as they
demonstrated that XBeach is capable of modelling the medium-term evolution of the
beach profile of a sandy beach. Their results showed a good fit to the measured profiles

after each storm period.
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Figure 5.3 Schematic of the wave farm considered off Perranporth Beach, at a distance of 6 km from the 10 m
water depth contour. Profiles P1 and P2 are shown.

From the results of the nearshore wave propagation model, spectra with a frequency
of 6 hours are obtained with and without the wave farm to compare the impact on the
coast. These spectra were the input of the morphodynamic model, which provided beach

profile results every 6 minutes to compare their evolution in both cases.

A varying grid size was employed in the morphodynamic model: the resolution was

defined as a function of the water depth and the offshore wave conditions, and subjected
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to the grid size smoothness constraints. On these grounds, the Courant condition was
applied to find the optimal grid size. The optimised grid was coarser in high water
depths and finer in the intertidal zone, where a size of 1 m was adopted so as to

accurately characterise the evolution of the profile.

XBeach grid
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Figure 5.4 Optimised X-Beach grid

Finally, to describe properly the behaviour of the beach, the time series of wave
data was broken down into a number of segments (Table 5.1). These segments were
grouped into two types, Type A (Accretion) and Type E (Erosion), depending on the
values of the wave parameters and the consequent nature of the beach profile changes,
either accretionary or erosionary. Type A, associated with calm conditions, was set with
a stationary constant wave energy distribution, based on given values of root mean
square wave height (Hyms), mean absolute wave period (Tme1), mean wave direction (6y,)
and directional spreading coefficient (s), obtained from the nearshore wave propagation
model. Type E, associated with storm periods, used the parametric spectra as input to
create time-varying wave amplitudes, i.e., the envelopes of wave groups (Van
Dongeren, Battjes & Svendsen, 2003). The difference in approach between the two
categories is the way that wave groups were treated. Type A segments included wave

groups, as they are important to describe the behaviour of the beach during erosion
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conditions. In contrast, wave groups were not taken into account in Type E segments

because this would result in an overestimation of erosion (Baldock, Manoonvoravong &

Pham, 2010).
e erios Nu[jnat;es  of _Wave conditii\s

Hs (m) To (s)

Accretion %%//1111//%%%77 30 1.017 7.672
Erosion 31%/ /1112/ /22%%77' 10 3918 11.444
Accretion 122/ /1122/ /22%%77' 13 1.369 10.047
Erosion %3;//%22/ /22%%78' 44 2563 10.257
Accretion %%//%22/ /22%%78' 15 1.387 10.841
Erosion PPy 38 2359 9.838
Accretion (1)3%//%%22%%78- 29 1.278 8.491

Table 5.1 Accretionary and erosionary periods with their corresponding average wave conditions

5.2 RESULTS

First, the model was validated using the wave buoy data at Perranporth Beach from
November 2007 to October 2008, missing out January 2008 owing to the lack of data.
Figure 5.5 and Figure 5.6 show the good fit achieved between the significant wave
height computed by SWAN and the values from the wave buoy. The coefficient of
determination, R?, and the Root Mean Square Error, RMSE, confirm the goodness of the

fit: R>= 0.94 and RMSE = 0.38 m.
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Figure 5.5 Time series of simulated (H swan) and measured (Hs, nuoy) Significant wave height. The vertical lines
depicted in the graph show the months 1, 3 and 6 after the first point of the simulation.
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Figure 5.6 Scatter diagram: simulated (H; swan) Vvs. measured (Hs, nuoy) Significant wave height.

Second, having validated the numerical model, it was used to compare the wave
patterns with and without the wave farm and to determine the wave conditions to be
used as input to the morphodynamic model. As an example of the effects of the wave
farm on the wave patterns, the wave propagation corresponding to the peak of a storm
on 10 March 2008 is shown in Figure 5.7. The deep water wave conditions were:
significant wave height, Hyo = 10.01 m; peak wave period, T, = 15.12 s; and peak wave

direction, 6, = 296.38°. A substantial decrease of the significant wave height was
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apparent in the lee of the wave farm. This decrease was less marked on the beach itself
due to the wave energy diffracted from the edges into the shadow of the farm. In the
northern section of the beach the reduction of wave height was more pronounced than
elsewhere owing to the deep water wave direction (approx. WNW). For waves coming
from northern direction the shadow brought about by the wave farm was expanded to

southern sections of the beach, although the greatest impact was still found in the north

part of the beach.
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Figure 5.7 Significant wave height in the baseline scenario (H;p) and in the presence of the farm (Hs,f) at the
peak of a storm (10 Mar 2008, 18:00 UTC) [Deep water wave conditions: Hyy = 10.01 m, T, =15.12s, 4, =
296.38 °].

For a better quantification of the impacts of the wave farm on the wave conditions,
the RSH index is applied, which refers to the reduction of the significant wave height in
the lee of the wave farm (Figure 5.8). The greatest impact was found in the lee of the
second row of devices, with RSH values exceeding 0.5. The reduction reached another
peak towards the coastline as a result of the merging of the wakes caused by the WECs,
with values of approx. 0.4. As mentioned above, these values decreased towards the
coastline, however the alteration of the wave conditions cannot be overlooked and have

a significant bearing on the evolution of the beach profile.
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Figure 5.8 Reduction of the significant wave height (RSH) brought about by the wave farm at the peak of a
storm (10 Mar 2008, 18:00 UTC) [Deep water wave conditions: Hg = 10.01 m, T, = 15.12 s, 6, = 296.38 °].

The modification of the wave patterns in the lee of the wave farm could be affected
by the division of the spectral space carried out by the wave propagation model, in
which elementary bins with a constant directional resolution 46 are employed (Zijlema,
2010). A priori this should not affect the accuracy of the results, as the number of
directions used in this documents were 36; i.e. a directional resolution of 5 degrees. This
value is recommended in the literature (SWAN, 2007), but even higher values (30
degrees) have been applied to conduct successfully wave propagations (Monbaliu et al.,
2000). In addition, the wave energy is not just concentrated in one directional sector, as
due to refraction and nonlinear interactions, wave energy shifts in the spectral space
from one directional sector to another. Therefore, the results seem not to be altered by
the spectral resolution, as can be seen in Figure 5.8, where the wakes caused by the

WECs are smaller than the 5 degrees and are represented in the space domain.

Observing the effects on the wave power (J), similar patterns can be observed, with

the greatest impact taking place in the north section of the beach (Figure 5.9). The
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average reduction of the wave power during the period studied at different points along
the 10 m contour is shown in Table 5.2. In line with the results previously presented, the
areas most sheltered by the wave farm are the middle and, especially, the north section
of the beach. On these grounds two profiles in the north and middle sections of

Perranporth Beach are selected for the analysis of the impacts of the wave farm on the

beach profile (Figure 5.1).
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Figure 5.9 Wave power in the baseline scenario (J,) and in the presence of the farm (J;) at the peak of a storm
(10 Mar 2008, 18:00 UTC) [Deep water wave conditions: Hy, = 10.01 m, T, = 15.12 s, 6, = 296.38 °].

Coordinates

Beach Point AHs (%) AJ (%)
Easting (°) Northing (°)
North -5.17 50.36 3.26 12.82
Middle -5.18 50.35 1.75 6.80
South -5.21 50.34 0.70 1.52

Table 5.2 Significant wave height reduction (AH;) and wave power reduction (AJ) caused by the wave farm at
different points along the 10 m contour.

The evaluation of the resource in the wave farm was carried out by means of the
Jwec indicator, which represents the annual mean wave power incident on a generic
WEC of the wave farm. The resource was evaluated during the year used for the
validation purposes (Nov 2007 — Oct 2008) to consider both summer and winter period.
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The average resource found in the case of locating the wave farm at a distance of 6 km
from the coast was 17.26 kW/m. Considering the 11 WECs that form the wave farm
and the capture width of the WaveCat (90 m), the annual mean of the total incident
wave power at the wave farm was 17 MW. Applying the values obtained in Fernandez
et al. (2012) for the efficiency of the WaveCat, the annual mean production of a wave
farm of 11 WECs would be 4 MW. As this technology is in a nascent stage, the
performance of wave farms would be further discussed further in Section 10.1.3,

comparing the performance presented with other WECSs.

Third, the impact of the wave power reduction on the beach was studied through the
evolution of the two profiles of Perranporth Beach. This was carried out using the
spectra generated by the wave propagation model with and without the wave farm in the
morphodynamic model. The series were split, as explained in the methodology, to
describe suitably the behaviour of the beach in different periods. The results showed

that type E segments are mainly responsible for the erosion of the profiles.

Figure 5.10 shows the evolution of the beach profiles 1 (P1) and 2 (P2) after a
storm. The graph compares the initial beach profiles with those after three months of
operation of the wave farm. Both graphs illustrate that the erosion of the profiles is
concentrated mainly in the beach face, which is the section of the profile exposed to

wave uprush. The eroded material was moved to lower sections of the profile.
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Figure 5.10 Bed level at beach profile P1 and P2: initial [1 Nov 2007, 0000 UTC] and after three months with
and the wave farm [22 Jan 2008, 15:47 UTC]. The average wave conditions between these two points in time
were: Hy=2.02mand T,=939s.

To better visualise the effect of wave energy extraction, the situation of profile P2
with and without the farm is shown in Figure 5.11. The reduction of the significant
wave height in the lee of the wave farm led to a substantial reduction (of the order of 3
m) in the erosion of the dune delineating the landward limit of the beach. It is also
noteworthy that the wave farm not only reduced the volume of material eroded, but also
altered the sediment transport patterns, displacing the landward end of erosion towards

the sea around 10 m after 3 months of simulation.
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Figure 5.11 Beach face level at Profile P2: initial [1 Nov 2007, 0000 UTC] and after three months with and
without the wave farm [22 Jan 2008, 15:47 UTC]. The average wave conditions between these two points in
time were: H;=2.02 mand T, =939 s.

The impact of the wave farm on the beach profile was analysed through the
parameters defined in Section 3.3.2. The Bed Level Indicator (BLI) along Profiles P1
and P2 is illustrated in Figure 5.12 for three different points in time: 1 month (M1), 3
months (M3) and 6 months (M6) after the beginning of the study period. The results for
both profiles show a significant reduction of the erosion in the beach face and in the
submarine bar (around x = 600 m). The bar forms part of the response mechanism of the
natural system to protect the beach face from increased wave attack. Figure 5.12 proves
that the effect of the wave farm was a reinforcement of the bar, and therefore enhanced
protection for the beach face in storms. Advancing in time, the BLI values increased in
the bar area, i.e., the aforementioned effect was intensified; results that go in line with

the stated by (Neill & Iglesias, 2012).

Regarding the beach face area, the BLI values for both profiles were also significant
and showed that the wave farm contributed to mitigating the erosion in that section.
This is nowhere more apparent than on the dune at the landward end of the profile,
where BLI values exceed 1 m. In view of the importance of erosion on the beach face

the FEA and NER indicators are applied. Table 5.3 shows the values of the eroded areas
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on the beach face (FEA) at the same points in time as in Figure 5.12. It is observed for
both profiles, and particularly in Profile P1, that the erosion is higher at the first two
points in time (M1 and M3) than at the last one, which is associated with less energetic
conditions (Figure 5.7). Although the points M1 and M3 were associated to erosionary
periods, they did not coincide with the end of these periods, where generally the greatest
values of storm-induced erosion were found. This is reflected in the values of erosion
found on the beach face, with the greatest FEA values found at the end of the period

studied.
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Figure 5.12 Evolution of BLI along Profiles P1 and P2 at different points in time: 1 month (M1), 3 months (M3)
and 6 months (M6) after the beginning of the study period.

The reduction of the erosion brought about by the wave farm is studied by means of
the NER indicator, which showed reductions over 30% in the profile P1 (located in the
north section of the beach — the most sheltered by the farm) during the erosionary
periods (M1 and M3). It is also noted that the effect of the wave farm was more
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significant in the north of the beach (Profile P1) than in the middle (Profile P2), as may

be seen in Table 5.1. Analysing the evolution of the NER values over time, it is
observed that the wave farm was more effective to mitigate storm-induced erosion
during erosionary periods than accretionary, although still significant values (NER >
20% in the north section of the beach) are found at the end of the simulation for both

profiles.

M1 M3 M6

Profiles | FEA, FEA; NER | FEA, FEA; NER | FEA, FEA; NER
2 2 2 2 2 2
m) ) % [ m m) &% | m) m) %)

Prg‘;"e 2053 1411 3127 | 163 1042 36.07 | 23.85 1866 21.76
Profile
oy | 1569 1291 17.72 | 2131 1685 20.93 | 2553 2142 16.10

Table 5.3 Eroded area in the baseline scenario (A), in the presence of the farm (As), and Erosion Impact (El)
index for Profiles P1 and P2 at different points in time: 1 month (M1), 3 months (M3) and 6 months (M6) after
the beginning of the study period

5.3 CONCLUSIONS

The results showed a significant reduction of the erosion along profiles P1 and P2,
which may indicate some degree of coastal protection owing to the presence of the wave
farm nearshore. The extraction of wave energy by the WECs resulted in significant
reductions of erosion, with values in the north section of the beach varying from 36%
during storm conditions, to 22% at the end of the simulation, which corresponded to

accretionary conditions.

This substantial reduction in the erosion of the profiles constitutes an added benefit
of the wave farm. However, this chapter was framed as the first step in the assessment
of the impact of wave farms on the beach, and consequently to prove that a wave farm
can be considered a complement to conventional forms of coastal protection, the
response of the beach in 3D must be evaluated, which is the aim of the following

chapter.
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Chapter 6
6. WAVE FARM IMPACTS ON THE BEACH

MORPHOLOGY

This chapter presents the impacts of wave farms on the beach morphology (3D) in
the short-term. Two case studies are presented in this chapter: Perranporth Beach (SW
England) and Xago Beach (N Spain). The following contents are published in the paper
of Coastal Engineering: “Coastal defence through wave farms” in the case of
Perranporth Beach (accepted for publication on 26 June 2014); and under review in the
paper of Coastal Engineering Journal (2016): “Mitigating dune erosion through wave

farms” in the case of Xago Beach.

In view of the promising results presented in the Chapter 4, this chapter goes a step
further by transcending the cross-shore (2D) analysis and examining the impact of wave
energy exploitation on beach morphology (3D) — an aspect whose importance can
hardly be overstated. On this basis, the chapter has a threefold objective: (i) to compare
the response of the beaches under storm conditions (short term) with and without a
wave farm; (ii) to assess whether the nearshore attenuation of wave energy caused by
the wave farm results in a reduction in the erosion on the beach; and, on these grounds,

(i) to establish whether a wave farm can contribute to coastal protection.

6.1 PERRANPORTH BEACH

6.1.1 MATERIALS AND METHODS

This section analyses the period from 5 December 2007 UTC 00:00 to 10 December
2007 UTC 18:00 (Figure 6.1), a stormy period with the following average wave

conditions: Hs =4.2m, T, = 12.1 s and g, = 295°.
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Figure 6.1 Time series of simulated (H;, SWAN) and measured (Hs,buoy) significant wave height used to
validate the wave propagation model. The storm conditions studied from 5 Dec 2007, 00:00 UTC; to 10 Dec
2007, 18:00 UTC are highlighted.

To determine the wave farm impacts on the wave conditions and the coastal
processes, the wave propagation model (SWAN) is coupled to the coastal processes
model. The response of the beach during the storm period studied was investigated in
both scenarios: (i) in the baseline scenario (without the wave farm), and (ii) with the
wave farm, to compare the evolution of the beach and establish the contribution of a

wave farm to protect the coast.

Regarding the wave propagation model, the successfully validated high-resolution
nested grids and model set up applied in the previous chapter were used. Likewise, the
same wave farm configuration and distance to the coast (6 km from the 10 m water
depth contour) was considered (Figure 5.3), which allows the comparison of the wave

farm impacts between the short and middle term.

As for the coastal processes model, in this case it is applied in 2DH mode (x, Yy, 2),
with a grid extending 1250 m across shore and 3600 m alongshore with a resolution of
6.25 m and 18 m, respectively (Figure 6.2). The model used a number of spectral
parameters obtained from the nearshore wave propagation model (the root-mean-square
wave height, Hyns, mean absolute wave period, Tmo;, mean wave direction, 6y, and
directional spreading coefficient, s) as input to create time-varying wave amplitudes,
i.e., the envelopes of wave groups, which have crucial importance in describing the
behaviour of a beach during erosion conditions (Baldock et al., 2011). The bathymetry
of the beach was based on the data provided by the Coastal Channel Observatory. The

109



Chapter 6
elevation values implemented in the model ranged between —20 m and 25 m (Figure

6.3) with reference to the local chart datum (LCD).
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Figure 6.2 Computational grids of the wave propagation (SWAN) and coastal processes (XBeach) models
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Figure 6.3 Bathymetry of Perranporth Beach for the coastal processes model. Profiles P1, P2 and P3 included.
Water depth in relation to local chart datum [in m].
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6.1.2 RESULTS

The results of the wave propagation model were studied in both scenarios: baseline
and in the presence of the wave farm, to observe the impact of the wave farm on the
wave conditions. The reduction of the significant wave height in the lee of the farm is
shown in Figure 6.4, in which the shadow zone downstream of each WEC is apparent.
The greatest impact occurred in the lee of the second row of devices. On the coast, the
impact was mainly focused on the north section of the beach as the offshore wave

direction was west (268 °).

H, o (M) H, ()
5041p 5041,
504F 504F
5039F 50391
T 50381 T 5038
2 5037} 2 5037
iy =
5 5
=z 50.36F =z 50.36
5035F 5035
50341 5034 -
Ay 2 hJ .
5033 503
525 -5.2 525 52
Easting (") = Easting (°) =
1 1 1
3 4 5

Figure 6.4 Significant wave height in the baseline scenario (H;) and with the wave farm (Hy;) at the first peak
of the stormy period studied (5 Dec 2007, 18:00 UTC). [Deep water wave conditions: Hy, = 6.89 m, T, = 15.64 s,
0, = 268.45 °]. The line AA’ is shown.

This can be observed applying the reduction of the significant wave height (RSH)
factor. The shadow in the lee of the farm with waves coming from the NW (Figure 5.8)
was wider than waves from the W (Figure 6.5). However, on the other hand the
reduction of the wave height with waves from the W was higher in certain sections of

the beach, such as the north, with values over 10 % along the 20 m contour.
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Figure 6.5 Reduction of the significant wave height (RSH) brought about by the wave farm at the first peak of
the stormy period studied (5 Dec 2007, 18:00 UTC). [Deep water wave conditions: Hg, = 6.89 m, T, = 15.64s, 6,
=268.45 °].

The wave conditions along the line AA’ (Figure 6.4), in approximately 20 m of
water depth, were input to the coastal processes model. The significant wave height (H;)
across AA’ in both scenarios is shown in Figure 6.6, where the shadow due to the wave
energy absorption of each device can be readily identified. It is also remarkable in
which manner the reduction of the wave height increased towards the north section of

the beach (A’ in the figure).
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Figure 6.6 Significant wave height in the baseline scenario (H;) and in the presence of the farm (Hg) across the
line AA’ at the first peak of the storm studied (5 Dec 2007, 18:00 UTC). [Deep water wave conditions: Hy =
6.89m, T,=15.64s, 6, = 268.45 °].
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Applying the suite of core impact indicators, defined in Section 3.3.2, to the results
of the coastal processes model, the alteration caused by the wave farm on the longshore
and offshore/onshore sediment transport was quantified. First, the response of the beach
without the wave farm (baseline scenario) was analysed so as to understand in which
manner the wave farm affects the beach. The sea bed level difference between the first
and the last point of the simulation (Figure 6.7) shows that there are two main areas
affected by the storm-induced erosion: the submarine bar and the beach face area. The
greatest values were found at the toe of the dune in the central section of the beach,
although these values were associated with the isolated response of some profiles. With
less significant erosion rates, a long stretch of the beach was affected on the beach face
in the north section of the beach. This response of the beach under storm conditions
goes in line with the behaviour observed at Perranporth in previous studies (Scott et al.,

2008).
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Figure 6.7 Bed level difference between the first () and the last point ({) of the simulation.

The alteration of the sea bed level by the wave farm was analysed through the BLI

factor (Figure 6.8). The reduction of the erosion was observed mainly in the dune at the
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back of the beach, reaching values greater than 4 m in the middle section of the beach,

as result of the wave energy extraction by the wave farm. A reduction of the erosion
was also found along the bar, especially in the middle section of the beach where the
BLI parameter reached values of 0.5 m. On the other hand, the material eroded from the
dune was moved to lower sections of the profile, between the bar and the dune, which

resulted in the BLI parameter taking negative values in the region of —0.5 m.
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Figure 6.8 Bed level impact (BLI) at the end of the time period studied [10 Dec 2007, 06:00 UTC].

On this basis, the impact of the wave farm on the bed level is shown in Figure 6.9
along three profiles: P1 (south), P2 (middle) and P3 (north), located in Figure 6.3. The
initial profile () was compared with the profiles at the end of the storm studied in both
scenarios: the baseline () and in the presence of the farm (). The results show a more
significant effect on profiles P3 and P2 (northern and middle areas of the beach) than on
P1, in accordance with the wave conditions shown in Figure 6.4. As may be observed in
Figure 6.8, the effects of the wave farm are more pronounced in the intertidal area over
the mean water level (at the landward end of the profiles) and over the bar. Furthermore,

Profile P3 shows that the wave farm not only reduced the eroded area but also altered
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the sediment transport pattern, moving the landward end of erosion by up to 30 m

towards the sea in the case of the north of the beach.
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Figure 6.9 Bed level at Profiles P1, P2 and P3: initial ({y) [05 Dec 2007, 00:00 UTC] and at the end of the
simulation in the baseline scenario (¢,) and with the wave farm (¢;) [10 Dec 2007, 06:00 UTC].

The volume of material moved per linear metre along the beach (y) was studied
through the mean Cumulative Eroded Area (CEA). This indicator showed the difference
in material eroded along the profile (x) between the initial and final points of the time

period studied in both scenarios: baseline (CEA,) and with the wave farm (CEAy).
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Figure 6.10 shows the results in the southern and northern areas across the different
reference profiles P1 (south), P2 (middle) and P3 (north). In the case of profile P2, the
wave farm modified the sediment transport patterns significantly: whereas erosion was
reduced in the northern area of the beach, in the southern area the material eroded
increased for water depths below 5 m. As for profile P1, the northern area of the beach
presented less sediment transport in the presence of the wave farm for water depths over
7 m, while accretion occurred for water depths below 7 m. In the case of profile P3, the
sediment transport patterns were hardly affected by the wave farm for water depths over
5 m, but in water depths below 5 m erosion decreased in the southern area of the beach.
In summary, in the baseline scenario (without the wave farm) accretion was found to
occur in the deeper sections of the profile in the northern area owing to the offshore
sediment transport from the beach face and the submarine bar. In the presence of the
wave farm, however, the erosion of the beach face and submarine bar was significantly
reduced. As a result of this, and of the increase of the southward sediment transport, the
accretion of the deeper sections of the profile in the northern area that occurred in the
baseline scenario was replaced by accretion in the southern area of the beach for values

of the x coordinate greater than 600 m (as may be seen on profiles P2 and P3).
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Figure 6.10 Mean cumulative eroded area in the baseline scenario (CEA) and in presence of the wave farm
(CEAy) in the southern area (in red) and northern area (in black) across each of the reference profiles P1, P2
and P3, at the end of the time period studied [10 Dec 2007, 06:00 UTC]. The x-coordinate represents the
distance along the profile, with x = 0 the most offshore point.
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Finally, the results of the beach face eroded area (FEA) confirmed the contribution
of the wave farm to reducing erosion. Figure 6.11 shows the evolution of the erosion on
the beach face along Perranporth Beach (y = 0 corresponds to the southernmost point of
the beach). The most severe erosion took place in the southernmost area of the beach,
which is not backed by the dune system, and the northern area, where the waves were
higher (Figure 6.3). As regards the efficacy of the wave farm for coastal protection, the
reduction in erosion was more significant in the northern area of the beach than in the
south and in the middle. In Figure 6.12, the non-dimensional erosion reduction (NER) is
represented on the basis of the results of the eroded area in the beach face, confirming
that the wave farm attenuated the erosion in the north of the beach, with values over
40% in a 1 km stretch of the beach. As regards the southern area of the beach, 500 m <
y < 1500 m, the NER factor fluctuated strongly, due to isolated responses of different

points of the profiles.
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Figure 6.11 Beach face eroded area in two scenarios: baseline (FEA,) and with the wave farm (FEAy) along
Perranporth Beach (y - coordinate, with y increasing towards the north of the beach) at the end of the time
period studied [10 Dec 2007, 06:00 UTC].
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Figure 6.12 Non-dimensional erosion reduction (NER) at the beach face along Perranporth Beach (y -
coordinate, with y increasing towards the north of the beach) at the end of the time period studied [10 Dec
2007, 06:00 UTC].

The results obtained in this work seem to lend credence to the hypothesis
formulated at the outset, namely that a wave farm can serve as a coastal defence
measure. It is important to bear in mind, however, that these results, and in particular
their quantitative aspects, were derived for a specific case study: a beach with a bar
between -5 m and -10 m backed by a well-developed dune system and under the attack
of a storm of certain characteristics. On this basis, another case study with different
characteristics (e.g. no presence of a submarine bar, different wave resource and grain
size distribution) is presented in the following section to corroborate the degree of

coastal protection afforded by wave farms.

6.2 XAGO BEACH

The case study of Xago Beach (Figure 4.6) is of particular relevance as this area
was selected by the Asturian Institution for Energy Development (FAEN) for the
deployment of the first offshore wave farm in Spain based on the characterisation of the

wave energy resource, in conjunction with a morphologic and bathymetric study of the
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area (Flor-Blanco et al., 2011). Furthermore, Xago has experienced increased erosion
on its dune system — evidenced by the recession of the dune toe, between 3.1 m and
11.5 m (Figure 6.13) — under the heightened storminess of recent years (Flor-Blanco,
Flor & Pando, 2013; Flor, Flor-Blanco & Flores-Soriano, 2015). In this context, the
possibility of protecting the coast through a nearshore wave farm is of great interest —

and therein lies the motivation of this case study.

Figure 6.13 Dune toe recession at Xago Beach

6.2.1 MATERIALS AND METHODS

Xago is a lower mesotidal beach, with a semidiurnal tidal regime and a Medium
Spring Range (MSR) of 2.66 m (Flor-Blanco, Flor & Pando, 2013). In the period
considered for validation purposes (January 2010 - December 2010), the average values
of significant wave height (Hs), mean period (T,) and wave direction (6) were: 1.40 m,
6.02 s and 317.1°, respectively. In the case of the stormy period considered for the
assessment of the wave farm effects on the beach (7 November 2010 — 16 November

2010) the average wave conditions off Xago Beach were: Hy = 3.72 m, T, = 7.49 s and
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0 = 299.9°. Finally, three-hourly values of wind speed and direction obtained from the
Global Forecast System (GFS) weather model are input into the wave propagation
model. In the year studied there was no clearly prevailing wind direction — the highest
probability of occurrence (22.4%) corresponded to S winds (from 157.5° to 202.5°). The
strongest winds were associated with NW directions (from 292.5° to 337.5°), with wind

speed values (uso) exceeding 20 ms ™.

The wave model is forced using the aforementioned data and validated during a
year (January-December 2010) using the buoy data off Salinas Beach (Aviles Buoy
located approx. 1 km to the west of Xago Beach) in conjunction with the SIMAR-
3085039 point (off Xago Beach) from the SIMAR-44 dataset provided by Puertos del

Estado (Spain).

In order to locate precisely the position of the WECs and simulate the wave farm
impacts on the wave conditions in its lee, two computational grids with different
resolutions were defined in SWAN (Figure 6.14): (i) the coarser grid with a spacing of
50 x 50 m extended 25 x 25 km, covering part of the Avilés canyon System (including
the Avilés Canyon itself) with water depths over 900 m in the grid; and (ii) the finer
(nested) grid with a spacing of 12 x 15 m extended 5.4 km offshore and 4.5 km from
east to west, covering the area of interest. The wave farm was located in the area
defined in the project at a water depth of ~30 m. The same layout than the one
considered at Perranporth (consisting of 11 converters arranged in two rows) is studied

in order to compare the results between the two case studies (Figure 6.15).
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Figure 6.14 Computational grids for the SWAN and XBeach models, and wave buoy locations [Water depths
in m].
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Figure 6.15 Wave farm layout off Xago Beach [Water depths in m].
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The energy density output files (wave height, period, direction and spreading) from
SWAN are used to prescribe the offshore boundary condition for XBeach. The grid in
this model was extended approx. 1.7 km alongshore and 2 km offshore, from the dune

system to water depths of 20 m, with a resolution of 7.5 and 5 m, respectively.

The high-resolution bathymetric data of the study area, obtained in ad hoc surveys
by the University of Oviedo, were used as input for the coastal processes and wave
propagation numerical models (Figure 6.16). Importantly, this dataset covered not only
the submarine beach but also the subaerial, including the dune system, with elevation
values ranging from —20 m to +15 m in the case of the coastal processes grid (relative to

the Spanish National Geodetic Vertical Datum).
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Figure 6.16 Bathymetry of Xago Beach for the coastal processes model with Profiles P1, P2 and P3. [Water
depths in m].
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6.2.2 RESULTS

First, the model was validated using the data from the wave buoy off Avilés (with
available data from 1 March 2010 — 1 September 2010) and the point SIMAR44-
3085039 (1 January 2010 — 31 December 2010). The model results were in excellent
agreement with the observations (Figure 6.17 and Figure 6.18), as corroborated by the

root mean square error and coefficient of determination (Table 6.1).

Error statistics
Data Data available

Root Mean Square Error Coefficient of
(RMSE) [inm] determination (R?) [-]
1* March 2010 —
Buomfé";‘ off ™45t September 0.33 0.89
2010
st
SIMAR44- 1% January 2010 — 0.45 0.92

3085039 1% January 2011

Table 6.1 Wave data used to validate the wave propagation model and values of the error statistics: Root
Mean Square Error (RMSE) and the coefficient of determination (R?).
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Figure 6.17 Validation of wave propagation model with the Aviles buoy data: observed (Hs guoy) vs. calculated
(Hs, swan) time series of significant wave height. The dashed lines delimit the stormy period used for the study.
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Figure 6.18 Validation of wave propagation model with the point SIMAR44-3085039 off Xago Beach: observed
(Hs, simar) vs. calculated (Hs, swan) time series of significant wave height. The dashed lines delimit the stormy
period used for the study.

The impacts of the wave farm on the coast were analysed during the stormy period
from 7 November 2010, 12:00 UTM to 16 November 2010, 06:00 UTM (delimited by
dashed lines in Figure 6.17 and Figure 6.18). The significant wave height patterns at
18:00 on 9 November 2010 (Figure 6.19) display a conspicuous concentration of wave
energy — indeed, the area defined in the project for the installation of the wave farm is a
nearshore hotspot (Iglesias & Carballo, 2010a), i.e. an area with a concentration of wave

energy due to wave interaction with the irregular bathymetry.

To put the area into perspective, it can be compared with the wave energy resource
found at Perranporth. While the value of Jue .at Perranporth during a year was 17.26
kKW/m, in the case of Xago it was 20.21 kW/m, albeit the wave farm was located at a
smaller farm-to-coast distance (1.7 km) than at Perranporth (6 km). This difference
(approx. 15%) in the wave energy resource reflects the large wave resource available in

the area defined by the project.

125



Chapter 6

Morthing (mj—
Morthing (mj—

48315 . . . . L . \ 45315 I 1 I L L I -
2625 263 2635 284 2845 265 2655 266 26825 283 2635 264 2645 285 2655 266

Easting (m) — ¥ 105 Easting (m) — ¥ 105

Figure 6.19 Significant wave height in the baseline scenario (Hg,) and with the wave farm (Hg) on 9 Nov 2010,
18:00 UTC. [Deep water wave conditions: H,=10.28 m, T, = 16.19 s, 4, = 314.94 °].
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Figure 6.20 Significant wave height in the baseline scenario (Hg,) and with the wave farm (Hy) along the 20 m
water depth contour on 9 Nov 2010, 18:00 UTC. [Deep water wave conditions: Hy=10.28 m, T, = 16.19's, 4, =
314.94°].

The impacts of the wave farm on the wave patterns were especially significant in
the lee of the wave farm, where the reduction of the significant wave height (RSH)

reached the greatest values (over 50%). This reduction decreased towards the coastline
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due to the energy diffracted into the shadow of the WECs; however, the impact cannot
be overlooked, with values exceeding 15% along the 10 m contour. The farm was not
directly in front of the beach but displaced somewhat to the east, which reduced its
impact on the west section of the beach. Figure 6.20 illustrates the reduction in the
significant wave height along the 20 m contour depicted in Figure 6.15, which was used
as input for the coastal processes model. The shadow caused by the farm extended over
approx. 3 km (Figure 6.21), with an average RSH value exceeding 50% in the lee of the
farm over. Owing to the position of the farm, this reduction in nearshore wave height

extended some distance east of Xago Beach.
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Figure 6.21 Reduction of the significant wave height (RSH) parameter along the 20 m water depth contour on
9 Nov 2010, 18:00 UTC. [Deep water wave conditions: Hg=10.28 m, T, = 16.19 s, 6, = 314.94 °].

The spectral wave conditions along the 20 m contour were input into the coastal
processes model by means of energy density output files to study the response of the
beach under storm conditions with and without (baseline) the wave farm and, on these
grounds, quantify the degree of coastal protection afforded by the wave farm. First, the
erosion and accretion patterns at Xago Beach are analysed in the baseline scenario.
Three main sections can be observed (Figure 6.22): (i) the west section, which

experiences significant storm-induced erosion; (ii) the middle section, characterised by
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deposition in the intertidal area of the material eroded in the previous section, and some
erosion on the dune front; and (iii) the east section of the beach, characterised by intense
erosion of the dune. It is also noteworthy how the evolution of the foredune front seems
to have varied over the last years relative to the previous decades: whereas the dune
limit advanced from 1970 to 2011 (Figure 6.22), it receded from 2011 to 2014 (Figure
6.13). This change from progradation to recession may well be related to the severe

winter gales experienced in the 2011-2014 period (Flor-Blanco, Flor & Pando, 2013).
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Figure 6.22 Simplified dynamic and sedimentary model of Xago Beach (Flor-Blanco, Flor & Pando, 2013)
The model results in the baseline scenario (Figure 6.23) are in good agreement with

the general sedimentary dynamics of the beach. In effect, the difference in bed level
elevation between the beginning and the end of the simulation period corresponds well

with the sections previously identified (Figure 6.22). The most acute erosion occurs in
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the east section of the beach, with bed level differences of up to 2.5 m. In the west
section erosion was also considerable, in line with the general dynamics. For its part, in
the middle section erosion of the dune was found to be less significant, and sediment
deposition occurred in the intertidal area.
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Figure 6.23 Bed level difference between the first (,) and the last point (o) of the simulation.

For the analysis of both scenarios with and without the wave farm, the impact
indicators are applied. Figure 6.24 shows the BLI values (the bed level difference
between the wave farm and the baseline scenarios) at the end of the storm period
analysed. Three main areas can be distinguished: the first two, the dune front along the
entire beach and the low tide terrace in the east section, with positive BLI values, i.e.
reduction of erosion due to the wave farm; and the third area, the low tide terrace in the
west and middle sections, with negative BLI values, i.e. reduction of accretion due to

the wave farm.

The greatest BLI values (over 2 m) were found in the first area, the dune front, and
especially in the east section of the beach, which experienced the greatest erosion in the

baseline scenario. As regards the west section of the dune front, which also underwent
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significant storm-induced erosion, the wave farm contributed to reducing the erosion by
up to 1.5 m. Finally, in the middle section, with lower values of erosion in the baseline
scenario, the reduction of the erosion on the dune front caused by the wave farm was
also lower, below 1 m. In sum, the wave farm contributed significantly to reducing

storm-induced erosion on the dune front.

In the second area, the low-tide terrace in the east section of the beach, the
maximum BLI values were smaller than on the dune front but nevertheless relevant —
with storm-induced erosion decreasing by up to 1 m over a large area. Thus, in the east
section of the beach, both on the dune front and the low-tide terrace, erosion is
significantly mitigated, which can be explained by the fact that this area is directly in
the lee of the wave farm, with consequential reductions in significant wave heights —

over 50% at the 20 m contour.

Finally, in the third area, the west and middle sections of the low-tide terrace,
negative BLI values are found due to the greater volume of material eroded in the
baseline scenario from the dune front and to the contributions of material eroded from

the east section.

As mentioned above, the dune front experienced the greatest reductions of erosion,
importantly the landward end of erosion was displaced seaward by over 10 m along the
three profiles considered, representative of the three sections of the beach (Figure 6.25):
P1 (west), P2 (middle) and P3 (east). In the east section this seaward displacement
reached a very substantial 25 m, which is indicative of the efficiency of the wave farm
in countering the storm-induced erosion that affected Xago in the last lustrum (Figure

6.13).

130



Wave Farm Impacts on the Beach Morphology

w107 BLI {m)
2
48335+
15
11
48331
T 405
£
2
£ 0
48325
E T
+4-0.5
V4
48321 -1
-1.5
48315 -~
- -2
I 1 I 1 ]
2625 263 2635 264 2645 265
Easting {m) — X 105

Figure 6.24 Bed level impact (BLI) in the area of interest at Xago Beach at the end of the time period studied
[16 Nov 2007, 06:00 UTC].
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Figure 6.25 Bed level at profiles P1, P2 and P3: initial ({,) [07 Dec 2007, 12:00 UTC] and at the end of the
simulation in the baseline scenario (¢,) and with the wave farm (¢;) [16 Nov 2007, 06:00 UTC].

As regards the erosion on the beach face, two impact factors were applied: FEA and
NER. The FEA values (Figure 6.26) confirmed that the most sensitive area to storm-

induced erosion is the east section of the beach and consequently the greatest volumes
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of material eroded occurred there. Significant erosion also occurred in the west section
of the beach, although in the case of the westernmost section the area eroded in the
beach face was less significant than on the front dune (Figure 6.24). On the other hand,
in the central and east section of the beach, erosion was less pronounced on the front
dune than on the beach face, where it reached values similar to the west part of the
beach. This pattern can be observed in Figure 6.25, with profiles P1 (west) and P3 (east)
more affected by the erosion at the toe of the dune than profile P2 (middle), but with

similar impacts along the beach face.

1 1
200 600 Q0o 1200 1500

Figure 6.26 Beach face eroded area at the end of the time period studied [16 Nov 2007, 06:00 UTC] in two
scenarios: baseline (FEA,) and with the wave farm (FEAy). The y- coordinate represents the beach profile, with
y increasing eastwards.

In order to analyse globally the effects of the wave farm, the NER index is applied,
which represents the change in the eroded area caused by the wave farm as a percentage
(Figure 6.27). The wave farm was found to reduce erosion (NER > 0) in most of the
beach, with the highest values in the east section (NER > 60%). This is precisely the
area where the erosion of the beach face was more pronounced; hence it is an excellent
indicator of the effectiveness of wave farms to protect the coast in erosion-prone areas.

This drastic decrease in erosion in the east section, for all its importance, must not
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obscure the relevant effect reductions elsewhere, with an average NER value along the

entire beach of 17.64%.
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Figure 6.27 Non-dimensional erosion reduction (NER) on the beach face at the end of the time period studied
[16 Nov 2007, 06:00 UTC]. The y- coordinate represents the beach profile, with y increasing eastwards.

6.3 CONCLUSIONS

Comparing the effects of the wave farm at Xago with those at Perranporth Beach,
UK, (Abanades, Greaves & Iglesias, 2014a; 2014b; 2015b), significant differences were
found; which reflects the need for site-specific assessment of the effects of wave farms
on the beach. These differences lied in part to the presence of a submarine bar at
Perranporth, which provided a degree of protection to the beach. This was not the case
at Xago, where storm-induced erosion was consequently more pronounced. On these
grounds, the wave farm was more effective to mitigate erosion on the dune front at
Xago, as reflected by the very substantial seaward displacement of the landward end of
erosion by up to 25 m in large sections of the beach. This shows a clear contribution of
the farm to arresting the erosive trends affecting the dune system. Regarding the erosion

patterns in the beach face, the reduction afforded by the wave farm was greater at
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Perranporth, as a larger section of the beach was protected (NER > 40% in a section of
1500 m, nearly half of the beach), while in Xago greater values where found (NER >
60%) but in smaller sections of the beach. Therefore, in both cases, Xago and
Perranporth, the results vindicate the initial hypothesis that wave farms can contribute to

protecting the coast and, particularly, mitigating dune erosion.

Having determined the effectiveness of wave farms to protect the coast in the
medium and the short term, the following chapters will investigate the wave farm
impacts on the coast and on the wave conditions as a function of the key design
parameters: the farm-to-coast distance in Chapter 7 and the wave farm layout in Chapter

8.
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Chapter 7
7. INFLUENCE OF THE FARM-TO-COAST DISTANCE

The location of a wave farm, and, in particular, its distance to the coast is one of the
key aspects in a wave energy project. In the selection of the location a number of
variables are typically taken into account, from the wave resource to the maintenance
and infrastructure costs; however, the effects of the farm on the coast, which can be
instrumental in mitigating storm-induced erosion and thus contribute to coastal defence,
are seldom, if ever, considered. Furthermore, these impacts can be controlled by
locating the wave farm closer to or further from the coastline. In this context, the
objective of this chapter is to establish the dependence of the degree of coastal
protection offered by the farm on its distance from the coastline by means of a
sensitivity analysis focused on Perranporth Beach (SW England). The following
contents are published in the paper of Renewable Energy (5-year impact factor: 3.982)
“Coastal defence using wave farms: The role of farm-to-coast distance”, which was

accepted for publication on the 20 October 2014.

7.1 MATERIALS AND METHODS

In this chapter, four scenarios were compared, corresponding to three locations of
the wave farm at different distances from the coast, plus the baseline (no farm) scenario,
under different wave conditions. Based on the work of Iglesias and Carballo (2014) that
analysed the influence of the farm-to-coast distance in the impact of wave farms on the
wave conditions, the following distances were considered in this chapter: 2 km, 4 km
and 6 km from the reference (10 m water depth) contour — corresponding to water
depths of approx. 25 m, 30 m and 35 m, respectively (Figure 7.1). These wave farms
were implemented on the high-resolution grid of the wave propagation model described

and validated in Section 5.1.
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Figure 7.1 The three locations considered for the wave farm, at distances of 2 km, 4 km and 6 km from the
reference (10 m water depth) contour [water depth in m].

In this chapter, following Kenney (2009) and based on the analysis of the offshore
wave climate in the area, two frequent wave conditions (Table 7.1) were prescribed at
the outer (ocean) boundary of the SWAN offshore grid. The results from this model
were coupled to XBeach, which was used to analyse the response of the beach with and

without the wave farm during 24 hours, the typical duration of these wave conditions at

Perranporth.
Case study Hs (m) Tp (S) a(°) s(®) K
Cs1 3 12 315 (NW) 26.50 0.76
CS2 3.5 11 315 (NW) 26.34 0.78

Table 7.1 Offshore wave conditions: significant wave height (Hs), peak period (T;), mean direction (6),
spreading (s) and transmission coefficient (K,) for the different case studies.

7.2 RESULTS

The results obtained from the nearshore wave propagation model were analysed to
study the impact of the wave farm on the wave conditions. The nearshore significant

wave height (Hs) for the different scenarios (baseline and with the wave farm at
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distances of 2 km, 4 km and 6 km from the reference contour) is shown in Figure 7.2 for
CS1 (Table 7.1). The reduction in the significant wave height in the lee of the farm
caused by the energy extraction is apparent. This reduction was assessed by means of
the impact indicator RSH; (Figure 7.3). The maximum value of the indicator was
achieved within the second row of WECs with values of up to 50%. At a distance of 1.5
km from the second row of devices, the reduction reached a peak of 40% due to the
merging of the shadows caused by the first and the second row of devices. However,
this reduction decreased moving towards the coast due to the redistribution of the
energy from the edges into the shadow caused by the wave farm. At a water depth of
10 m, the average reduction caused by the wave farm closest to the coast (2 km) was
approx. 25%, whereas for the wave farm at 4 and 6 km the average reduction was

approx. 15% and 9%, respectively.
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Figure 7.2 Significant wave height [m] in the baseline scenario and in the presence of the farm at distances of 2
km, 4 km and 6 km from the reference (10 m water depth) contour in CS1 (clockwise from above left).
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Figure 7.3 Reduction of the significant wave height (%) with the wave farm at a distance of: 2 km (RSH2km), 4
km (RSH4km) and 6 km (RSHekm) from the reference (10 m water depth) contour in study CS2 [in m].

The relevance of the farm-to-coast distance may be readily observed in the shadows
caused by the wave farm at different distances. The area affected at the coastline by the
wave farm furthest to the coast (6 km) was greater than 7 km, however the average
reduction of the significant wave height in this area was less than 5%. On the other
hand, the wave farm at 2 km affected a smaller area in the coastline, around 4 km, but
the reduction exceeded 10%. Figure 7.4 shows this reduction for CS1 (above) and CS2
(below) along the line AA”, located in Figure 7.2, which corresponded to the area of
interest at Perranporth Beach and was used as input for the coastal processes model.
This figure confirmed the different shadow pattern brought about by the wave farm at a
distance of 4 and 6 km compared with the 2 km. In the latter, the reduction mainly
occurred in the central section of the beach, being less significant in the north area of
the beach. However, for the other two scenarios, the reduction was found to be approx.

constant along the line AA”".
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Figure 7.4 Significant wave height [in m] in the baseline scenario (Hs, b) and in the presence of the farm at a
distance of: 2 km (Hs,2 km), 4 km (Hs,4 km) and 6 km (Hs,6 km) from the reference (10 m water depth) contour
across the line AA’ in CS1 (above) and CS2 (below).

In terms of wave power, the resource was evaluated at the location of each of the
WECs in the wave farm. Table 7.2 shows the average wave power incident on a generic
WEC of the wave farm for the different distances, it was found that the closer the wave
farm to the coast, the lesser the resource, due to the dissipation caused by the different
coastal processes that occur in intermediate and shallow water. For the wave farm
closest to the coast the reduction of the wave power compared to the scenario with the
wave farm at a distance of 6 km was 10.5% and 8.7% for CS1 and CS2, respectively. In
the case of the wave farm at 4 km the reduction compared with the scenario at 6 km is

5.7% and 7.3% for CS1 and CS2, respectively.

Case study 3WEC
(Hs) 2 km 4 km 6 km
CS1:3m 17.95 18.91 20.07
CS2:35m 30.89 31.37 33.83

Table 7.2 Average wave power on a generic WEC of the wave farm (\]WEC ) for the different case studies
[kW/m]
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In order to obtained a better characterisation of the wave energy resource as a

function of the farm to coast distance, the jWEC values for the different wave farm
scenarios were analysed during the time series used for validation purposes (Nov 2007 —
Oct 2008). Similarly, the resource found for the wave farm at 2 km was 15% lower than
that for the farm at 6 km (Table 7.3). The difference in terms of the available resource is
less between the farm at 4 km and 6 km (5%). In summary, on the one hand the wave
farm closest to the beach caused the greatest reduction in the significant wave height,
but, on the other hand, the resource in that area was lower than in deeper areas, and,
therefore, a comparative study of the response of the beach under storm conditions is
necessary to determine the best location for a wave farm in terms of wave energy

resource and coastal protection.

Wave farm -
scenario Jwee (KW/m)
2 km 14.46
4 km 16.44
6 km 17.26
Table 7.3 Average wave power on a generic WEC of the wave farm ( Jwec ) from Nov 2007 to Oct 2008
[kW/m]

The alteration of the beach morphology by the wave farm was quantified by means
of the impact indicators. The first indicator was the bed level difference, BLI, which
represented the difference of the bed level between the baseline and the wave farm
scenarios at a point in time. Figure 7.5 shows BLI values at the end of the storm for CS1
with the wave farm at a distance of 2 km (left), 4 km (middle) and 6 km (right). It was
observed that the main impact caused by the wave farm was located at the beach face,

where reductions of the erosion up to 1.5 m were found.
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Figure 7.5 Bed level impact with the wave farm at a distance of 2 km (BLI,y,), 4 km (BLI,4,) and 6 km
(BLIgym) at the end of the storm in CS1.

Figure 7.6 illustrates the evolution of three profiles at the end of the storm for CS2,

corresponding with three section of the beach that were identified by their different

responses under the storms: (i) the southern section of the beach (P; in Figure 7.6) with

a smooth slope in the intertidal area; (ii) the area backed by a very steep dune (P, in

Figure 7.6) where the mean water level was close to the toe of the dune; and (iii) the

northern section of the beach (P3; in Figure 7.6) also backed by the dune, but with a

greater distance from the toe of the dune to the mean water level. In the case of P; and

P5; the main erosion occurred on the beach face and this material was moved to lower

sections of the beach, however in the case of P, accretion was detected in the intertidal

area due to the material eroded in the steep dune for the proximity of the mean water

level to it. In the area of P; were found the greatest values of the BLI indicator, with

reductions greater than 1 m, while in the section P; the reduction took values of approx.

0.5m.
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Figure 7.6 Bed level at Profiles P, P, and P3: initial ({;) and at the end of the storm in CS2 in the baseline
scenario (¢,) and with the wave farm at a distance of 2 km ({rokm), 4 Km ($akm) @nd 6 km (Srskm)-

In the comparison between scenarios, the wave farm at a distance of 2 km caused

greater reduction of the erosion in the beach along the beach than the other scenarios, in
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which areas with significant reductions of erosion were combined with negligible values
or even accretion. In the lower sections of the beach, accretion occurred due to the
amount of material eroded in the beach face. In the scenario with the wave farm closest
to the coast the BLI took negative values of -0.5 m in the southern area of the beach,
which meant that the accretion without the farm was bigger than with it, due to the
greater erosion produced in the intertidal area in the baseline scenario. This reduction of
the accretion with the wave farm at a distance of 4 km and 6 km took place only in a

few sections of the beach with BLI values less than 0.3 m.

The impact factor FEA was defined to quantify the erosion in the beach face along
the beach (Figure 7.7). The greatest values of this indicator along the beach were
focussed in the southern area because this section was not backed by the dune. The
erosion in the baseline scenario was, in general, greater than the scenarios with the wave
farm, especially in the middle and northern area of the beach, y—coordinate (along the
beach) > 1250 m. To compare the reduction between the different wave farm scenarios
the indicator NER was defined, which showed the variation of the erosion in terms of
the eroded area in the baseline scenario (Figure 7.8). The NER values fluctuated
considerably along the beach, but it was observed that the reduction using a wave farm

at a distance of 2 km was greater than the other two scenarios.

In the area of the steep dune (500 m < y—coordinate < 1250 m), the erosion in the
beach face was very low (negligible in some sections), and very few profiles presented
an isolated response taking the NER factor negative values (greater erosion with the
farm than without it). However, in terms of the average reduction of the beach face
erosion along the whole beach, it was confirmed that the wave farm at 2 km offered a
greater degree of coastal protection, around 15% in both case studies, than the scenario

with the wave farm at 4 and 6 km, which presented an approximate reduction of approx.
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Considering particular sections of the beach, the impact was much more

significant, for instance, the reduction exceeded 20% for the wave farm at 2 km for

values of the y — coordinate between 1200 and 2000 m in CS2, which was the area most

affected by the reduction of the significant wave height. The results for the wave farm at

4 and 6 km did not present large differences in terms of the reduction of the erosion

along the whole beach; however the average reduction for the farm at 4 km was slightly

greater (13%) than the farm at 6 km (11%) in the area backed by the dune (y > 1250 m).

J
[yl
Z i 1 = =
_«M\\J\\; ¥ | A "

o A" |

20 | | | | L |

500 1000 1500 2000 2500 3000
y(m) =

100 T T T =l

80— FEA CS2 b B
_FEA
2km
60§ —FEA,. _
]
Aoj ! FEAGm N
ﬁ 2 - t:::a‘/:>‘*cf:‘“<!j}A
DA 1@% [\ ;\ TN @WM\/ : e
AL LW UYL

ok . ~ N e —

| |

-20
0

|
500

|
1000

|
1500
y(m)—

2000

|
2500

3000

Figure 7.7 Beach face eroded area in the following scenarios: baseline (FEA,) and with the wave farm at a
distance of 2 km (FEAm), 4 km (FEA4m) and 6 km (FEAg,,) along Perranporth Beach (y - coordinate, with y
increasing towards the north of the beach) at the end of the storm in CS1 (above) and CS2 (below).

NER (%)=

NER (%) =

100

T \
NER CS1
50| +
N A7 N '
N AL il LZA
{\ I 7NER1km
-50 = | NEPMm T
| 7NERaKm
1005 5(130 1 oloo 15J00 20‘00 25100 3oloo
yim)—
100 0 ‘ r
NER CS2
50|~
W /\
\,\, S W’\{ P Y vu
\_/ \;/Q W\ —NER,,
750 NEPde n
—MNERg,
-100g 500 1000 15‘00 20‘00 25‘00 3u|00

y(m) =

Figure 7.8 Non-dimensional erosion reduction (NER) at the beach face in the following scenarios: with the
wave farm at a distance of 2 km (NERym), 4 km (NERyy,) and 6 km (NERgy,) along Perranporth Beach (y-
coordinate, with y increasing towards the north of the beach) at the end of the storm in CS1 (above) and CS2

(below).
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Finally, the CEA was applied to the northern (CEA™) and southern (CEA®) section of

the beach taking as reference for each case the profiles considered in Section 6.1 (see
Figure 6.3): P1 (south), P2 (middle) and P3 (north), which allowed the variations in the
longshore sediment transport to be studied. Figure 12 shows the evolution of this factor
along the profile (x) for CS1, where the negatives values represented an increase in the
volume of material with respect to the initial conditions (accretion). In the lowest
section of the profile, the volume of material for the scenarios studied was larger than
the initial volume due to the material eroded, mainly from the following sections along
the profile: (i) the beach face (1200 m < x-coordinate < 1300 m) and (ii) the area that
faced the storms in low tide (800 m < x-coordinate < 1000 m), which was more
significant in the southern area of the reference profiles. The geomorphological
complexity of the southern section of the beach resulted in very different behaviour

between the different scenarios.
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Figure 7.9 Mean cumulative eroded area in the baseline scenario (CEA,) and in presence of the wave farm at a

distance of 2 km (CEAm), 4 km (CEA4m) and 6km (CEAgm) from the reference (10 m water depth) contour in

the northern area (above) and southern (below) across each of the reference profiles P1, P2 and P3 (Figure 6.3)

at the end of the storm in CS1. The x- coordinate represents the distance along the profile, with x = 0 the most
offshore point.
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The wave farm at a distance of 2 km presented a significant rise in the volume of
material in the southern area of the beach, especially taking as reference the profiles P1
and P2. This could be associated to the modification of the wave patterns brought about
by the wave farm, given that the main reduction of the significant wave height occurred
in the southern and middle area of the beach. Therefore, part of the material eroded in
the northern section, where the reduction of the significant wave height was less, could
be moved to the southern part of the beach, increasing the volume in this section. As for
the wave farm at 4 and 6 km, they did not present significant differences compared with
the baseline scenario, nonetheless the erosion caused in the absence of the farm was
greater. For instance, in the northern area of the different profiles, it is observed that the
greatest accretion at x = 1250 m occurred in the baseline scenario due to the largest
amount of material eroded at the beach face. In the case of the profile P1, this was
followed by the scenario with the wave farm at a distance of 2 km, associated with the
material moved from the north of the beach, but for the profiles P2 and P3, the greatest
values of accretion, after the baseline scenario, occurred with the wave farm at 4 and 6
km given that the farm at these distances reduced the erosion less than the scenario at 2
km. To sum up, a wave farm can alter not just the wave conditions in its lee but also the

morphology and the sediment transport of the beach.

7.3 CONCLUSIONS

The selection of the location for a wave farm is not trivial. This chapter proved that
the degree of coastal protection afforded by a wave farm varies significantly as a
function of its distance to the coastline. It was observed that the effects on the beach
morphology of the wave farm closest to the coast were more pronounced than in the
other scenarios, with average reductions of erosion on the beach face of 15% when the

other scenarios did not exceed 10%. Nevertheless, the overall wave energy resource for
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the closest farm was 10 % less than with the case of the furthest farm due to the
attenuation of wave energy caused by the coastal processes that occur in shallow waters.
On these grounds, the effects of the wave farm on the coast ought to be one of the main
considerations, alongside the energy resource, in the selection of the wave farm
location, not least in areas subject to erosion risks, where the wave farms can contribute

considerably to its mitigation.
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Chapter 8
8. INFLUENCE OF THE WAVE FARM LAYOUT

The previous chapter showed that understanding the wave farm impacts on the
wave conditions and the coastal morphology as a function of the key design parameters
of wave farms is essential for the development of wave energy. In this context, this
chapter evaluates the influence of the layout in the wave farm impacts. The role played
by the wave farm layout of a co-located wave-wind farm has been examined by Astariz
et al. (2015b) in order to study the reduction of the wave height within a wind park,
however these results cannot be extrapolated to the coast given that co-located wave-
wind farms are in general located in further distances from the coast, and consequently
the effects on the coast were not addressed. Therefore, the aim of this chapter is to
analyse the influence of varying the intra- and inter-row spacings between devices in the
performance of the wave farm and in the coastal protection offered by the different

layouts through a case study at Perranporth Beach.

8.1 MATERIALS AND METHODS

The wave farm was located at a distance of 3 km to the water depth contour of 10
m. This distance complements the results presented in the previous chapter, where
distances of 2, 4 and 6 km were analysed. Four wave farm layouts were evaluated in
this chapter plus the baseline scenario, combining the following intra- and inter-row
distances: 2.2D (hereafter named 2D) — the most recommended in the bibliography
(Beels et al., 2010b; Carballo & Iglesias, 2013), 3D and 4D, with D the distance
between the twin bows of an overtopping device, in this case D = 90 m for a WaveCat
WEC (lglesias et al., 2008). Table 8.1 shows the configurations proposed, which were

located around the water depth contour of 30 m.
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Array Spacing (m)
configuration | Intrarow | Inter row
2D-2D 198 198
2D-3D 198 270
3D-3D 270 270
4D-4D 360 360

Table 8.1 Array configurations, including intra- and inter-row spacing
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Figure 8.1 Wave farm layout. Water depth in relation to local chart datum [water depth in m]

A number of layouts are defined in order to analyse the sensitivity of the following
two parameters in the design of wave farrms: the intra- and inter-row distance, i.e. the
distance between WECs in the same row and the spacing between the rows of the wave
farm, respectively. The 2D-2D configuration was used in the previous chapters and has
been the most studied in the literature review (Carballo and Iglesias, 2013; Iglesias and
Carballo, 2014). The configuration 2D-3D is selected to assess the effects of increasing
the inter-row spacing. As the principle parameter for overtopping devices is the wave
absorption, the incident wave power in the second row of devices is reduced by up to
25%. Then, whether this “destructive interaction” can be reduced by increasing the

distance between rows will be analysed by comparing this configuration with the 2D-
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2D layout. For their part, the layouts 3D-3D and 4D-4D allowed the influence of the

intra- and inter-row spacings between WECs on wave conditions and beach morphology
to be established (Figure 8.1).

The different wave farm layouts were implemented in the high-resolution grids of
the wave propagation model at Perranporth. In order to compare the effects of varying
the layout and the farm-to-coast distance on the coast, the wave conditions of the case
study CS1 (defined in Table 7.1) were selected, with offshore values of significant wave

height, peak period and direction equal to 3.5 m, 11 s, 315° (NW), respectively.

8.2 RESULTS

The impacts of the different array configurations on the nearshore wave conditions
were presented based on the results of the wave propagation model. Figure 8.2 shows
the modification of the significant wave height patterns varying the intra- and inter-row
spacings, i.e. for the 2D-2D, 3D-3D and 4D-4D configurations. It was found that the
increase of both intra- and inter-row spacings had a bearing on the shadow caused by
the wave farm. The main difference in the impacts on the wave conditions between the
array configurations lied in the area occupied by the farm, the larger the spacing
between devices, the greater the area occupied by the farm and therefore the greater the
shadow in its lee. However, the greatest shadows were not associated with the greatest
reductions in wave height, which were more pronounced in the cases of lower spacing
since this distance between WECs led to the merge of the individual wakes, increasing

the reduction in wave height in the lee of the farm.
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Figure 8.2 Significant wave height (m) in the baseline scenario and in the presence of the farm with the
following configurations 2D-2D, 3D-3D and 4D-4D (clockwise from above left).

In the case of the 2D-2D configuration, the reduction of the significant wave height
peaked at a distance of 1 km from the second row of WECs, while the peak values in
the 3D-3D and 4D-4D configuration occurred at distances of 2 and 3 km, respectively,
with less significant values. In the case of keeping constant the intra-row spacing (2D),
but increasing the inter-row distance (3D instead of 2D), the differences of the effects

on the wave patterns between both layouts were practically negligible (Figure 8.3).
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Figure 8.3 Significant wave height (m) in the presence of the farm with the following configurations 2D-2D
(left) and 2D-3D (right).

153



Chapter 8

To analyse the shadows caused by the different array configurations, the significant
wave height along the 20 m water depth contour was studied (Figure 8.4). It was found
that the wakes generated by the WECs that form the 4D-4D configuration achieved the
greatest values of reduction of significant wave height at this water depth given that the
wakes converged at greater distances than the other layouts. However, the impact was
reduced to the isolated wakes caused by the WECs, with distances between peaks over
500 m, and with negligible reduction between them. Reducing the intra-row spacing
between WECSs, the distance between the wake peaks was reduced — approx. 400 m and
250 m in the case of 3D-3D and 2D-3D configurations, respectively. At this water
depth, the influence of the inter-row spacing was more evident, while in the 2D-3D
layout the wakes could be easily identified, in the 2D-2D the shadows merged into a

large one.

| | |
1000 2000 3000 4000
Distance across the 20 m water depth contour {m) —

Figure 8.4 Significant wave height [in m] in the baseline scenario (Hs,) and in the presence of the farm with the
following array configurations: 2D-2D (Hsf 2p-2p), 2D-3D (Hsf2p-3p), 3D-3D (Hst3p-3p) and 4D-4D (Het 4p-4p) along
the 20 m water depth contour

Other relevant difference in the impact was the area affected by the wave farm in its
lee, in the case of the 3D-3D and 4D-4D configurations the shadow was extended

practically along the same area (approx. 4 km) despite the wave farms occupied
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different spaces (the 4D-4D configuration area was 500 m larger). This shadow was
extended along a smaller section in the case of the 2D-2D and 2D-3D layouts, with a

wide of approx. 2.5 km.

In order to quantify the wave farm impacts on the wave conditions the indicator
RSHxp-xp (Reduction in the Significant wave Height) was applied. The results (Figure
8.5) illustrated that the greatest values of reduction were found for the intra- and inter-
row distances of 2D, exceeding 50% at a distance of 1 km from the second row of
WECs. These peaks corresponded with the merge of the wakes mentioned above.
Although, this reduction was less significant towards the coastline owing to the energy
diffracted into the shadow, it cannot be overlooked, with values at the 10 m water depth
contour over 15%. In the cases of larger intra-row spacings, the peaks of wave height

reduction did not exceed 35% and took place close to the coast.
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Figure 8.5 Reduction of the significant wave height (%) for the following wave farm layouts: 2D-2D (RSH;p.
2p), 2D-3D (RSH;p.3p), 3D-3D (RSH3p.3p) and 4D-4D (RSH,p.4p) [clockwise from above left].
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One of the advantages of increasing the inter- and intra-row spacings was the larger
resource available. The larger distance between devices reduced the shadow effects
caused by the wave energy extraction of the first row of devices on the second row. In
view to having a more detailed wave energy resource within the wave farm, the
available average resource in front of a generic WEC of the wave farm (Juec) was
analysed during a year (Nov 2007 — Oct 2008), which allowed the comparison with the
results found in the previous section varying the farm-to-coast distance (Table 8.2). It
was found that from the farm-to-coast distance of 3 km (relative to the 10 m water depth
contour) the available resource did not increase significantly with the distance for the

2D-2D layout, with practically the same resource for the distances of 3 and 4 km.

Farm layout
Farm to coast B
distance Intra-row Inter-row Jwec
spacing spacing
2 km 2D 2D 14.46
2D 2D 16.47
2D 3D 17.24
skm 3D 3D 17.11
4D 4D 18.34
4 km 2D 2D 16.44
6 km 2D 2D 17.26

Table 8.2 Average resource available in a WEC of the wave farm (jWEC) for the different coast-to-farm
distances and layout scenarios from Nov 2007 to Oct 2008 [kW/m].

However, the Jwec Values varied considerably as a function of the layout, obtaining
the same resource at 3 km with a greater distance between rows (2D-3D) than at 6 km
with the 2D-2D layout. As the absorption coefficient of the second row of devices is
modelled with the same value as the first row, increasing the distance between rows
reduces the “destructive” interaction induced by the WEC absorption. For instance,
although the differences in the incident wave power at the first row of devices between
the scenario with the farm at 3 km and at 6 km was 4%, Table 8.2 shows that the annual

mean power is practically the same for both scenarios when considering the inter-row
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spacing of 3D at a distance of 3 km. This means that 4% is the percentage brought about

by placing the rows 90 m further away from the first row (3D instead of 2D).

In this context, the scenario at 3 km with intra- and inter-row spacings of 4D
presented the greatest resource, which was 21% greater than the one with the farm at 2
km (2D-2D), 10% more than with the 2D-2D layout at 3 and 4 km, and 6% more than
with the farm layouts of 2D-3D, 3D-3D at 3 km and the 2D-2D layout at a distance of 6
km. This finding showed that in certain areas where the area occupied by the wave farm
IS not an issue, it is not necessary to place wave farms at further distances to increase the
resource available within it, but thus can also be achieved by increasing the spacing

between devices, especially the inter-row one.

Having analysed the role played by the layout in the effects on the wave patterns,
the response of the beach with a wave farm operating nearshore was analysed. The
results from the wave propagation model along the 20 m water depth contour were the
input on the coastal processes model. The storms were studied during a day that was the
average duration of these frequent wave conditions based on the analysis of the data

from the wave buoy off Perranporth.

Figure 8.6 shows the BLI results for the different layout configurations in the area
of interest at Perranporth Beach. It was observed that the scenarios with an intra-row
spacing of 2D did not present significant differences, with the greatest reductions of
erosion found on the beach face. This reduction of the erosion led to less deposition of
the eroded material in the lower sections of the beach in relation to the baseline
scenario. Thus, negative values of BLI where found in deeper sections with values up to
-1.2 m in these two scenarios. Both positive and negative BLI values were less
remarkable in the scenario with an intra- and inter-row spacing of 3D, and nearly

negligible with the 4D-4D layout.
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Figure 8.6 Bed Level Impact (BLI, in m) in the area of interest with the different wave farm configurations:
2D-2D (BLIyp.2p), 2D-3D (BLIp.3p), 3D-3D (BLI3p.3p) and 4D-4D (BLI4p.4p).

These erosion patterns can be better identified analysing the evolution of the

profiles P1, P2 and P3 (identified in Figure 6.3). The material eroded on the beach face

area in the different scenarios was redistributed along the lower sections of the profile,

with the greatest volumes of erosion on the beach face corresponding to the no farm
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scenario and the 4D-4D layout (Figure 8.7). The profiles P2 and P3 showed similar
patterns of erosion as the morphology of these profiles — smooth slope and back by a
well-developed dune system — did not present significant differences. A different case
was the profile P1, which despite being back by the dune system, was formed by a very
flat intertidal area and a steepness dune that started at a bed level of 1 m. These features
led to different erosion patterns: while in profiles P2 and P3, beach face erosion
occurred mainly at bed levels of approx. 3 m; in the section with the advanced dune
(P1) it mainly occurred from the toe of the dune to bed levels of approx. 5 m. In the
comparison between scenarios, it was observed that the wave farm with an intra- and
inter-row spacing of 2D presented the lowest values of erosion in the beach face. The
results varied as a function of the profile but in some sections the reduction in the
erosion for the 3D-3D and especially the 2D-3D layout was very close to the results

obtained for the 2D-2D layout.

For a better understanding of the role played by the layout in the area eroded on the
beach face, the impact indicators FEA and NER were applied. As found in previous
chapters, the greatest FEA (Figure 8.8) values were found in the southernmost points
section of the beach, which corresponded to the area not backed by the dune. The other
area that also presented different patterns compared to the general response of the beach
was the section of the steepness and advanced dune (500 m <y < 1100 m). In these two
sections the influence of the wave farm was not as significant as in the rest of the beach,
where in general the scenario without the wave farm presented the greatest values of
erosion in the beach face, just exceeded in some areas by the wave farm with an intra-
and inter-row spacing of 4D. The results between the wave farms with intra-row spacing
of 2D (2D-2D and 2D-3D) and 3D (3D-3D) presented very similar patterns, although
the FEA values of the scenario 2D-2D were slightly smaller than the other two

scenarios.
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Figure 8.8 Beach face eroded area in the baseline scenario (FEA,) and with the different wave farm
configurations: 2D-2D (FEAp.2p), 2D-3D (FEAp.3p), 3D-3D (FEAsp.5p) and 4D-4D (FEAp.4p).

The NER factor allowed the comparison between the wave farm and the baseline
scenarios (Figure 8.9). This impact indicator corroborated the erosion patterns in the
different sections of the beach identified through the application of the FEA indicator.
The area with the steepness dune (500 m <y < 1100 m) presented high variability in the
FEA values due to the isolated response of some profiles, for instance a few profiles
presented no erosion in the baseline scenario and this conducted to negative NER
values. However, to a greater or lesser extent, the wave farms contributed to reducing
the erosion in the beach farm as can be concluded from the analysis of the average
reduction of the erosion along the whole beach with values of approx. 16%, 10%, 5%
and 1% for the scenarios 2D-2D, 2D-3D, 3D-3D and 4D-4D, respectively. These values
showed that despite the similar trends between the three first scenarios, the 2D-2D
scenario offered the highest degree of coastal protection in the coast. Analysing only the
north section of the beach (y > 1200 m) the reduction of the erosion increased with NER
values of approx. 18% for the 2D-2D scenario, 14% for the 2D-3D and 3D-3D and 3%

for the 4D-4D. Thus, it was observed that without accounting for the section of the
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steepness dune, the reduction of the erosion was larger for all the scenarios, particularly

remarkable for the 3D-3D scenario, where the NER values were practically 10% greater.
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Figure 8.9 Non-dimensional erosion reduction at the beach face in the baseline scenario (NER;) and with the
different wave farm configurations: 2D-2D (NER,p_,p), 2D-3D (NER,p.3p), 3D-3D (NER3p.3p) and 4D-4D

(NER4p.4p).

Finally, the comparison of the sediment transport patterns between the different
scenarios was studied by means of the Cumulative Erosion Area (CEA) impact factor.
The CEA factor represents the difference between the average cumulative volume of
material along the profile at the initial and the final point in time for the different
scenarios in the northern (CEA") and southern section (CEA®) of the beach taking as
reference one of the following profiles: P1, P2 and P3. The results of the CEA factor are
shown in Figure 8.10 for the scenarios with an intra-row spacing of 2D (2D-2D and 2D-
3D) and in Figure 8.11 for the scenarios with greater spacing between devices (3D-3D
and 4D-4D). While the greatest average values of erosion (CEA > 0) were found
northern to the profile P3 and southern to the profile P1, the central section of the beach,
in particular the area of the steepness dune presented the greatest values of deposition
(CEA < 0). In general, in the deepest sections of the beach deposition occurred as

consequence of the material eroded from the beach face. This pattern peaked in the
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sections that accounted for the steepness dune (northern to the Profile P1 and southern
to the profiles P2 and P3) at the toe of the dune (x ~ 1250 m) and turned into erosion for
the southern and northern areas of the beach from water depths of 5 m (x ~ 800 m). The
erosion reached the greatest values in the area of the beach face (1200 m < x < 1400 m),
which was followed in deeper sections by a drop of these values as a result of the
deposition of the material eroded. In the case of the Profile P1 this peak took place at x ~
1200 m given that most part of the south section is not back by the dune. On the other
hand, for the profiles P2 and P3 the greatest values were found at x ~ 1500 m, which

corresponded to the toe of the sandy dune.

In the comparison between scenarios, it was observed that the differences of
material moved into the deepest sections of the profile (x < 600 m) between the farm
and the baseline scenarios were larger with the intra-row spacing of 2D (less deposition
due to less material eroded in the beach face area) than with 3D and 4D, where similar
amounts of materials were moved in relation to the baseline scenario. Taking as
reference the profile P2 and analysing the northern section, it was found that the wave
farm scenarios with intra-row distance of 2D presented the greatest reductions of
erosion (approx. 2 m®/m), while in the scenario with the 3D-3D layout the erosion was
less and with 4D-4D the results were very similar to the baseline scenario. These results
are similar to the northern section of Profile P1, where the erosion at the toe of the dune
in the baseline scenario was greater than the wave farms with intra-row spacing of 2D,

in which the volume of material was practically the same than the initial one.
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Figure 8.10 Mean cumulative eroded area in the baseline scenario (CEA,) and in presence of the wave farm
with 2D-2D (NER,p.,p) and 2D-3D (NER,p_3p) layout across each of the reference profiles P1, P2 and P3. The
x-coordinate represents the distance along the profile, with x = 0 the most offshore point.

The scenario with an intra- and inter-row distance of 3D presented the greatest
modifications of the sediment transport patterns with the greatest volumes of erosion in
the southern section of the beach (Profile P1), but with values of the average erosion in
the northern section similar to the 2D-2D and 2D-3D scenarios, and in some sections
offering even a greater degree of coastal protection (see Profile P3). In these two latter
scenarios, higher volumes of material of deposition were found at distances along the
profile between 800 and 1000 m despite having less volumes of erosion in relation to
the baseline scenario. However, the deposition in the baseline scenario in the deepest
sections of the profile was higher than in any scenario with the wave farm, which would
indicate that the reduction of wave height contributed to maintaining the sediment in the
surf zone. This could be also complemented in some sections with longshore sediment
transport, for instance the central section of the beach receiving part of the material
eroded in the south, which is in line with the results presented for the NER indicator
(e.g. an increase of 10% was observed in the reduction of the beach face erosion for the

3D-3D scenario when the indicator was applied just to the north section of the beach).
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Figure 8.11 Mean cumulative eroded area in the baseline scenario (CEA,) and in presence of the wave farm
with 3D-3D (CEA3p.3p) and 4D-4D (CEA4p.4p) layout across each of the reference profiles P1, P2 and P3. The x-
coordinate represents the distance along the profile, with x = 0 the most offshore point.

8.3 CONCLUSIONS

This chapter revealed that the degree of coastal protection offered by a wave farm
and the wave energy resource varied considerably as a function of the layout. It was
found that the greater the intra-row distance, the lesser the degree of coastal protection
but also the greater the resource available. By comparing with the results obtained in the
previous chapter, it was found that from certain distances it is most effective to increase
the spacing between devices than locating the wave farm in further distances to the
coast. However, although these wave farm layouts would maximise the available
resource, they would also result in an increase of the wave farm infrastructure costs,
such as the cable costs. Therefore, it is essential to determine whether the increase of the
wave energy resource, and consequently the electricity generated, is enough to cover the
rise of the wave farm costs. Other aspect that needs to be accounted in amortising this
increase of the costs, it is the degree of coastal protection offered when the intra- and
inter-row spacing is increased in relation to the most studied layout (2D-2D), which is

of special interest in areas with erosion issues. In this context, it was found that the
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effectiveness of the wave farm with a spacing of 4D was practically negligible in

relation to the baseline scenario. On the other hand, the scenarios 3D-3D and especially
2D-3D reduced considerably the erosion, although in some sections the results were far

from the degree of coastal protection offered by the 2D-2D layout.
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Chapter 9
9. IMPACTS ON THE MODAL STATE OF THE BEACH

Finally, having established the impacts of wave farms on the sediment transport
patterns at different time scales, this chapter aims to determine whether the beach
morphology can be altered by the operation of the wave farm, and if so, to quantify this
alteration. This alteration of the beach morphology is conducted by means of the modal
state of the beach, which is defined based on an empirical classification that accounts
for wave conditions, tidal regime and sediment size. As a beach typically goes through
different modal states, the percentages of time in an average year corresponding to each
state in the baseline scenario and with the wave farm are determined. The contents
presented in this chapter, which focusses on a case study at Perranporth Beach, are
published in the paper of Marine Geology (5-year impact factor: 3.375): “Wave farm
impact on beach modal state”, which was accepted for publication on the 28 January

2015.

9.1 MATERIAL AND METHODS

To analyse the spatial variability of the beach three beach profiles were selected to
determine the beach modal state. Their relevant features can be readily observed (Figure
9.1): a submarine bar at a water depth between 5 and 10 m and a well-developed dune
system that backs the landward end of the beach. The latter aspect does not play a role
in the modal state, which only considers the intertidal area, but the bar system does —
and is indicative of a dissipative or intermediate state. In the case of profile P3, two

submarine bars are distinct — typical of a barred dissipative state.
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Figure 9.1 Three different profiles at Perranporth Beach and their respective localisation. Water depth in
relation to local chart datum [in m].

In this context, the characterisation obtained in the present chapter contributes to
understanding the behaviour of Perranporth by providing quantitative estimates of its
morphodynamical variability throughout a year, as Perranporth has been described as
dissipative (Butt, Russell & Turner, 2001; Masselink et al., 2005) and as a low-tide bar
rip system (Scott, Masselink & Russell, 2011; Scott et al., 2007), with Austin et al.
(2010) indicating that it is at the transition between the low tide bar/rip and dissipative

beach.

To analyse the seasonal variability, the modal state of the beach was quantified
during a year (from 1% of November 2007 to 31% of October 2008) and during its
“winter” (Nov 2007 — Apr 2008) and “summer” (May 2008 — Oct 2008) periods. The
average values of the significant wave height, peak period and direction during the year
were 1.60 m, 10.37 s and 282.59 °, respectively. The values in “winter” of the
significant wave height, peak period and direction were 1.98 m, 11.30 s and 285.23 °,

respectively, and in “summer” 1.32 m, 9.62 s and 279.95°.
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Regarding the wave farm scenarios, the three farm-to-coast distances analysed in
Section 7 (2, 4 and 6 km from the 10 m contour) were considered in this chapter (Figure

7.1).

In this case a different methodology was used and to characterise the modal state of
the beach, process-based modelling (SWAN), analytical solutions (breaking wave
formulation) and empirical classifications (conceptual beach model) were applied,

which will be described in the following headings.

9.1.1 CONCEPTUAL BEACH MODEL

The conceptual beach classifications are empirical models based on the
relationships between the characteristics of different types of beaches (wave climate,
sediment size and tidal regime) and field observations. Therefore, these models allow
the evolution of beach dynamics as a function of the beach features to be predicted, and
also, the quantification of the potential changes induced by a modification of these, such

as the reduction of wave energy brought about by a wave farm.

The classification presented by Wright and Short (1984), also called the Australian
beach model, is based on the field observations collected in Australia for microtidal
beaches. This classification indicates the prevailing conditions in the surf zone:
dissipative, intermediate or reflective, as a function of the dimensionless fall velocity

parameter (), also known as Dean’s number (Dean, 1973),

where Hy, is the breaking wave height, T is the wave peak period corresponding to

the breaking conditions and ws is the sediment fall velocity, which is defined for the
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present paper according the Shore Protection Manual (US Army Corps Of Engineers,

1984),
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where ys and y, is the density of the sediment and water, respectively, g the
gravitational acceleration, Dsy the sediment grain size and v the fluid kinematic

viscosity.

This model represents the evolution of microtidal beaches well; however, it does
not account for the influence of the tide on the swash, surf zone and shoaling wave
processes (Davis & Hayes, 1984). This was corrected with the introduction of another
parameter: the Relative Tide Range (RTR), which allows the characterisation of all

wave-dominated beaches in all tidal ranges (Masselink & Short, 1993):

MSR
RTR = H— (9.4)

b
where MSR is the Mean Spring tidal Range.

Figure 9.2 shows the relationships between the dimensionless fall velocity and the
relative tide range parameters that are used to establish the modal beach state. As the

RTR parameter increases the beach evolves from a classic reflective state through the
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formation of a low tide terrace at the toe of the beach face and low tide rips to a steep
beach face fronted by a dissipative low tide terrace. In the case of an intermediate barred
beach, the increase in the tidal range moves the bar down to the low tide level
generating a low tide bar and rips. Finally, for barred dissipative beaches characterised
by multiple subdued bars at different water depths, the increase of RTR results in the
disappearance of these bars. The latter two groups shift to ultra-dissipative beaches with
values of RTR between 7-15. For values of RTR greater than 15 the resulting beach is

fully tide-dominated.
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Figure 9.2 Conceptual beach model (Masselink & Short, 1993).

9.1.2 WAVE PROPAGATION MODEL

The wave conditions necessary to establish the morphological beach state —

breaking wave height (H,) and peak period (T,) — were determined by coupling the
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previously described wave propagation model to the Kamphuis’ formulae (Kamphuis,

1991a), a breaking criterion for irregular waves based on the following expressions:

2ITd,

H,, =0.095e"" L, tanh( ) , and

p

Hy 0.56e*"
db

where Hg, represents the breaking significant wave height, m the beach slope, Ly,
the breaking wave length and dy, the breaking water depth. Once the breaking wave

height was determined, the corresponding period was selected.

9.2 RESULTS

Based on the results of the wave propagation model the modal state of the beach is
determined. In order to investigate the spatial variability of the impact along with its
seasonal variability, three profiles (Figure 9.1) are selected: profiles P1, P2 and P3

corresponded with the south, middle and north section of the beach.

First, the results for the south section of the beach are shown in Table 9.1. This
section of the beach is predominantly dissipative (third column in the table), although
the percentage that the beach is found to be intermediate (second column) is far from
negligible. Indeed, in the case with the farm at a distance of 2 km, the low tide bar/rip
becomes the most frequent state. The comparison between the baseline and farm
scenarios reflects a slight modification of the modal state of the beach owing to the low
impact of the wave farm on the wave conditions in this area. The maximum difference
between the baseline and the farm scenarios is the case of the non-barred dissipative
state, in which the reduction does not exceed 1%. In any case, the trends due to the

reduction of the significant wave height are shown in the results; for instance, the
173

(9.5)

(9.6)



Chapter 9

percentage of low tide bar/rip state increases as the wave farm become closer, because
the Relative Range Tidal parameter (RTR) is inversely proportional to the breaking
wave height. On the other hand, the dimensionless fall velocity parameter (£) is directly
proportional to the breaking wave height, and, therefore the barred dissipative state

occurred more frequently in the baseline scenario than in the cases with the farm.

Profile P1: South section

Reflective Barred Barred dissipative

Baseline 0.00 Baseline 0.07 Baseline 16.04
6 km 0.00 6 km 0.07 6 km 15.96
4 km 0.00 4 km 0.07 4 km 15.90
2 km 0.00 2 km 0.07 2 km 15.70

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00 Baseline 25.50 Baseline 26.59
6 km 0.00 6 km 25.70 6 km 26.39
4 km 0.00 4 km 25.98 4 km 26.18
2 km 0.00 2 km 26.18 2 km 25.77

Low tide terrace Ultra-dissipative
Baseline 3.36 Baseline 22.89
6 km 3.36 6 km 22.89
4 km 3.43 4 km 22.82
2 km 3.36 2 km 23.24
Transition to tide-dominated tidal flat

Baseline 5.55
6 km 5.63
4 km 5.62
2 km 5.69

Table 9.1 Percentages of the beach modal state for the south section of the beach (Profile P1) from 1%
November 2007 to 31 October 2008. In green shaded the most frequent modal state for each scenario.

Second, in the case of the middle of the beach (Table 9.2), the results were slightly
different compared with the south section, due to the morphological differences between
them (see Figure 9.1). In this area, the wave farm impacts are greater compared to the
south section. Whereas the wave farm at 4 km and 6 km do not present significant
differences compared with the baseline scenario, the wave farm at 2 km changes the
behaviour of the beach significantly, reducing the barred dissipative state by more than

5% or 20 days per year, and increasing the ultradissipative state by more than 15 days.
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Overall, with the wave farm at 2 km the most frequent state shifted from non-barred

dissipative (baseline) to ultra-dissipative due to the reduction of breaking wave height.

Profile P2: Middle section

Reflective Barred Barred dissipative

Baseline 0.00 Baseline 0.07 Baseline 21.73
6 km 0.00 6 km 0.07 6 km 20.90
4 km 0.00 4 km 0.07 4 km 20.29
2 km 0.00 2 km 0.00 2 km 16.04

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00 Baseline 22.76 Baseline 26.11
6 km 0.00 6 km 22.69 6 km 25.63
4 km 0.00 4 km 22.62 4 km 25.29
2 km 0.07 2 km 23.85 2 km 25.29

Low tide terrace Ultra-dissipative
Baseline 2.06 Baseline 22.69
6 km 2.19 6 km 23.85
4 km 2.19 4 km 24.81
2km 3.29 2 km 26.32
Transition to tide-dominated tidal flat

Baseline 4.59
6 km 4.66
4 km 4.73
2 km 5.14

Table 9.2 Percentages of the beach modal state for the middle section of the beach (Profile P2) from 1°
November 2007 to 31% October 2008. In green shaded the most frequent modal state for each scenario.

Third, the north section of the beach is the area that presented the greatest
differences between the baseline and the farm scenarios (Table 9.3). The trends
mentioned in previous paragraphs are accentuated in this area, the reduction in the
barred and non-barred dissipative states results in a greater occurrence of the ultra-
dissipative beach, from 5 days to 36 days per year in the case of the farm at 6 and 2 km,
respectively — a very substantial change in the morphological behaviour of the beach.
As regards the Q parameter, it is observed that the closest wave farm make the low tide
terrace and the low tide bar and rip states more frequent by 10 and 12 days per year,

respectively, compared with the baseline scenario.
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Profile P3: North section

Reflective Barred Barred dissipative

Baseline 0.00 Baseline 0.14 Baseline 16.59
6 km 0.00 6 km 0.07 6 km 15.49
4 km 0.00 4 km 0.07 4 km 14.39
2km 0.00 2 km 0.07 2 km 6.18

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00 Baseline 28.10 Baseline 28.71
6 km 0.00 6 km 27.55 6 km 28.92
4 km 0.00 4 km 28.24 4 km 28.71
2 km 0.00 2 km 31.11 2 km 22.62

Low tide terrace Ultra-dissipative
Baseline 0.89 Baseline 22.68
6 km 0.96 6 km 23.99
4 km 1.03 4 km 24.40
2 km 3.49 2 km 32.28
Transition to tide-dominated tidal flat

Baseline 2.89
6 km 3.02
4 km 3.16
2 km 4.25

Table 9.3 Percentages of the beach modal state for the north section of the beach (Profile P3) from 1%
November 2007 to 31% October 2008. In green shaded the most frequent modal state for each scenario.

Finally,

“summer” and “winter” are found. These differences are analysed with reference to the
north section (Table 9.4) for the sake of space — similar trends were found in the other
sections. The main feature that distinguishes the winter from the summer is the presence
of the bar in the baseline scenario. In winter, the beach is predominantly barred
dissipative, what is usually called a “winter” or “storm” profile. The more energetic
conditions increase the erosion, and lower the beach face as sand is moved offshore and
deposited on submarine bars, which help to protect the beach by causing the waves to
break further offshore. In summer, the state of the beach shifts from barred to non-
barred — non-barred dissipative or ultra-dissipative — due to the milder wave conditions,

and, therefore, the reduction of offshore sediment transport.

regarding the seasonal variability,
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Profile P3: North section

Reflective Barred Barred dissipative
Scenario | Summer | Winter | Scenario | Summer | Winter | Scenario | Summer | Winter
Baseline 0.00 0.00 | Baseline 0.00 0.27 | Baseline 4.66 28.53
6 km 0.00 0.00 [ 6 km 0.00 0.14 | 6 km 411 26.89
4 km 0.00 0.00 [ 4 km 0.00 0.14 | 4 km 3.42 25.38
2 km 0.00 0.00 | 2km 0.00 0.14 | 2km 0.68 11.66
Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Scenario | Summer | Winter | Scenario | Summer | Winter | Scenario | Summer | Winter
Baseline 0.00 0.00 | Baseline 29.86 26.34 | Baseline 29.59 27.85
6 km 0.00 0.00 [ 6 km 29.59 | 2551 | 6km 29.18 28.67
4 km 0.00 0.00 | 4km 30.00 | 26.48 | 4 km 28.63 28.81
2 km 0.00 0.00 | 2km 27.67 | 34,57 | 2 km 18.77 26.47
Low tide terrace Ultra-dissipative
Scenario | Summer | Winter Scenario Summer Winter
Baseline 0.27 151 Baseline 12.21
6 km 0.27 1.65 6 km 13.72
4 km 0.41 1.65 4 km 13.99
2 km 4.66 2.33 2 km 19.89
Transition to tide-dominated tidal flat
Scenario Summer Winter
Baseline 3.29 2.47

6 km 3.43 2.60

4 km 3.57 2.74

2 km 4.94 3.56

Table 9.4 Percentages of the beach modal state for the north section of the beach (Profile P3) in “summer” (1%
November 2007 - 31%" April 2008) and “winter” (1 May 2008 - 31% October 2008). In green and brown shaded
the most frequent modal state during the winter and summer period, respectively.

In the scenarios with the farm this seasonal behaviour changes specially with the
farm at 2 km. In winter, the barred dissipative state becomes less frequent in favour of
ultra-dissipative and low tide bar/rip states. In the latter, the beach keeps the bar system
but enlarges the intertidal flat, with the result that the system behaves as an intermediate
beach at mid tide, reflective at high tide and dissipative at low tide. By contrast, in
summer, the increase of the occurrence of ultra-dissipative state is very significant given

that the beach behaves according this state during almost half of the summer.

In summary, Perranporth beach is found to be at the transition between the low tide

bar/rip and dissipative beach states in the scenario without the farm. Despite the spatial
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variations between the different profiles, the greatest differences are observed in the
seasonal study. The absence of the bar distinguished the behaviour of the beach during
summer from winter. However, the presence of the wave farm affects the modal state of
the beach drastically, decreasing the occurrence of wave-dominated states (barred and
non-barred dissipative states) in the favour of tide-dominated (low tide bar and rip in
winter and ultra-dissipative in summer). The reduction of the breaking wave height
brought about by the wave farm (~18%, comparing the baseline scenario with the
nearest farm) results in a significant modification of the morphological response of the
beach. The reduction of the wave-dominated states would seem to lead to an increase in
the onshore sediment transport and the removal of the offshore bar, the materials of
which would cause accretion on the beach — in line with the findings showed in the

previous chapters.

9.3 CONCLUSIONS

The modal state at Perranporth varies along the beach, although large spatial
differences are not observed concurrently. However, the seasonal variability is far more
pronounced. In winter the beach is wave-dominated, the energetic wave conditions
increasing offshore sediment transport and forming a submarine bar. In summer, under

milder wave conditions, the beach is tide-dominated.

The milder wave conditions in the lee of the wave farm, especially apparent in the
north and middle section, can lead to an alteration of the predominantly wave-
dominated character of the beach during winter to tide-dominated. This would imply a
significant modification of the morphological behaviour of the beach. For instance, in
the north section the predominant state is a low tide bar/rip in the baseline scenario,
which turns into an ultra-dissipative system in the case of the nearest (2 km) wave farm

to the coast. In this case, the wave-dominated states are reduced by over 10%, or over
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36 days per year. This modification also is predicted in the cases with farm-to-coast
distances of 4 km and 6 km, albeit to a lesser extent: the barred dissipative states
become less frequent (by up to 10 days per year) and accordingly, the tide-dominated
states, e.g., ultra-dissipative or transition to tide-dominated tidal flat, occur more often.
The reduction in the occurrence of the barred states corresponds to an increase in the
onshore sediment transport and the removal of the offshore bar, which in turn would

lead to accretion of the beach.

In sum, this work showed that a wave farm can alter the behaviour of a beach in its
lee considerably. This in itself need not be regarded as a negative impact; on the
contrary, the wave farm can lead to beach accretion and thus serve to counter erosional
trends. Moreover, the effects of the wave farm on the beach can be controlled by

locating the farm closer to, or further from, the shoreline.
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Chapter 10
10. SYNTHESIS AND CONCLUSIONS

10.1 DISCUSSION

Wave energy is generally considered as an expensive form of renewable energy.
This is due, in part, to the early stage of development of the technology, and in part, to
the difficulties posed by the harsh marine environment. In any case, for wave energy to
truly take off, its costs must decrease substantially. In addition to the cost reductions
which can be obtained by optimising the installation and construction processes (Astariz
& Iglesias, 2015a) and the WEC design, there is a “strategic” approach for reducing the
costs: the synergetic application of wave farms to generate carbon-free energy and
coastal protection. This synergy would enhance the economic viability of wave farms
through savings in conventional defence schemes. In this sense, this PhD Thesis has
proven that wave farms can effectively protect the coast at different locations, and that
the degree of coastal protection can be controlled by the key design parameters of the

wave farms, such as the farm-to-coast distance and the layout.

Importantly, the case studies showed that wave farms would be particularly
effective in mitigating beach erosion, which is one of the major threats affecting
beaches worldwide in the current transition scenario. Figure 10.1 shows the magnitude
of beach erosion after storm events during the winter 2013/2014 at Perranporth (UK)
and Soulac-sur-Mer (France), with dramatic environmental and socioeconomic
consequences in the latter case, in which where the erosion in the dune affected the
foundation of the property illustrated in the picture, and consequently, led to the

demolition of the building.

Wave farms were found to not only reduce beach erosion, but also to alter the
sediment transport patterns, displacing the landward extreme of the eroded area by up to

30 m towards the sea. This displacement can be of particular relevance in cases such as
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Soulac-sur-Mer, where some buildings were at risk due to storm-induced erosion at the
toe of the foundations. Had a wave farm been deployed off that section of the coast, the

demolition of many a building might well have been avoided.

Figure 10.1 Consequences of 13/14 winter storms at Perranporth Beach (UK) and Soulac-sur-Mer (France) on
the left and right hand, respectively

However, the effects of wave farms on the coast do not lend themselves to general
statements, for they will depend on the characteristics of the area in question (wave
energy resource, wave climate and grain size distribution, among others), of the WECs
and their layout. The results obtained for the different locations and layouts are
discussed below, in addition to the importance of the wave farm performance and the

type of WEC.

10.1.1 INTER-SITE COMPARISONS

Two locations along the Atlantic fagade of Europe were selected to analyse and
compare wave farm impacts on the coast: Perranporth Beach in SW England and Xago
Beach in N Spain. The selection was based on the resource characterisation (Iglesias &
Carballo, 2010b; Martinho & Soares, 2011) in conjunction with the distance to
populated areas, the availability of data (both wave and bathymetric), and importantly,

the need for enhancing coastal protection.

The site for the wave farm off Xago beach was selected by the Asturian Institution

for Energy Development (Federacion Asturiana de ENergia, FAEN) for the deployment
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of the first offshore wave farm in Spain. For its part, in the case of Perranporth there is
no defined location for the wave farm, which prompted the investigation of relevant

parameters, e.g. the role played by the farm-to-coast distance.

Regarding the wave energy resource, the offshore average power in both areas was
found to be well above 20 kWm™; which represents the threshold for commercial scale
resource according to the literature (The Crown State, 2013). The analysis, which
covered a 12-month period, yielded the following values: significant wave height and
mean period of 2.28 m and 9.83 s, respectively, at Perranporth; and 2.11 m and 10.07 s
at Xago. In terms of average offshore wave power the values were approx. 29 kW/m

and 26 kW/m at Perranporth and Xago, respectively.

As regards the wave resource at the farm sites, the average wave power available to

a generic WEC (EWEC) was 20.21 kW/m in the case of Xago (with a farm-to-coast
distance of 1.7 km, at a water depth of 30 m) and 14.46 kW/m at Perranporth (with the
farm at a similar distance from the coast and water depth). The resource at Xago was
found to be even higher than at Perranporth with a farm-to-coast distance of 6 km

(17.26 KW/m).

The significantly higher resource at Xago is explained by the irregular bathymetry
in the area, which effectively creates a nearshore hotspot at the site (Hadadpour et al.,
2014; Iglesias & Carballo, 2010a). It can be observed that the average offshore resource
(26 kW/m) was similar to the resource found in the WECs located in the first row of the
wave farm (25 kW/m), so the energy dissipation associated to the wave propagation
from offshore to nearshore is compensated by the irregular bathymetry of the area
selected for the wave farm at Xago. These nearshore hotspots are strongly
recommended for the deployment of wave farms given that high wave energy resources

can be found in locations relatively close to the coast.
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The overall mean incident power of the wave farm consists of multiplying the
annual mean values by the capture width (90 m, the distance between the twin bows)
and the number of WECs (11). In order to obtain the total production of the farm, the
efficiency of the device needs to be considered. This value is generally extracted from
physical campaigns at prototype scale to prove the viability of the technology, as will be
shown in the following subsection; however, the nascent state of this renewable
technology limits the number of WECs deployed on the sea. On this basis, the values
presented in Fernandez et al. (2012) during laboratory tests at a scale of 1:50 are used.
Considering this, the total production of the wave farm would be 4.7 and 3.4 MW for
the cases of Xago and Perranporth (with the farm at 2 km from the coast), respectively.
The contribution of each WEC would be 0.4 and 0.3 MW for both locations. Translating
this to the monthly mean production of the wave farm, at Xago the production would be
3.4 GWh and at Perranporth it would vary from 2.9 GWh for the farm at 6 km from the
coast to 2.4 GWh for the closest farm to the shore. The economic viability of wave
farms compared to other sources of energy will be also discussed in the following

section.

Regarding the impact on the sediment transport, although in both locations the wave
farm contributed to reducing storm-induced erosion; significant differences in the
response of the beach to the wave farm were found between places. While in the case of
Perranporth, the reduction in erosion occurred mainly on the beach face and to a lesser

extent on the submarine bar, in the case of Xago it was particularly evident on the dune.

It is important to consider that the comparison is carried out with different wave
conditions and time duration. In the case of Perranporth, the response of the beach was

studied during a week with average values of significant wave height and peak period of
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4.2 mand 12.1 s, respectively. For its part, Xago was forced with a storm of 9 days with

the following average conditions: Hs = 3.72 mand T, =10.5s.

The results obtained applying the Bed Level Indicator (BLI), which refers to the bed
level difference at the end of the storm period between the baseline and the wave farm
scenario, presented significant differences. Although the maximum BLI values at
Perranporth (BLI > 4 m) were greater than at Xago (BLI > 2 m); analysing the 3D
response of the beach it is found that these peak values at Perranporth are the
consequence of the isolated response of some profiles since the average value along the
beach was around 1 m. On the other hand, the erosion reduction at Xago was practically
constant along the entire beach, with values around 2 m, with the exception of the
central section of the beach. There are two main reasons for this: first, the smaller farm-
to-coast distance at Xago (1.7 km) in relation to Perranporth (6 km), in the case of the
short-term 3D analysis (Chapter 5); and second, the presence of the submarine bar at
Perranporth, which forms part of the response mechanism of the natural system to

protect the beach and thus led to lesser values of erosion in the baseline scenario.

It is also remarkable that the greatest reductions in erosion were found at
Perranporth in the beach face. Indeed, the Non-dimensional Erosion Reduction (NER)
indicator at the beach face presented values over 40% along a stretch of 1500 m
(practically half of the beach). For its part, at Xago although the maximum NER values
were even higher than at Perranporth (with reductions over 60%), they were found in a
smaller section of the beach. In the rest, the protection afforded by the farm was

practically constant with values around 20%.

In any case, the impacts identified at both places are beneficial for the beach, as the

main threats found at Perranporth and Xago Beach are the erosion of the beach face and
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the dune, respectively; and the location of a wave farm nearshore was found to be

effective in protecting the beach in both cases.

10.1.2 INTRA-SITE COMPARISON

The previous heading showed that the effects of wave farms varied according to the
area in question; however, these effects can also vary at the same location. In this sense,
the objective of this section is to discuss the results obtained in the short- and medium-
term analysis at Perranporth Beach, and the role played by the farm-to-coast distance

and layout.

10.1.2.1 Short term vs long term

The results of the short- and medium-term analysis show that the wave farm is more
effective in protecting the coast under storm conditions. This can be regarded as a
controversial aspect, as generally many of the WECs adopt survival strategies under
storm conditions so as to reduce the probability of damage through mechanical or
mooring failure. However, during the laboratory tests of the WaveCat WEC conducted
at the COAST Lab of Plymouth in the framework of the EU WAVEIMPACT project, it
was found that in the case of the WaveCat, the device can cope effectively with large
wave heights by means of varying the angle between the twin hulls of the model (the
greater the wave height, the smaller angle and consequently the wave loading on the

device). This aspect will be discussed in Section 10.2.

In the medium-term analysis, the greatest reductions in eroded area in the beach
face (NER) coincided with stormy periods. For instance, after 1 month (December) and
3 months (February) of simulation the NER values exceed 30% and 35% respectively in
the case of the beach profile in the north section of the beach. However, at the end of the
simulation (April), with milder wave conditions, the NER values dropped to 20%. In

any case, this is still a significant erosion reduction, which cannot be overlooked.
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Although the medium-term analysis was conducted in a 2D (x,z) mode, two profiles
were considered to evaluate the alongshore variability. This was found of relevance,
with greater reductions of erosion in the north section of the beach (approx. 10% more
than the central section of the beach) - the area most sheltered by the wave farm. This
fact was corroborated by the 3D (x,y,z) study, in which the greater reduction in erosion
(NER ~ 40%) was found in the north area of the beach. It can be observed that the
values of reduction of erosion (NER) at the end of storm periods in the short- and long-

term analysis are very similar.

Therefore, considering that the section with reductions over 40% exceeded 1500 m
(~40% of the total length of the beach) and the similarities between the results in the
short- and long-term analysis, it may be estimated that the wave farm would protect
most of the beach effectively, and would have a less significant but still considerable
effect on the rest of the beach. However, before the actual deployment of wave farms,
their long-term effects on the coast and the multi-decadal response of the beach with a
wave farm operating nearshore must be quantified, and this will form part of the future

investigations that will be explained further in the future research lines.

10.1.2.2 Influence of the key design parameters of wave farms

The definition of an optimum location for a wave farm is crucial in the performance
of the wave farm and the degree of coastal protection associated. The role played by the
wave farm layout and the farm-to-coast distance in the beach evolution (sediment

transport and modal state of the beach) is discussed in this section.

Regarding the farm-to-coast distance, the wave farm located 2 km off the beach
afforded the greatest degree of coastal protection based on both the sediment transport
and the modal state of the beach. There is a clear connection between these two aspects

given that, in order to interpret the evolution of the modal state of the beach, it is
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essential to understand in which manner wave energy extraction affects the sediment

transport patterns.

In this sense, the previous finding that wave farms were particularly effective in
reducing the erosion at the beach face in the case studies is amplified in the case of a
wave farm at a distance of 2 km (as seen at Xago as well). Thus, the lower volume of
storm-induced erosion in the beach results in a less steep beach face and in a flatter
beach profile. This modification of the sediment transport would change the
morphology of the beach, which was corroborated in the analysis of the beach modal
state during an average year. Perranporth, which in the baseline scenario is in the
transition between the low tide bar and rip state and the barred and non-barred
dissipative states, would change its predominant state to ultra-dissipative, which is

characterised by the absence of features and a flat beach profile (Figure 10.2).
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Figure 10.2 Evolution of the modal state of the beach with a wave farm operating nearshore

This change would be associated to the reduction in erosion in the beach face, and
may have positive effects on the beach dynamics such as beach accretion. The milder

wave climate nearshore would bring about the deposition of the material from the
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submarine bar (typical of barred dissipative and low tide bar and rip states) onto the

beach face, resulting in a smoother and featureless beach profile.

Regarding the other two farm-to-coast distances, similar beach responses were
found. Although, the reduction of the erosion was less significant than with the farm at
2 km, the average reduction of erosion at the beach face along the whole beach for both
distances was around 10%, value that cannot be overstated considering that the model
was run under frequent storm conditions. This lower degree of coastal protection
afforded by the farm at these distances was reflected in the modal state of the beach.
While with the closest wave farm certain modal states of the beach varied by up to 40
days per year, with the farm at distances of 4 and 6 km this modification did not exceed

10 days per year.

Regarding the wave farm layout, it was found to be particularly relevant in the wave
energy resource, for instance increasing the inter-row distance between devices (farm
configuration 2D-3D) the same resource in a generic WEC of the wave farm can be
found locating it at a distance of 3 km to the coast than at 6 km with a farm
configuration of 2D-2D. However, although these wave farm layouts would maximise
the available resource, they would also result in an increase of the wave farm
infrastructure costs, such as the cable costs, which would be increased by approx.
0.7 M € in the 2D-3D scenario in relation to the 2D-2D configuration, following the

data provided by Astariz et al. (2015a).

Furthermore, the degree of coastal protection offered by the wave farms with
greater spacing between WECs is lower. For instance, placing the wave farm at a
distance of 3 km to the coast, the average reduction of the erosion on the beach face
with a layout configuration of 2D-2D was 20%, while with a 2D-3D configuration it

was 10%.
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10.1.3 PERFORMANCE OF WAVE FARMS AND THEIR ECONOMIC VIABILITY

Although the focus of this thesis is to establish the impacts of wave farms on the
coast, and consequently determine their performance to protect the coast, needless to
say that the main purpose of wave energy is to generate carbon-free energy, and its
probability to truly take off will fully depend on accomplishing this primary objective.
Thus, this section will discuss about the performance of wave farms according the type
of WEC, and their economic viability, including its potential enhancement due to their

synergetic applications: wave farm to protect the coast and co-located wave-wind farms.

As mentioned in the previous section, the premature stage of wave energy leads the
author to consider that it is a more expensive form of renewable energy than others,
such as wind, tidal and solar energy with a more mature status of the technology.
Generally, this is supported by economic studies that are usually oversimplified and
whose results might generate erroneous conclusions about the wave energy
competitiveness. However, including key issues in an economic analysis, namely
externalities, the gap between the LCOE of wave energy and other sources is practically
negligible, as shown in Astariz et al. (2015a). Externalities refer to the damage
provoked to third parties when a product or service is consumed. In other words, the
approach to achieve an accurate comparison between the LCOE of different energy
sources lies in internalizing these external costs in the energy price, which will be
assumed by the consumer. This study places the levelised cost of wave energy very
close to traditional and very well developed forms of producing energy, such as coal-

fired plants (Figure 10.3).
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Figure 10.3 Levelised cost (€/MWh) of different technologies including external costs (Astariz et al., 2015a)

An important aspect that was also taken into account in the study was the learning
curve, a parameter that identifies cost reductions arising through economies of scale and
technological effects, such as technological advances and improvements by practice.
The LCOE for wave energy depicted in the graph (114.81 €/MWh) considered an
optimistic scenario of this learning curve. However, if we consider the current status of
wave energy the levelised cost value presents a broad range from 185.45 €/ MWh to
1,595.66 €/MWh. In this sense, the cost of 1 MWh produced by a wave farm would be
more expensive than with any non-renewable energy technology, and even more
expensive than with most other renewables. Thus, these figures show the necessity of
enhancing the viability of wave farms through their synergetic application either: (i) to
protect the coast and/or (ii) to share costs and infrastructure with wind energy (co-

located offshore wind and wave farms).

An aspect that warrants discussion is the large variability in the LCOE of wave

energy at the current status. This is related to several aspects: (i) the type of WEC, (ii)
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the wave farm layout and (iii) the site characterisation, which includes water depth,
wave conditions and farm-to-coast distance. While the second and the third aspects
were already studied under the two previous headings, the performance of the wave

farm according to the type of WEC will be discussed below.

The performance of wave energy depends on two main aspects: the efficiency of the
device and the capacity factor of the wave farm. The former refers to the ratio between
the installed power and the absorbed energy and the latter is the ratio between the

average annual energy and the theoretical maximum energy (Astariz & Iglesias, 2015b).

The efficiency of the device depends on its rated power, which varies significantly
according to the type of WEC. Table 10.1 shows the rated power for four types of
WEC: two oscillating bodies, Aquabuoy and Pelamis; and two overtopping devices,
Wave Dragon and WaveCat. It is readily observed that the oscillating bodies present a
lower rated power than the overtopping devices; although there is no clear relationship
between the rated power and the estimated cost per MW, as this analysis places

WaveCat and Aquaboy as the most efficient devices.

Technology Wave Dragon WaveCat  Aquabuoy Pelamis
Rated power (kW) 7,000 1,200 250 750
Estimated cost (€/MW) 2,100 687 720 3,000

Table 10.1 Rated power and estimated cost of WaveDragon, Pelamis and Aquabuoy (Astariz & Iglesias,
2015b; Astariz et al., 2015a; Barrero, 2011)

The efficiency of the devices depends on the mechanical performance of converting
the hydrodynamic power into electrical energy and the efficiency of the electrical
energy transmission. To obtain this ratio more accurately it is necessary to deploy
prototypes in the water, and unfortunately due to the nascent stage of the technology,

the number of them is not abundant. In any case, the information presented in Table
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10.2 summarises the data from the most relevant WECs installed, revealing that their

efficiency is rather high.

Device Efficiency (%) Capacity factor (%)
SWAN DK3 54 11
Point absorber 72 8
Bolgehovlen 81 2
Bolgemollen 85 20
Wave Dragon 81 11
Bolgeturbinen 85 1
Wave Plunge 72 9
Bolgemollen 72 1
DWP 72 14
Planta de Pico 54 18
Pelamis 72 5
Mighty Whale 54 3

Table 10.2 Efficiency and capacity factor of different WECs using data extracted from prototypes (Fernandez
Diez, 2004)

However, the results from the capacity factor of the wave farms reveal that at this
time of development, standalone wave energy is not viable. With the aim of bridging
this gap appears the idea of co-located wave and wind farms, which would share the
costs of the infrastructure and the transmission of the electricity. Astariz et al. (2015a)
found that in a co-located wave and wind farm the cost of the energy was around
300 €/MWh, which would involve reductions about 55% with regard to the cost of the
isolated wave farm for the case of the WaveCat. Furthermore, if the expected learning
curve within ten years was considered, the cost would be reduced to approx. 150

€/MWh, a similar cost of other novel renewables like offshore wind energy.

Another possibility exists whereby the economic viability of wave energy extraction

may be enhanced, which was the main focus of this document: protecting the coast in
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conjunction with generating carbon-free energy. Moreover this synergetic application is
compatible with the co-located wave-wind farm, which would even make wave energy

a more competitive renewable.

If a wave farm was deployed with the aim of protecting the coast, its cost would be
reduced thanks to the savings in coastal protection. Table 10.3 shows the costs in
thousands of pounds of the most common coastal protection means per linear meter of
coastal structure or per linear meter of beach. It is important to highlight that the service
life of some of these means are equivalent to the one of the wave farm (25-50 years),
but others, such as the beach nourishment needs to be conducted periodically (e.g. each

5 years), which increases the budget devoted for protecting the coast.

Taking into account these figures and considering as a case study Perranporth with
a beach length of approximately 4 km, the cost of a coastal protection project would
range from £30M (hard structure) to £80M (periodic beach nourishment). While the
latter is a soft engineering measure, i.e. its environmental impacts are very low; the
former, whose price is lower, will have a very significant impact on the location, not
only the species that habit there, but also on the coastal morphology due to the drastic
change of the morphodynamics. Indeed, the current trends followed by coastal
practitioners for coastal management prefer the application of soft engineering means
due to the reduction of the aforementioned externalities (Borsje et al., 2011; French,

2004; Grooatert et al., 2006; Hanson et al., 2002).
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Significance
Coastal protection Indicative
mean Enabling Capital Maintenance cost (Ek/m)
costs costs costs
Beach recharge and ) ) )
Medium High Medium 2.7-7.3
breakwater
Beach recharge and ] ) )
Medium High Medium 1.6-4.7
groynes
Rock armour Medium High Low 1.3-6
Seawalls Medium High Low 0.7-5.4
Rock revetments Medium High Low 0.6-2.8
Nearshore breakwaters Medium Medium Low 1.7-4.3
Beach nourishment Medium Medium Medium 0.4-6.4

Table 10.3 Indicative costs associated with the cost of coastal protection (DEFRA, 2015a)

Thus, to obtain the reduction of the cost in the MW per hour due to the savings in
coastal protection, it is necessary to discount the cost of these means to the total cost of
the wave farm project. Considering the above and using the WaveCat as a reference
WEC (with a cost per MWh of 687 €), the savings in coastal protection would suppose a
reduction of 25% in the case of the beach nourishment and a reduction of 10% in the
case of a detached offshore breakwater. In sum, considering these reductions and an
optimistic scenario of the learning curve, the cost of the standalone wave energy could

be around 300 MWh, a considerably lower figure.

Furthermore, the environmental impacts of deploying WECs to protect the coast are
lower than the aforementioned solutions. Although the greatest advantage of wave
farms comprised of floating WECSs against the traditional means of coastal protection is
their adaptability to climate change, particularly to sea level rise. While coastal

structures can become obsolete due to the higher water levels and beach nourishment
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can increase the number of periodical campaigns, WECs would adapt to this water level

rise without any external cost, either economical or environmental.

On the other hand, it is important to mention that these results have been extracted
from a scenario where the wave farm itself would be capable of protecting the whole
beach, case that was not observed in the previous chapters. In any case, if a wave farm
was deployed to protect the coast in conjunction with soft engineering means, for
instance beach nourishment, but with larger periods of beach regeneration, e.g. 10 years

instead of 5, the reduction would be still considerable, at least greater than 10%.

These reductions in the LCOE of wave energy have been obtained considering a
wave farm comprised of WaveCat WECSs. Although the results of this specific WEC
cannot lead to general conclusions, it is observed in the literature review that, at least for
overtopping WECs, the results of energy absorbed are very similar (Verbrugghe et al.,
2016). An example of this is the Wave Dragon WEC, an overtopping type, whose
transmission coefficients were studied either physically or numerically by Ngrgaard and
Andersen (2012). Both sources indicated that the transmission coefficient of these
devices presented low variability; despite they were tested for a wide range of wave
conditions, ranged from Hs =1 mand T, =5.2sto H; = 5 m and T, = 11 s. Values of
transmission coefficients very similar to the WaveCat (Kt ~ 0.75) were found, from 0.6

to 0.8.

Then, the impacts on the nearshore wave conditions of wave farms comprised by
Wave Dragons WEC were very similar results to the result presented in this document.
For instance, Figure 2.19 show that the disturbance of the wave conditions, i.e. the wave
height difference between the baseline and the wave farm scenario, at a distance of 1 km
from the wave farm peaked in 0.45, trend that was observed for the WaveCat at both

locations considered in this thesis: Perranporth in Figure 6.4 and Xago in Figure 6.19.
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However, when it comes to the impacts on the beach morphology results, it is
impossible to compare and generalise the impacts caused by the wave farms, as the
novelty of this thesis lies in the evaluation for the first time of the reduction in storm-
induced erosion brought about by wave farms due to the absorption of wave energy.
Although, it could be stated that whether the impacts on the wave patterns between
overtopping devices are analogous despite the different site characteristics, the results

expected on the beach morphology should follow this trend.

Extrapolation to other type of devices, namely Oscillating Water Columns and
Oscillating bodies, is not that straightforward. While the working principle of
overtopping devices is mainly wave energy absorption, the other two types of WECs are
mainly governed by processes such as radiation and diffraction, which make more
complex the resolution of the wave patterns in the lee of the farm. As seen in Figure
2.16Figure 2.16 Perturbed wave field normalized by recorded undisturbed wave field
for the 5 x 5 WEC array configuration (Stratigaki et al., 2014). The basin width (X,
columns) and length (Y, rows) are expressed in number of WEC unit diameters, D =
0.315 m., the evolution of the disturbed wave field varied significantly compared to the
cases with overtopping WECs; with an increase of the wave height in the points near the
WECs due to the effects of the radiated waves. Nevertheless, mowing towards the coast,
a reduction of the wave height is found to not exceed 20%, very different to the

aforementioned 45%.

As for the coastal impacts, the comparison of the effects on the longshore sediment
transport between different types of devices show that overtopping devices are the most
efficient type of WECSs to protect the coast, though the other type of WECs can reach
the same level of protection increasing the number of WECs deployed in the farm. For

instance, in the study carried out by Mendoza et al. (2014), a wave farm form by 3
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Wave Dragon WECs was capable to protect the beach as much as a farm comprised of

45 DEXA devices (oscillating body).

Last but not least, the survivability of the WECs under extreme events is one of the
most important topics in wave energy. Brown et al. (2010) defined WEC survivability
as “the ability of a marine energy system to avoid damage, during sea states that are
outside of intended operating conditions, that results in unplanned down time and the
need for service”. The complexity of the problem lies in the large number of mode of
failures that can occur. For any moored device, loads within the mooring system,
including anchors, mooring lines and connection points must be considered. As a result,
the vulnerability of WECs in most of the cases depends more on the survivability of the

anchor system rather than the WEC itself (Coe & Neary, 2014; Ransley et al., 2013).

The primary goal of a WEC when waves get larger is to transition from efficient
energy production to survival. The nature of this transition and under what wave
conditions this must occur is completely dependent on the type of device. Then, the
question that emerges is whether this reduction of effectiveness in the energy
production can affect the wave energy absorption, and, therefore, the degree of coastal

protection provided by the wave farm.

During these extreme events, generally WECs adopt survival strategies in order to
reduce the chance of damage, mechanical failure or devices breaking free from
moorings. These mechanisms might include disengaging the power take-off, changing
the mooring orientation, or pulling the device underwater. In the case of the WaveCat,
the model adapts the angle between the hulls of the device to reduce the wave loading,
i.e. the greater the wave height, the smaller the angle. As a result, the farm effectiveness
as wave energy absorber might be reduced, although never completely, as the device

will stand there and will have an impact on the wave patterns. However, it is hard to
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estimate in the degree to which coastal protection could be diminished compared to the
operational conditions. For this purpose, it is necessary to conduct physical tests that
allow this determination, which is the objective of the EU Wavelmpact project that will

be described in the following section.

10.2 FUTURE RESEARCH LINES

From the promising results presented above, a question emerges: can wave farms
complement, or even substitute in certain locations, typical coastal protection measures
such as groynes and detached breakwaters? The reduction of storm-induced erosion
found in this document can lead to a positive answer; however prior to actually
developing wave farms with a view to generating carbon-free renewable energy and
protecting the coast, the following aspects must be addressed in the future: (i) the
assessment of the effectiveness of wave farms under extreme events to absorb energy,
and consequently to protect the coast; (ii) the quantification of the wave farm impacts
on the coast in the long term (multi decadal scale); and (iii) the evaluation of the

effectiveness of wave farms to reduce the flooding and its effects on coastal structures.

The wave field-wave farm interaction must be characterised under a larger number
of case studies. In the present document the WEC-wave interaction was modelled using
the transmission coefficients obtained during the laboratory tests reported by Fernandez
et al. (2012). This study showed the low variability of the coefficient transmission under
operational conditions (x; ~ 0.76); however extreme wave conditions were not tested.
On these grounds, the ongoing EU Wavelmpact project aims to characterise the
interaction of the WaveCat WEC with the wave field in both the operational and the

survival mode by means of laboratory tests.
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As mentioned above, a number of distinct survival modes and strategies have been
developed for WECs. A robust WEC survival design process requires a set of modeling
tools, particularly with regard to the physical modeling that allows a well-targeted
validation, consequently, identifying in which manner survival modes can vary the
effectiveness of WECs to extract energy is one of the major objectives of the
Wavelmpact project. Moreover, this upgraded WEC-wave interaction can be
incorporated into wave propagation models accounting for frequency-dependent wave
transmission coefficients (Ruehl et al., 2013; Smith, Pearce & Millar, 2012) and thus

lead to more accurate representations of the impacts, especially in the long-term.

A case that reflects the importance of the long-term evolution is how reduction in
wave energy in certain sections of the beach (e.g. north part in Perranporth) which will
affect beach dynamics in the long term, as the beach could begin an anticlockwise
rotation similar to those seen in pocket beaches affected by ENSO oscillations
(Ranasinghe et al., 2004; Storlazzi & Griggs, 2000). This rotation may well cause
permanent erosion at the south end of the beach and permanent accretion at the north

end.

For this purpose, new modelling techniques are necessary, as in this document,
process-based models have been used to determine the impacts on the coast in the short-
and medium-term scale; and the long-term analysis cannot rely on the extrapolation of
the current results owing to the highly nonlinear processes involved, the lack of an up-
scaling closure theory and the relevance of wave-induced beach recovery between storm
events (Houser, 2009). Although process-based models, which iteratively resolve the
hydrodynamics, sediment transport and bathymetric evolution, are successfully used to
assess the beach response under storm conditions, they struggle to simulate post-storm

beach recovery (Kobayashi, Payo & Schmied, 2008; Plant et al., 2004) — a fundamental
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shortcoming when it comes to simulating long-term coastal behaviour. For these
reasons, this aspect needs to be addressed through behavioural models, which simulate
known behaviours, such as the tendency for a beach to develop towards an equilibrium
form. The results of this future research line will be essential to determining whether
wave farms can be used for protecting the coast in synergy with their main purpose of

generating carbon-free energy.

Finally, the last research line considered key in the assessment of the wave farm
impacts impact is their effects on water levels, and subsequently the determination of
their effectiveness to reduce coastal flooding. This topic is of particular relevance in the
current transition scenario, where sea-level rise and, potentially, increased storminess
(Pye & Blott, 2008) will exponentially increase coastal flood risks (Lewis et al., 2011).
Furthermore, many of the existing coastal defence structures will quickly become

obsolete, and this will lead to the necessity of enhancing coastal protection.

10.3 CONCLUSIONS

The thesis provides a comprehensive assessment of the wave farm impacts on the
beach morphology at two different locations (Perranporth and Xago), constituting the
first document that quantifies the impacts on the coast. The degree of coastal protection
afforded by a wave farm was investigated in the short and medium term. Although the
study was focussed on a type of WEC, WaveCat, the results could be arguably
extrapolated at least for overtopping-type devices. Thus, from the different areas and
wave conditions analysed the following points are distilled to address the central aim of
the document, in which manner the wave energy extraction caused by the WaveCat

WECs that form a wave farm affects the coast:
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The reduction of wave height peaks in the lee of the wave farm, and
although it decreases towards the coastline due to the wave energy diffracted
from the edges of the shadow, the values found on the coast are still
significant and capable to alter the morphology of the beach located in the
lee of the farm.

Wave farms are particularly effective in reducing storm-induced erosion in
the areas most at risk from this phenomenon. For instance, while in
Perranporth the main reduction of erosion is found at the beach face, in
Xago Beach the sandy dune that backs the beach experienced the greatest
attenuations.

The greatest degree of coastal protection afforded by the wave farms occurs
under storm conditions, however the protection provided in the medium
term, with reductions of erosion greater than 20%, cannot be overlooked.
Wave farms not only reduce the volume of storm-induced erosion, but also
modify the sediment transport patterns. The landward extreme of the eroded
area is displaced significantly towards the sea side at the end of storm
conditions, which is of particular relevance to avoid damages in the
foundations of buildings in the waterfront.

The modal state of the beach is also altered by the presence of a wave farm,
transforming the predominant wave-dominated character of the beach to
tide-dominated. The reduction of the wave-dominated states in addition to
the potential removal of the offshore bar would lead to an increase of the
onshore sediment transport: beach accretion.

The wave energy resource and subsequently the performance of the wave
farm highly depend on the distance of the farm to the coast and the wave
farm layout. Although, the statement: “the greater farm-to-coast distance,
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the greater the available resource” is generally valid, the relationship
between these two parameters is not proportional. Indeed, in some cases
placing the wave farm the furthest possible is not the best solution
considering the increase of costs in submarine cable and mooring lines,
among others. Furthermore, it is observed that increasing the distance
between devices, similar wave energy resource to the one obtained placing
the wave farm at further distances can be achieved.

The farm-to-coast distance is also a key element in the degree of coastal
protection afforded by the farm: The closer the wave farm to the coast, the
greater the reduction of erosion. Therefore, the effects of the wave farm on
the beach can be controlled by locating the farm closer to, or further from,

the shoreline.

In sum, this document presents how a wave farm can alter the behaviour and

response of a beach in its lee based on the results of two case studies. This knowledge

of the wave energy impacts is essential for the consolidation of one of the most

promising

marine renewable energies, particularly when its impacts need not be

regarded as negative; on the contrary, it can contribute to reducing the erosion on the

beach, and thus serve to counter erosion. Moreover, wave energy is essential to meeting

the objectives of greenhouse gas reduction established by the Kyoto protocol and other

treaties. Therefore, this thesis illustrated that wave energy is emerging as a renewable

resource capable of tackling climate change on the double front of its causes (through

reduced carbon emissions) and effects, particularly on the coast (erosion).
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1. Introduction

Marine renewable energy and, in particular, wave energy is called to
play a major role in achieving the renewable energy targets of the
European Union for 2020 — the so-called 20-20-20 targets (European
Commission, 2007). Among other advantages, wave energy boasts
one of the highest energy densities of the renewable energy sector
(Clément et al., 2002). At present, the main research areas in wave
energy are: (i) the characterisation of the resource (Cornett, 2008;
Iglesias and Carballo, 2009, 2010, 2011; Pontes et al., 1996; Vicinanza
et al., 2013); (ii) the development of the technology (Falcdo, 2007;
Falcdo and Justino, 1999; Kofoed et al., 2006); and, finally (iii) the envi-
ronmental impact of wave farms, including the impact on the physical
environment with which this work is concerned.

Knowledge of the impacts, positive or negative, is important for the
development of the different types of marine energy because an Envi-
ronmental Impact Assessment (EIA) is required for any such project.
In the case of wave energy, the studies so far have dealt with the impact
of a wave farm on the wave conditions in its lee. As waves propagate
through the wave farm, their height is reduced according to an energy
transmission coefficient. This coefficient depends on the performance
of the Wave Energy Converters (WECs) selected. Millar et al. (2007)
used SWAN (Booij et al., 1999), a phase-averaged spectral model, to
quantify the impact on the wave climate and the shoreline changes for
the Wave Hub project (UK). Notional values of the transmission coeffi-
cient (0, 40, 70 and 90%) were used due to the lack of information about
the performance of the WECs at the time. In the same vein, Palha et al.
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(2010) used the parabolic mid slope wave model REFDIF to perform a
sensitivity analysis to study the impact on the shoreline using different
layouts for the wave farm; and Vidal et al. (2007) studied the impact of a
small wave farm on the wave climate and the nearshore sediment
transport.

Another line of work used physical modelling to investigate the
wave-WEC interaction. Carballo and Iglesias (2013) studied the modifi-
cation of the nearshore wave climate using values of the energy trans-
mission coefficient obtained from ad hoc physical model tests of a
WaveCat WEC (Iglesias et al., 2008). Taking into account of these values,
a sensitivity analysis was performed with different layouts of the wave
farm to assess its impact on the nearshore wave conditions. Mendoza
et al. (in press) compared the impact of two wave farms with different
WECs on the coastline. The results showed that a wave farm nearshore
could produce accretion to some extent in some sections of the beach. In
this context, Ruol et al. (2011), Ngrgaard et al. (2011) and Zanuttigh and
Angelelli (2013) put forward the idea of using a wave farm for shore
protection based on the reduction of the nearshore wave height caused
by the wave farm.

If a wave farm is to be used for the purpose of coastal protection, it is
essential to understand its impact on the beach profile — an aspect of
great practical relevance that has not been investigated so far. This is
the main objective of the present work, which is conducted through a
case study: Perranporth Beach.

Perranporth Beach is a 3 km sandy beach located in Cornwall, SW
England (Fig. 1). Composed of medium quartz sand (Austin et al.,
2010), it has a semi-diurnal tidal regime and a tidal range of 6.3 m
(macrotidal). The area has a great potential for wave energy (Thorpe,
2001); indeed, it was selected as the site for the Wave Hub Project, a
grid-connected offshore facility for sea trials of WECs (Gonzalez et al.,
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Fig. 1. Bathymetry of SW England including the location of Perranporth Beach and the WaveHub Project [water depths in m].

2012; Reeve et al., 2011). The study covered the period from November
2007 to May 2008, corresponding to the part of the annual cycle with
the highest frequency of storms based on the onsite wave buoy data
(Section 2.1). This time scale allows the assessment of the morphologi-
cal changes in beaches, such as scarp formation, profile erosion and ac-
cretion, and bar evolution (Cowell and Thom, 1994).

Wave propagation was simulated using SWAN and the beach profile
evolution with XBeach, a numerical model of nearshore processes
(Roelvink et al., 2006). XBeach was successfully applied in a number
of studies to describe the behaviour of beach profiles. Roelvink et al.
(2009) assessed the beach erosion due to storms and McCall et al.
(2010) focussed on the impact caused by hurricanes. Other authors,
such as Jamal et al. (2011) and Williams et al. (2012), used XBeach to in-
vestigate gravel beaches. More recently, Pender and Karunarathna
(2012, 2013) demonstrated that XBeach is capable of modelling the
medium-term evolution of the beach profile of a sandy beach. Their re-
sults showed a good fit to the measured profiles after each storm period.
On these grounds, XBeach is used in the present work to compare the
evolution of the beach profile with and without the presence of a
wave farm situated close to Perranporth Beach.

This article is structured as follows. In Section 2, the main character-
istics of the data sets — which include wave, wind, tide and beach profile
data - are presented, and the models are briefly described. This is
followed by Section 3, in which the results describing the impact of
the wave farm on the wave conditions and the evolution of the beach
profiles are presented and discussed. Finally, in Section 4, conclusions
are drawn concerning the effects of a wave farm on the beach profile
and, on these grounds, its applicability for coastal protection purposes.

2. Materials and methods
2.1. Data

The wave data used for this study were hindcast and onsite wave
buoy data. The directional wave buoy of the Coastal Channel Observato-
ry located in front of Perranporth beach (Fig. 2), in approximately 10 m
of water depth with reference to the local chart datum (LCD), provided
half-hourly data. The wave buoy data were used in conjunction with
hindcast data from WaveWatch III, a third-generation offshore wave
model consisting of global and regional nested grids with a resolution
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Fig. 2. Initial beach profiles (P1 and P2) including their location and the position of the wave buoy. Water depth in relation to local chart datum.
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of 100 km (Tolman, 2002), to validate the high-resolution nearshore
wave propagation model. In the period selected for the study, from
November 2007 to April 2008, a number of storms with significant
wave heights over 6 m occurred (Fig. 5). The mean values of significant
wave height, H;, and peak wave period, T, were 2.4 m and 13 s, respec-
tively. Given the orientation of the coastline and its exposure to the long
Atlantic fetch, the relevant wave direction is from the IV quarter (from
W to N), prevailing NW.

Wind data with a three-hourly frequency obtained from the Global
Forecast System (GFS) weather model were used as input of the wave
model. In the period covered in the study the mean wind velocity magni-
tude at a height of 10 m above the sea surface was u;9p = 9.5 ms~ .. The
strongest winds came from the NW, with u;, values exceeding 20 ms~ .

The SW coast of England is characterised by a large tidal range,
which may affect the beach morphodynamics. For this reason, the tide
was included into the morphodynamic model with constituents obtain-
ed from the TPXO 7.2 global database, a global model of ocean tides that
solves the Laplace equations using data from tide gauges and the
TOPEX/Poseidon Satellite (Egbert et al., 1994).

The beach profiles were obtained through field survey by the Coastal
Channel Observatory. The initial profiles (Fig. 2), typical of the end of
summer at Perranporth Beach, are associated with less energetic wave
conditions. The beach profile evolution is characterised during the sum-
mer by an increase of the sediment transport onshore. In contrast, off-
shore movement of sediment is the predominant phenomenon during
the winter owing to the more energetic wave conditions, which results
in a lowering of the intertidal beach face. Indeed, most of the profile
change at Perranporth Beach occurs in the lower intertidal to sub-tidal
active regions (Scott et al., 2011).

2.2. Wave propagation model

The assessment of the wave height reduction on the shore due to the
wave farm was carried out using SWAN (Simulating WAves Nearshore),
a third-generation numerical wave model developed to model near-
shore wave climate transformations. SWAN computes the evolution of
the wave spectrum based on the spectral wave action balance equation,

ON — 0(CyN) 9(C,N) S

. v.(CN —o - 1
V(N5 e = M
where N is the wave action density, t the time, C the propagation veloc-
ity in the geographical space, 6 the wave direction, o the relative fre-
quency, and Cy and C,; the propagation velocity in the 6- and o-space,
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respectively. Therefore, on the left-hand side of Eq. (1), the first term
represents the rate of change of wave action in time, the second term
describes the spatial propagation of wave action, and the third and
fourth terms stand for the refraction and changes in the relative fre-
quencies respectively induced by depth and currents. Finally, on the
right-hand side, S is the source term representing the generation and
dissipation of energy density by the different processes involved.

In the present study two computational grids were used (Fig 3):
(i) a coarse grid from offshore to the coast encompassing an area of
approx. 100 km x 50 km with a resolution of 400 m x 200 m; and (ii)
a fine, nested grid focussed on Perranporth Beach, covering an area of
approx. 15 km x 15 km with a resolution of 20 m x 20 m. The high reso-
lution of the nested grid is allowed in defining the position of the WECs in
the array and simulates their individual wakes with accuracy. This is a
prerequisite to a detailed assessment of the wave farm effects on the
beach profile (Carballo and Iglesias, 2013). The bathymetric data, from
the UK data centre Digimap, were interpolated onto this grid.

To study the effects of wave energy exploitation on the beach profile
an array of 11 WaveCat WECs arranged in two rows was considered.
With the same layout as in Carballo and Iglesias (2013), the array was
located in a water depth of 35-40 m (Fig. 4). The distance between de-
vices was 2.2D, where D = 90 m is the distance between the twin bows
of a single WaveCat WEC. Finally, the wave transmission coefficient of
the WECs, obtained from the laboratory tests carried out by Fernandez
et al. (2012), was input into the coastal propagation model. Based on
the results of these tests, which showed a very small variability in the
wave transmission coefficient (with the exception of an outlier), the
value K; = 0.76 was adopted. This constitutes an approximation in
that the tests carried out by Fernandez et al. (2012) did not cover all
the wave conditions simulated in the present work; in future work, as
more experimental data on WEC behaviour become available, this
approximation will be refined.

2.3. Morphodynamic model

The input conditions to XBeach were obtained from the output of the
SWAN wave propagation model. XBeach is a two-dimensional model
for wave propagation, long waves and mean flow, sediment transport
and morphological changes of the nearshore area, beaches, dunes and
back barrier during storms. XBeach concurrently solves the time-
dependent short wave action balance, the roller energy equations, the
nonlinear shallow water equations of mass and momentum, sediment
transport formulations and bed update on the scale of wave groups
(Roelvink et al., 2006).
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Fig. 3. Computational grids of the wave propagation model [water depths in m]. Profiles P1 and P2 are shown.
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Fig. 4. Schematic of wave farm considered off Perranporth Beach, at a distance of approx. 7 km from the shoreline [water depths in m]. Profiles P1 and P2 are shown.

The sediment transport is modelled with a depth-averaged advec-
tion diffusion equation (Galappatti and Vreugdenhil, 1985). The equa-
tion is:

ame) d(hcd’) o a(hCVE)+a o

K *a(s@**ay @(S@)
hC,q—hC

D )

where C represents the depth-averaged sediment concentration, which
varies on the wave-group time scale, D is the sediment diffusion coeffi-
cient, the terms uf and v* represent the Eulerian flow velocities, Ty is the
sediment concentration adaptation time scale that depends on the local
water depth and the sediment fall velocity, and Cq is the equilibrium con-
centration, thus representing the source term in the sediment transport
equation. The sediment transport formula defined by Van Thiel de Vries
(2009) was used to determine the sediment equilibrium concentration.

In the present study, the model was applied in 1DH mode (x, z) to
simulate the beach profile evolution. From the results of the nearshore
wave propagation model, spectra with a frequency of 6 h were obtained
with and without the wave farm to compare the impact on the coast.
These spectra were the input of the morphodynamic model, which pro-
vided beach profile results every 6 min to compare the evolution of the
profile in both cases.

Avarying grid size was employed in the morphodynamic model: the
resolution was defined as a function of the water depth and the offshore
wave conditions, and subjected to the grid size smoothness constraints.
On these grounds, the Courant condition was applied to find the optimal
grid size. The optimised grid was coarser in high water depths and finer
in the intertidal zone, where a size of 1 m was adopted so as to accurate-
ly characterise the evolution of the profile.

Finally, to describe properly the behaviour of the beach, the time se-
ries of wave data was broken down into a number of segments. These
segments were grouped into two types, Type A (Accretion) and Type
E (Erosion), depending on the values of the wave parameters and the
consequent nature of the beach profile changes, either accretionary or
erosionary. Type A, associated with calm conditions, was set with a sta-
tionary constant wave energy distribution, based on given values of root
mean square wave height (H,,s), mean absolute wave period (Tp01),
mean wave direction (6,,,) and directional spreading coefficient (s), ob-
tained from the nearshore wave propagation model. Type E, associated
with storm periods, used the parametric spectra as input to create time-
varying wave amplitudes, i.e., the envelopes of wave groups (Van
Dongeren et al., 2003). The difference in approach between the two cat-
egories is the way that wave groups were treated. Type A segments in-
cluded wave groups, as they are important to describe the behaviour of
the beach during erosion conditions. In contrast, wave groups were not
taken into account in Type E segments because this would result in an
overestimation of erosion (Baldock et al., 2010).
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Fig. 5. Time series of simulated (Hs, SWAN) and measured (Hs, buoy) significant wave height.
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2.4. Assessment of the impact of the wave farm on the beach profile

To quantify the impact of the wave farm on the beach profile the fol-
lowing parameters were defined: the Bed Level Impact (BLI), the eroded
area in the baseline scenario (A), the eroded area in the presence of the
farm (Ay), and the Erosion Impact (EI) index.

The Bed Level Impact (BLI, in m) was defined as

BLI(x) = {§(x)—={ (X), 3)

where x is the horizontal coordinate along the profile, {i(x) is the bed
level in the presence of the farm, and {(x) is the bed level in the baseline
scenario. The BLI index represents the change in the bed level drop due
to the shelter afforded by the wave farm.

For their part, the eroded area in the baseline scenario (A, in m? per
linear metre of beach) and the eroded area in presence of the farm (A in
m?> per linear metre of beach) were defined as

A:/@wramm @)

X

max

A= | [o0=00]ax, (5)

Xo

where {p(x) is the initial bed level and x4, and x, are the limits of
integration, with X,qx the maximum value of the x coordinate (which
corresponds to the landward end of the profile) and x, the value corre-
sponding to a bed level of 0, i.e., {(xp) = 0.

Finally, the Erosion Impact (EI, in %) index was defined as

X

max
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Elindex is a dimensionless parameter that represents the reduction
of the eroded area brought about by the wave farm as a fraction of the
total eroded area.

Hs SWAN (m)
I

3. Results and discussion
3.1. Wave propagation model

The results obtained from the nearshore wave propagation model
were validated with the wave buoy data during the period from
November to December 2007 and February to April 2008 owing to the
lack of data during January. A very good fit was achieved between the
simulated and measured time series (Figs. 5 and 6). This is further con-
firmed by the error statistics: RMSE = 0.46 m and R® = 0.84 (with RMSE
the Root Mean Square Error and R the coefficient of determination).

Having validated the numerical model, it was used to compare the
wave patterns with and without the wave farm and to determine the
wave conditions that were used as input to the morphodynamic
model. As an example of the effects of the wave farm on the wave pat-
terns, the wave propagation corresponding to the peak of a storm on 10
March 2008 is shown in Fig. 7. The deep water wave conditions were:
significant wave height, Hyo = 10.01 m; peak wave period, T, =
15.12's; and peak wave direction, 6, = 296.38°. A substantial decrease
of the significant wave height, exceeding 30% along the wakes of the
WEGs, is apparent in the more detailed graph of the wave farm area
(Fig. 8). This decrease is less marked on the beach itself. In the northern
section of the beach the reduction of wave height is more pronounced
than elsewhere owing to the deep water wave direction (approx.
WNW).

The average reduction of the wave energy flux, J, during the period
studied at different points along the 10 m contour is shown in Table 1.
The areas most sheltered by the wave farm are the middle and, especial-
ly, the northern sections of the beach. On these grounds two profiles in
the northern and middle sections of Perranporth Beach were selected
for the analysis of the impacts of the wave farm (Fig. 2).

3.2. Morphodynamic model

The impact of the wave power reduction on the beach was studied
through the evolution of the two profiles of Perranporth Beach. This
was carried out using the spectra generated by the wave propagation
model with and without the wave farm in the morphodynamic model.
The series were split, as explained in Section 2.3, to describe suitably

| |

5 6 7 8 9 10
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Fig. 6. Scatter diagram: simulated (Hs, SWAN) vs. measured (Hs, buoy) significant wave height.
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Fig. 7. Significant wave height in the baseline scenario (Hs) and in the presence of the farm (Hsf) at the peak of a storm (10 Mar 2008, 18:00 UTC) [deep water wave conditions: Hyg =

10.01 m, T, = 15.12 s, 6, = 296.38°]. Profiles P1 and P2 are shown.

the behaviour of the beach in different periods. The results showed that
type E segments are mainly responsible for the erosion of the profiles.

Fig. 9 shows the evolution of the initial Profiles 1 (P1) and 2 (P2)
after a storm. The graph compares the initial beach profiles with those
after three months of operation of the wave farm. Both graphs illustrate
that the erosion of the profiles is concentrated mainly in the beach face,
which is the section of the profile exposed to wave uprush. The eroded
material is moved to a lower section of the profile.

To better visualise the effect of wave energy extraction, the situation
of profile P2 with and without the farm is shown in Fig. 10. The reduc-
tion of the wave energy flux at the beach leads to a substantial reduction
(of the order of 3 m) in the erosion of the dune delineating the landward
limit of the beach.
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Fig. 8. Significant wave height (Hsf) within the wave farm at the peak of a storm (10 Mar
2008, 18:00 UTC) [deep water wave conditions: Hgp = 10.01 m, T, = 15.12 5, 6, =
296.38°].

The impact of the wave farm on the beach profile was analysed
through the parameters defined in Section 2.4. The BLI parameter along
Profiles P1 and P2 is illustrated in Fig. 11 for three different points in
time: 1 month (M1), 3 months (M3) and 6 months (M6) after the begin-
ning of the study period. The results for both profiles show a significant
reduction of the erosion in the beach face and in the bar (around x =
600 m). The bar forms part of the response mechanism of the natural sys-
tem to protect the beach face from increased wave attack. Fig. 11 proves
that the effect of the wave farm is a reinforcement of the bar, and there-
fore enhanced protection for the beach face in storms. Advancing in
time, the BLI values increase in the bar area, i.e., the aforementioned effect
is intensified.

As regards the beach face, the BLI values for both profiles are also sig-
nificant and show that the wave farm reduces the erosion. This is no-
where more apparent than on the dune at the landward end of the
profile, where BLI values exceed 1 m. Table 2 shows the values of the
eroded areas at the beach face at the same points in time as in Fig. 11.
It is observed for both profiles and especially in Profile P1 that the ero-
sion is higher at the first two points in time (M1 and M3) than at the
last one, which is associated with less energetic conditions (Fig. 5). Fur-
ther, the El values confirm the significant reduction in the erosion owing
to the presence of the wave farm. It is also noted that the effect of the
wave farm is more significant in the north of the beach (Profile P1)
than in the middle of the beach (Profile P2), as may be seen in Table 1.

The results showed a significant reduction of the erosion along Pro-
files P1 and P2, which may indicate some degree of coastal protection
owing to the presence of the wave farm nearshore. The present work
was framed as the first step in the assessment of the impact of wave
farms on the beach profile - a relevant aspect for the development of

Table 1
Significant wave height reduction (AH;) and wave power reduction (AJ) caused by the
wave farm at different points along the 10 m contour.

Beach Point Coordinates AH; (%) AJ (%)
Easting (°) Northing (°)

North —5.17 50.36 3.26 13.25

Middle —5.18 50.35 1.75 7.90

South —5.21 50.34 0.70 0.93
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Fig. 9. Bed level at Profile P1 and P2: initial [1 Nov 2007, 0000 UTC] and after three months with and the wave farm [22 Jan 2008, 15:47 UTC].

wave energy, and one which was not investigated to date - and the
accuracy of its results will likely be enhanced in future research.

4. Conclusions

In this paper, the impact of a wave farm consisting of 11 WaveCat
WECs on the beach profile was investigated through a case study. This
is the first study focussed on the effect of wave energy on the beach pro-
file evolution. A high-resolution nearshore wave propagation model
was coupled to a morphodynamic model to assess the wave farm im-
pacts over a medium-term period.

First, to study the effect of the wave farm a high-resolution grid was
employed on Perranporth beach to describe properly the interaction of
the wave farm and the sea. The transmission coefficient of the WEC
employed was obtained through laboratory tests.

It was found that the wave farm effect varies in the different areas of
the beach, affecting, in particular, the northern section of the beach and
reducing its wave energy flux up to 12%. This extraction of energy mod-
ifies the coastal processes in the nearshore.

Second, a morphodynamic model was employed to investigate the
impact of the wave energy extraction. Two profiles were studied, the
first in the north of the beach and the second in the middle. The impact
of the wave energy exploitation on the profiles was analysed through
several parameters. These allowed the assessment of the impact of the
wave farm on the bed level and the eroded area compared to the base-
line scenario. The Bed Level Impact (BLI) parameter showed a substan-
tial effect on the bar and on the beach face. BLI values exceeded 1 m at
some points in time. Concerning the Erosion Impact (EI) parameter,
the reduction of the eroded area reached values of up to 35% at the
first points in time (M1 and M3) and 21% at the last (M6) in the north
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Fig. 10. Beach face level at Profile P2: initial [1 Nov 2007, 0000 UTC] and after three months with and without the wave farm [22 Jan 2008, 15:47 UTC].
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Fig. 11. Evolution of BLI along Profiles P1 and P2 at different points in time: 1 month (M1), 3 months (M3) and 6 months (M6) after the beginning of the study period.

Table 2

Eroded area in the baseline scenario (A), in the presence of the farm (Ay), and Erosion
Impact (EI) index for Profiles P1 and P2 at different points in time: 1 month (M1),
3 months (M3) and 6 months (M6) after the beginning of the study period.

Profiles M1 M3 M6

A Ar El A Ar El A Ar El
Profile P1 20.53 14.11 3127 163 1042 36.07 23.85 1866 21.76
ProfileP2 1569 1291 17.72 2131 16.85 2093 2553 2142 16.10

of the beach. In the middle of the beach the reduction was lower,
reaching values up to 20% at the first points in time (M1 and M3) and
16% at the end of the period studied (M6).

This substantial reduction in the erosion of the profiles constitutes an
added benefit of the wave farm. This is corroborated by the results of the
present work, which dealt with the impacts of a relatively small, hypo-
thetical wave farm (with 11 WECs distributed in an area of 1.5 km?);
despite its size, the wave farm was shown to have a significant effect in
reducing the erosion of the beach face. This effect would likely be even
more significant in the case of a larger wave farm.

In conclusion, a wave farm can be considered a green alternative to
conventional forms of coastal protection, in the sense that it provides
not only some degree of coastal protection but also green (carbon-free)
energy. This synergy enhances the viability of wave farms.
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The possibility of using wave farms for coastal defence warrants investigation because wave energy is poised to
become a major renewable in many countries over the next decades. The fundamental question in this regard is
whether a wave farm can be used to reduce beach erosion under storm conditions. If the answer to this question
is positive, then a wave farm can have coastal defence as a subsidiary function, in addition to its primary role of
producing carbon-free energy. The objective of this work is to address this question by comparing the response of
a beach in the face of a storm in two scenarios: with and without the wave farm. For this comparison a set of ad

ﬁﬁogfe'rgy hoc impact indicators is developed: the bed level impact (BLI), beach face eroded area (FEA), non-dimensional

Wave farm erosion reduction (NER), and mean cumulative eroded area (CEA); and their values are determined by means

Erosion of two coupled models: a high-resolution wave propagation model (SWAN) and a coastal processes model

Nearshore impact (XBeach). The study is conducted through a case study: Perranporth Beach (UK). Backed by a well-developed

;\Q/ANh dune system, Perranporth has a bar between —5 m and — 10 m. The results show that the wave farm reduces
eac)

the eroded volume by as much as 50% and thus contributes effectively to coastal protection. This synergy be-
tween marine renewable energy and coastal defence may well contribute to improving the viability of wave
farms through savings in conventional coastal protection.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A wave farm extracts energy from the waves through Wave Energy
Converters (WECs). The previous studies on the impact of wave farms
on wave conditions (Beels et al., 2010; Iglesias and Carballo, 2014;
Mendoza et al., 2013; Millar et al., 2007; Monk et al., 2013; Palha et al.,
2010; Ruol et al., 2011; Rusu and Guedes Soares, 2013; Zanuttigh and
Angelelli, 2013) demonstrated a significant reduction in the wave
height in the lee of the wave farm. A sensitivity analysis of this reduction
with different wave farm layouts was conducted by Carballo and Iglesias
(2013). Abanades et al. (2014) studied the effects of the energy extrac-
tion by the wave farm on the beach profile (2D), analysing the evolution
of several profiles during 6 months. This paper goes a step further by
transcending the cross-shore (2D) analysis and examining the impact
of wave energy exploitation on beach morphology (3D) — an aspect
that has not been addressed so far, and whose importance can hardly
be overstated in view of the intensive development of this novel
renewable.

In this context, this work has a threefold objective: (i) to compare
the response of a beach under storm conditions with and without a
wave farm through a case study; (ii) to assess whether the nearshore
attenuation of wave energy caused by the wave farm results in a

* Corresponding author. Tel.: +44 7583544041.
E-mail address: Javier.abanadestercero@plymouth.ac.uk (J. Abanades).

http://dx.doi.org/10.1016/j.coastaleng.2014.06.009
0378-3839/© 2014 Elsevier B.V. All rights reserved.

reduction in the erosion on the beach; and, on these grounds, (iii) to es-
tablish whether a wave farm can contribute to coastal protection.

For the case study, a high-resolution wave propagation model
coupled to a 2DH coastal processes model was applied in an area
earmarked for wave energy development (Perranporth Beach, UK).
First, the nearshore wave propagation model SWAN (Booij et al.,
1996) was implemented on a high-resolution grid to resolve wave
propagation past an array of WECs. The values of the wave transmission
coefficients were obtained from laboratory tests (Fernandez et al.,
2012). Second, the coastal processes model XBeach (Roelvink et al.,
2006) was used to study the effect of the nearshore wave energy reduc-
tion on beach morphology. The suitability of XBeach to model storm im-
pact on beaches has been proven in the recent work (Callaghan et al.,
2013; McCall et al., 2010; Pender and Karunarathna, 2013; Roelvink
et al., 2009; Splinter et al., 2014). In this paper the response of the
beach under storm conditions was examined in two scenarios: without
(baseline) and with the wave farm. Finally, to analyse the results, a new
suite of core impact indicators was developed and applied.

This article is structured as follows: in Section 2, the case study and
data set are presented. In Section 3, the models and impact factors are
described. In Section 4, the results are analysed and discussed. Finally,
conclusions are drawn in Section 5.

2. Case study: Perranporth Beach

The impact of wave energy exploitation on the beach was carried
out through a case study. The wave resource played a major role in
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the selection of the study site. A number of wave resource assessments,
conducted at different scales and areas (Bernhoff et al., 2006; Defne
et al,, 2009; Gongalves et al., 2014; Iglesias and Carballo, 2009; 2010a;
2010b; 2011; Pontes et al.,, 1998; Rusu and Guedes Soares, 2012; Stopa
et al., 2011; Thorpe, 2001; Vicinanza et al., 2013), highlighted the re-
source in the Atlantic facade of Europe. For the present study,
Perranporth Beach (Fig. 1) was selected; the nearby Wave Hub - a
grid-connected offshore facility for sea tests of WECs - is testimony to
the potential of this area for wave energy exploitation (Gonzalez-
Santamaria et al., 2013; Reeve et al., 2011). Perranporth (Austin et al.,
2010; Masselink et al., 2005) is a 4 km beach with a relatively flat inter-
tidal area, tan 3 = 0.015-0.025, and a medium sand size, Dsg = 0.27-
0.29 mm. The tidal range is 6.3 m (macro-tidal beach) and the tidal re-
gime is semidiurnal.

As regards the wave climate, Perranporth is exposed to the Atlantic
swell, and also receives locally generated wind waves. The average sig-
nificant wave height (H;), peak period (T,) and peak direction (6,) from
2006 to 2012 (the available data) were: 1.79 m, 10.36 s and 280°, re-
spectively. During the storm studied, from 5 December 2007 UTC
00:00 to 10 December 2007 UTC 06:00, the average wave conditions
were: Hy =4.2m, T, = 12.1 s and 6, = 295°.

The bathymetry of the beach was based on the data provided by the
Coastal Channel Observatory. The elevation values ranged between
—20 m and 25 m (Fig. 2) with reference to the local chart datum (LCD).
A conspicuous feature of the profile is the submarine bar between —5
m and — 10 m, which will be shown to be of relevance to the dynamics
of the system. The bar is generally associated with the more energetic
(winter) wave conditions and the consequent increase of offshore sedi-
ment transport, which results in a lowering of the intertidal beach face.
Another feature of Perranporth Beach is the well-developed dune system
(Fig. 10).

3. Materials and methods
3.1. Wave propagation model

The wave propagation was computed using the SWAN v40.41 (Sim-
ulating WAves Nearshore), a third-generation spectral wave model that
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Fig. 2. Bathymetry of Perranporth Beach for the coastal processes model. Profiles P1, P2
and P3 included. Water depth in relation to local chart datum [in m].

solves the conservation of wave action equation considering the rele-
vant wave generation and dissipation processes,

N

d(CyN) n ACN) S
ot

2 30 o’ (1)

+V. (?N)+

where t is the time, N is the wave action density, C is the propagation
velocity in the geographical space, 6 is the wave direction, o is the rela-
tive frequency, and Cy and C, are the propagation velocity in the spectral
space, 6- and o-space, respectively. Therefore, the first term on the left-
hand side of Eq. (1) represents the rate of change of wave action in time,
the second term describes the propagation in the geographical space,
and the third and fourth terms stand for the refraction and changes in

Fig. 1. Bathymetry of SW England [water depths in m] including the location of Perranporth Beach, the WaveHub Project and an aerial photo of Perranporth Beach.

Source: Coastal Channel Observatory.
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the relative frequencies respectively induced by depth and currents. On
the right-hand side, S is the source term representing the effects of gen-
eration, dissipation, and nonlinear wave-wave interactions.

The model was validated using data from a wave buoy at Perranporth
Beach covering the period November 2007 to April 2008. The input con-
ditions implemented in the SWAN model were: (i) the hindcast wave
data from WaveWatchlll (Tolman, 2002), a third-generation offshore
wave model consisting of global and regional nested grids with a resolu-
tion of approx. 100 km; and (ii) the hindcast wind data from Global Fore-
cast System (GFS), a global numerical weather prediction system.

The computational grid consisted of two grids with different spac-
ings (Fig. 3): (i) the coarser grid extended approx. 100 km offshore
and 50 km from north to south with a grid size of 400 x 200 m, respec-
tively; and (ii) the finer (nested) grid covered the area of interest of
approx. 15 x 15 km, with a resolution of 20 x 20 m, which allowed
the exact position of the WECs to be defined within the array and the in-
dividual wake of each device to be resolved accurately. The energy
transmission coefficient of the devices was input into the coastal prop-
agation based on ad hoc laboratory tests (Fernandez et al., 2012). The
wave farm layout was consisted of 11 WaveCat WECs arranged in two
rows (Fig. 4), with a distance between devices of 2.2D, where D = 90
m is the distance between the twin bows of a single WaveCat WEC
(Carballo and Iglesias, 2013).

3.2. Coastal processes model

Second, the coastal processes model, XBeach v1.20.3606, was
coupled to the wave propagation model. XBeach is a two-dimensional
model to study wave propagation, sediment transport and morpholog-
ical changes of the coast. Wave processes are solved with the time-
dependent wave action balance equation coupled to the roller energy
equations and the nonlinear shallow water equations of mass and mo-
mentum and sediment transport are modelled with a depth-averaged
advection diffusion equation (Galappatti and Vreugdenhil, 1985) on
the scale of wave groups (Eq. (2)). The complete description of XBeach
is given by Roelvink et al. (2006) or Roelvink et al. (2009).
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where the x- and y-coordinate represent the cross-shore and longshore
direction, respectively, C is the depth-averaged sediment concentration,
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Fig. 4. Schematic of wave farm considered off Perranporth Beach, at a distance of approx.
7 km from the shoreline [water depths in m].

D; is the sediment diffusion coefficient, the terms uf and v£ represent the
Eulerian flow velocities, T is the sediment concentration adaptation time
scale that depends on the local water depth and the sediment fall veloc-
ity, and C,q is the equilibrium concentration according to the Van Rijn-
Van Thiel formulation (Van Thiel de Vries, 2009), thus representing the
source term in the sediment transport equation.

In the present study, the model was applied in a 2DH mode (x, y, z)
to study the impact of the wave farm on Perranporth Beach using the re-
sults of the wave propagation model. The response of the beach during
the storm period studied was investigated in both scenarios: (i) in the
baseline scenario (without the wave farm), and (ii) with the wave
farm, to compare the evolution of the beach and establish the contribu-
tion of a wave farm to protect the coast.

The grid covered Perranporth Beach, extending 1250 m across shore
and 3600 m alongshore with a resolution of 6.25 m and 18 m, respec-
tively. The model used a number of spectral parameters obtained from
the nearshore wave propagation model (the root-mean-square wave
height, H, s, mean absolute wave period, T,,0;, mean wave direction,
0m, and directional spreading coefficient, s) as input to create time-
varying wave amplitudes, i.e., the envelopes of wave groups, which
have crucial importance in describing the behaviour of a beach during
erosion conditions (Baldock et al,, 2011).

XBEACH grid

) 130
Nested grid: SWAN
120
110
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Fig. 3. Computational grids of the wave propagation and the coastal processes model [water depths in m)].
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3.3. Impact indicators

The importance of monitoring and controlling coastal erosion is
reflected in the number of projects delving on these matters, such as
CONSCIENCE and EUROSION. In these projects, different groups of im-
pact indicators were proposed to assess the erosion during the
medium- and long-term in pilot sites. On these grounds, and taking
into account the specific needs of this work, a suite of impact indicators
was developed ad hoc to analyse the effects of the wave farm on the
beach and establish the corresponding degree of coastal protection:
(i) bed level impact (BLI), (ii) each face eroded area (FEA), (iii) non-
dimensional erosion reduction (NER), and (iv) mean cumulative eroded
area (CEA).

The bed level impact (BLI), with units of m in the S.I,, was defined as

BLI(x,y) = {5 (x,y)={p (X, Y), A3)

where ¢{(x, y) and ¢,(x, y) are the seabed levels with the farm and with-
out it (baseline), respectively, at a generic point of the beach designated
by its coordinates (x, y) in the horizontal reference plane. With this def-
inition the datum for the seabed level (the elevation of the reference
plane) is arbitrary, for it is the difference between the values of seabed
level with and without the farm rather than their absolute values that
determine the BLI indicator, Eq. (3). Within the reference horizontal
plane the y-coordinate axis follows the general coastline orientation,
with the y-coordinate increasing towards the northern end of the
beach. A beach profile is defined as a section of the beach with y = con-
stant, and a particular point of the profile is defined by its x-coordinate;
the orientation of the x-axis is taken such that x-values increase towards
the landward end of the profile. The BLI indicator thus defined repre-
sents the change in bed level caused by the wave farm. A positive
value signifies that the seabed level is higher with the farm than without
it.

The beach face eroded area (FEA), with units of m? in the S.I, was de-
fined in both scenarios, baseline (FEA,) and with the wave farm (FEAy):

FEAY) = [ (k) =Sy, @
FEAY) = [ [Solxy)—¢sx) 5)

X1

where (X, y) is the initial bed level at the point of coordinates (x, y),
and x; and x,,,4 are the values of the x-coordinate at the seaward end
of the beach face and landward end of the profile, respectively. It should
be noted that, unlike the bed level impact, which is a point function and
therefore depends on two coordinates, BLI = BLI(x, y), the beach face
eroded area is a profile function, and hence depends on only one coor-
dinate, FEA = FEA(y). The FEA indicator can be seen as a (dimensional)
parameter measuring the impact of the farm on the beach face.

The non-dimensional erosion reduction (NER) is also a profile func-
tion, in this case non-dimensional, defined as

Xmax

NER(Y) = 1= (o —0) " [ [S0(0.0) =€ 0 G006 9) =8 x.) '

X1

(6)

It expresses the variation in the eroded area of a generic profile (y)
brought about by the wave farm as a fraction of the total eroded area
of the same profile. A positive or negative value implies a reduction or
increase in the eroded area as a result of the wave farm.

Finally, the mean cumulative eroded area (CEA), with units of m?
(or m? per linear metre of beach), was determined both in the baseline
scenario (CEAp) and with the wave farm (CEAy). For its definition three
reference profiles were considered: P1, P2 and P3 (Fig. 2). For each of
these the beach was divided into two parts, to the north (CEAY and
CEAP) and south (CEA} and CEAf) of the reference profile, and the corre-
sponding indicators were computed from

Yp X

CEAS(X) = (yp—yo) " / / Col2y)~So(xy) dx dy, 7

Yo Xo

Yp o x

et = 0p—y0) ' [ [ [soley) =85 .m)] drdy ®)

Yo Xo

CEAY (%) = (Vomax —yp>‘1y7 /

Yp Xo

S0 Y)—Ep(x: )] dx dy, 9

Ymax X

CEA () = a2 | [ [S0l9)=852.9)] ddy, (10)

Yp Xo

where the variable of integration y represents the coordinate along the
profile, and x and xo, and Yo, Ymax and yp are the limits of integration
along the profile and along the coast, respectively. x, is the value of
the x-coordinate corresponding to the first point of the profile and x
takes values from Xy to x;,qx. Along the beach, y, is the value of the y-
coordinate corresponding to the southernmost point of the beach,
Ymax the northernmost point of the beach and yp the value correspond-
ing to the reference profile. The factor represents the average cumula-
tive eroded area of the two sections of the beach along the profile (x).
A positive value signifies that the mean volume of material along the
section of the beach is reduced compared with the initial situation
(erosion).
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Fig. 5. Time series of simulated (Hs, SWAN) and measured (Hs, buoy) significant wave height to validate the high resolution wave propagation model. The storm conditions studied (from 5
Dec 2007, 00:00 UTC; to 10 Dec 2007, 18:00 UTC) to assess the impact of the wave farm are highlighted.
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Fig. 6. Significant wave height in the baseline scenario (H;) and with the wave farm (Hyy) at the first peak of the storm studied (5 Dec 2007, 18:00 UTC). [ Deep water wave conditions: Hyg =

6.89m, T, = 15.64 s, 6, = 268.45°]. The line AA’ is shown.
4. Results and discussion

The validation of the high-resolution wave propagation model was
carried out using the significant wave height (H;) values from the
wave buoy at Perranporth Beach from November 2007 to April 2008
(Abanades et al., 2014). Fig. 5 shows the good fit achieved by the
model. The error statistics studied for the validation confirmed that
the correlation between the series achieves a Root Mean Square Error
(RMSE) of 0.46 m and a coefficient of determination (R?) of 0.84.

The results of the wave propagation model were studied in both sce-
narios: baseline and in the presence of the wave farm, to observe the im-
pact of the wave farm on the wave conditions. The reduction of the
significant wave height in the lee of the farm is shown in Fig. 6, in
which the shadow zone downstream of each WEC is apparent.

Using this data, Fig. 7 shows the reduction of the significant wave
height between the scenario in the presence of the farm and the base-
line scenario. The reduction within the wave farm was greater than
30%, although advancing towards the coastline from the wave farm,
the difference decreased due to the wave energy being diffracted from
the edges into the shadow of the farm. However, this energy was not
enough to mitigate the effect of the wave farm nearshore; indeed the re-
duction was greater than 10% along the 20 m contour in the northern
area of the grid, which was the area most sheltered by the wave farm.

Having investigated the effects of the wave farm on the wave condi-
tions in its lee, the results along the line AA’ (Fig. 6), in approximately 20
m of water depth, were input to the coastal processes model. The signif-
icant wave height (H;) across AA’ in both scenarios is shown in Fig. 8,

Hs-Hs' (m)
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50391

50381

Northing (*)—

5037
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Easting (*) =

Fig. 7. Significant wave height difference between the baseline scenario (H;) and with the
wave farm (Hg) at the first peak of the storm studied (5 Dec 2007, 18:00 UTC). The black
line represents the shoreline [Deep water wave conditions: Hyp = 6.89 m, T, = 15.64s,
0, = 268.45°].

where the shadow due to the wave energy absorption of each device
can be readily observed. The impact of the wave farm was found to be
more significant in the northern and middle areas of the beach.

The coastal processes model used the output of the wave propaga-
tion model to study how modification of the wave conditions affected
the coastal processes and, consequently, the beach morphology during
the period studied. The longshore and offshore/onshore sediment trans-
port was studied through a suite of core impact indicators, defined in
Section 3.2, to assess the impact of the wave farm.

The sea bed level was studied at the end of the time period studied in
both scenarios: in the presence of the farm and in the baseline scenario,
through the BLI factor (Fig. 9). The reduction of the erosion was ob-
served mainly in the dune in the back of the beach, reaching values
greater than 4 m, a result of the wave energy extraction by the wave
farm. A reduction of the erosion was also found along the bar in water
depth between 5 and 10 m, especially in the middle area of the beach
where the BLI parameter reached values of 0.5 m. On the other hand,
the material eroded from the dune was moved to the lower section of
the profile, between the bar and the dune, which resulted in the BLI pa-
rameter taking negative values in the region of —0.5 m.

On this basis, the impact of the wave farm on the bed level is shown
in Fig. 10 along three profiles: P1 (south), P2 (middle) and P3 (north),
shown in Fig. 2. The initial profile () was compared with the profiles
at the end of the storm studied in both scenarios: the baseline scenario
(¢p) and in the presence of the farm (). The results show a more signif-
icant effect on profiles P3 and P2, in the northern and middle areas of
the beach, than on P1, in accordance with the wave conditions shown
in Fig. 8. As may be observed in Fig. 9, the effects of the wave farm are

—Hs
——=Hs,
531

44
0(A) 1 2 3 4 5(A)
Distance across the profile (km) =

Fig. 8. Significant wave height in the baseline scenario (H;) and in the presence of the farm
(Hy) across the line AA” at the first peak of the storm studied (5 Dec 2007, 18:00 UTC).
[Deep water wave conditions: Hgg = 6.89 m, T, = 15.64 s, 6, = 268.45°].
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Fig. 9. Bed level impact (BLI) at the end of the time period studied [10 Dec 2007, 06:00 UTC].

more pronounced in the intertidal area over the mean water level (at
the landward end of the profiles) and over the bar. Furthermore, profile
P3 shows that the wave farm not only reduced the eroded area but also
altered the sediment transport pattern, moving the initial erosion point
up to 30 m towards the shoreline.

om) -
&
T

The volume of material moved per linear metre along the beach (y)
was studied through the mean Cumulative Eroded Area (CEA). This indi-
cator showed the difference in material eroded along the profile (x) be-
tween the initial and final points of the time period studied in both
scenarios: baseline (CEAp) and with the wave farm (CEAy). Fig. 11
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Fig. 10. Bed level at profiles P1, P2 and P3: initial (¢,) [05 Dec 2007, 00:00 UTC] and at the end of the simulation in the baseline scenario (¢,) and with the wave farm (&) [10 Dec 2007, 06:00

UTC].
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Fig. 11. Mean cumulative eroded area in the baseline scenario (CEA,) and in the presence
of the wave farm (CEAy) in the southern area (in red) and northern area (in black) across
each of the reference profiles P1, P2 and P3, at the end of the time period studied [10 Dec
2007, 06:00 UTC]. The x-coordinate represents the distance along the profile, with x = 0
the most offshore point.

shows the results in the southern and northern areas across the differ-
ent reference profiles P1 (south), P2 (middle) and P3 (north). In the
case of profile P2, the wave farm modified the sediment transport pat-
terns significantly: whereas erosion was reduced in the northern area
of the beach, in the southern area the material eroded increased for
water depths below 5 m. As for profile P1, the northern area of the
beach presented less sediment transport in the presence of the wave
farm for water depths over 7 m, whilst accretion occurred for water
depths below 7 m. In the case of profile P3, the sediment transport

patterns were hardly affected by the wave farm for water depths over
5 m, but in water depths below 5 m erosion decreased in the southern
area of the beach. In summary, in the baseline scenario (without the
wave farm) accretion was found to occur in the deeper sections of the
profile in the northern area owing to the offshore sediment transport
from the beach face and the submarine bar. In the presence of the
wave farm, however, the erosion of the beach face and submarine bar
was significantly reduced. As a result of this, and of the increase of the
southward sediment transport, the accretion of the deeper sections of
the profile in the northern area that occurred in the baseline scenario
was replaced by accretion in the southern area of the beach for values
of the x coordinate greater than 600 m (as may be seen on profiles P2
and P3).

Finally, the results of the beach face eroded area (FEA) confirmed the
contribution of the wave farm to reducing erosion. Fig. 12 shows the
evolution of the erosion along Perranporth Beach (y = 0 corresponds
to the southernmost point of the beach). The most severe erosion took
place in the southernmost area of the beach, which is not backed by
the dune system, and the northern area, where the waves were higher
(Fig. 8). As regards the efficacy of the wave farm for coastal protection,
the reduction in erosion was more significant in the northern area of
the beach than that in the south and in the middle. In Fig. 13, the non-
dimensional erosion reduction (NER) is represented on the basis of the
results of the eroded area in the beach face, confirming that the wave
farm attenuated the erosion in the north of the beach, with values
over 50%. As regards the southern area of the beach, 500 m < y
<1500 m, the NER factor fluctuated strongly, due to isolated responses
of different points of the profiles.

The results obtained in this work seem to lend credence to the hy-
pothesis formulated at the outset, namely that a wave farm can serve
as a coastal defence measure. It is important to bear in mind, however,
that these results, and in particular its quantitative aspects, were de-
rived for a specific case study: a beach with a bar between —5 m and
— 10 m backed by a well-developed dune system and under the attack
of a storm of certain characteristics. Needless to say, these quantitative
results may not apply to other situations. Furthermore, the study consti-
tutes a first approximation to the potential of wave farms for coastal de-
fence, a complex question owing to the many processes involved. On
open oceanic coasts, such as the present case study, most sediment
transport takes place in the surf zone, with wave-induced currents
playing the main role. It is well known that on these coasts the funda-
mental effect of the tide as regards sediment dynamics is a direct result
of the variation of the water level, namely the extension of the section of
the beach profile on which the energy of the breaking waves is dissipat-
ed. This fundamental effect of the tide was taken into account in this
work by including the tide in the morphodynamic model. As regards
the interaction between the waves and tidal currents in the area,
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Fig. 12. Beach face eroded area in two scenarios: baseline (FEA;) and with the wave farm
(FEAy) along Perranporth Beach (y — coordinate, with y increasing towards the north of the
beach) at the end of the time period studied [10 Dec 2007, 06:00 UTC].
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Fig. 13. Non-dimensional erosion reduction (NER) at the beach face along Perranporth
Beach (y — coordinate, with y increasing towards the north of the beach) at the end of
the time period studied [10 Dec 2007, 06:00 UTC].

highlighted in a recent work by Gonzalez-Santamaria et al. (2013), the
authors look forward to continuing this line of work in the near future
by considering the effects that such interaction could have on wave
propagation and, consequently, on the sediment transport patterns at
Perranporth. So far this interaction has not been considered, and could
be a source of uncertainty in the results. Other sources of uncertainty
could be the limitations of the 2DH modelling approach and the opera-
tional procedures of the wave farm under storm conditions, which are
not easy to establish at this point, when no wave farm is operational
yet. As indicated, the investigation of the applicability of wave farms
to coastal defence is far from finished, and these uncertainties will hope-
fully be tackled as wave energy progresses to become a fully-fledged re-
newable energy source.

5. Conclusions

This paper dealt with the impact of a wave farm on a sandy coast
through a case study. A coastal wave model was coupled to a coastal
processes model to investigate how the attenuation of wave energy
caused by the wave farm affects the morphology of a beach in its lee.
The wave propagation model was used to study the interaction of the
wave farm with the wave field. It was implemented on a high-
resolution computational grid, which enabled to resolve the wakes of
the individual WECs forming the farm. Energy extraction by the WECs
led to a reduction of the significant wave height, which exceeded 30%
of the incident significant wave height immediately in the lee of the
farm, decreased towards the shoreline; in a water depth of 20 m this re-
duction was approximately 10%. The impact of the farm on the near-
shore wave conditions was found to be more significant in the
northern area of the beach owing to the incoming wave direction and
local bathymetry. Based on the results of the wave propagation model,
the coastal processes model was applied to assess the response of the
beach under storm conditions in two scenarios: without the wave
farm (baseline) and with it. By comparing both scenarios the effects of
the wave farm on the beach morphology were established.

For this purpose a new suite of core impact indicators was devel-
oped: the bed level impact (BLI), beach face eroded area (FEA), non-
dimensional erosion reduction (NER) and cumulative eroded area
(CEA). The bed level impact (BLI) evidenced the capacity of the wave
farm to significantly reduce erosion in two sections of the beach profile:
(i) over the submarine bar, where the seabed drop caused by erosion
was reduced by more than 0.5 m (BLI greater than 0.5 m); and (ii) at
the beach face, where the BLI exceeded 4 m at different positions
along the beach. The variation along the 3.6 km long beach in the area
eroded from the beach face was assessed by means of the FEA and NER
indicators. The wave farm was found to result in a non-dimensional

erosion reduction above 50% along a 1.5 km stretch in the north section
of the beach. This pronounced impact of wave energy extraction was
confirmed with the CEA indicator.

For each of the reference profiles P1, P2 and P3, the north and south
sections experience different behaviour. In the north sections, in the ab-
sence of the farm accretion occurred in the deeper section of the profile
at the expense of erosion over the bar and intertidal areas; in contrast,
no accretion in the deeper section was observed in the presence of the
wave farm —in line with the aforementioned reduction in the erosion
over the bar and beach face. In the south sections, whilst there are
small differences in the deeper parts of the profile, in the upper parts
(intertidal areas) an increase of the accretion was found with the
wave farm. This would appear to indicate that, whereas in the baseline
scenario substantial offshore sediment transport occurs, in particular in
the north sections, leading to accretion in the deeper section of the pro-
file at the expense of the material eroded from the beach face and the
bar, the wave farm modifies this pattern by reducing the offshore sedi-
ment transport and increasing the southbound longshore sediment
transport, resulting in accretion throughout the profile in the southern
part of the beach.

To sum up, the nearshore wave farm was found to cause a substan-
tial impact on the beach dynamics. Erosion, especially at the beach face,
was significantly reduced, which lends credence to the hypothesis that a
wave farm can serve as a coastal defence measure. This synergy be-
tween coastal protection and energy production enhances the economic
viability of wave energy. Furthermore, the application of wave farms to
coastal protection has an advantage from the standpoint of coastal man-
agement, at least if floating wave energy converters are considered (as
in this work) —the effectiveness of the wave farm as a coastal defence
mechanism is not affected by sea level change.
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The location of a wave farm and, in particular, its distance to the coast is one of the key aspects in a wave
energy project. The effects of the farm on the coast, which can be instrumental in mitigating storm-
induced erosion and thus contribute to coastal defence, are sometimes disregarded in selecting its
location, possibly due to the inexistence of an ad hoc methodology. In this context, the objective of this
work is to examine the influence of the farm-to-coast distance through a sensitivity analysis in a case

ﬁyw"rds" study: Perranporth (UK). The impacts of a wave farm on the beach morphology are examined in four
szs ?;?;gy scenarios with different farm-to-coast distances using a high-resolution suite of numerical models. The

results show that a wave farm closest to the beach offers the highest degree of coastal protection (up to
20% of beach erosion reduction). The downside of this enhanced coastal protection is that the wave
resource available at this location would be slightly smaller (approx. 10%) than in the case of the wave
farms further from the coast. More generally, we find that the farm-to-coast distance is a critical variable

Nearshore impact
Beach morphology
Erosion

Sediment transport

in determining the effectiveness of a wave farm for coastal defence.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of wave energy is reflected in the number of
very active research lines: the resource characterisation [1—17],
the technology development [18—29] or the environmental im-
pacts [30—43]. Conventionally, the main criterion to establish the
optimum location for wave farms was the maximisation of wave
power [44,45], and other important aspects were often dis-
regarded, such as the effects on the nearshore wave conditions
[46,47] and, in particular, the eventual contribution to coastal
protection provided by a wave farm. Abanades et al. [48,49],
proved that a nearshore wave farm reduced the erosion at the
beach face by as much as 35% after storm events due to the
extraction of wave energy by Wave Energy Converters (WECs).
On this basis, the objective of this work is to establish the
dependence of the degree of coastal protection offered by the
farm on its distance from the coastline by means of a sensitivity
analysis.

To accomplish this objective, four scenarios are compared,
corresponding to three locations of the wave farm at different
distances from the coast, plus the baseline (no farm) scenario,

* Corresponding author. Tel.: +44 (0)7583 544041.
E-mail address: javier.abanadestercero@plymouth.ac.uk (J. Abanades).

http://dx.doi.org/10.1016/j.renene.2014.10.048
0960-1481/© 2014 Elsevier Ltd. All rights reserved.

under different wave conditions. First, the impacts of the wave
farm on the wave conditions are examined using a nearshore
wave model, SWAN, Simulating Waves Nearshore [50]. This is a
phase-averaged spectral model that computes the effects of the
wave farm using an energy transmission coefficient, whose
values are obtained from the laboratory tests carried out by
Fernandez et al. [27]. The wave farm is implemented on a high-
resolution grid at different distances from a reference (10 m
water depth) contour: (i) 2 km, (ii) 4 km; and (iii) 6 km. Second,
based on the results of the aforementioned scenarios a coastal
processes model, XBeach [51], is used to compare the effects of
the wave farm at the different locations with the baseline sce-
nario. A set of impact indicators is developed, specifically, to
quantify these effects and establish the role played by the farm-
to-coast distance.

This methodology is applied to a case study at Perranporth
Beach (Fig. 1), Cornwall (UK). A 3.5 km long sandy beach facing
directly toward the North Atlantic Ocean, Perranporth is in an area
with a great potential for marine renewable energy [52] — as
corroborated by the Wave Hub pilot test site. The extremely ener-
getic storms of February 2014 proved that Perranporth is subject to
increased erosion risks from rising sea level and storminess [53]. In
view of these risks, and given that a wave farm consisting of floating
WECs adapts naturally to any sea level changes [54], Perranporth
constitutes a prime area for using such wave farms for coastal
protection.
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Nomenclature E(s,d)  directional spectral density
Hims root mean square wave height
N wave action density Tmo1 mean absolute wave period
¢x and ¢, velocity propagation in the x- and y-space, respectively Om mean wave direction
¢y and ¢, velocity propagation in the direction and ¢ the relative S directional spreading coefficient
frequency space, respectively C wave group varying depth averaged
S source term Dy, sediment diffusion coefficient
p water density uf and vEdepth-averaged velocities
g gravity acceleration Ceq equilibrium concentration
h water depth MSR mean spring tide range
H significant wave height LCD local chart datum
Tp wave peak period BLI bed level impact in the i-th wave farm scenario
0 wave direction FEA, beach face eroded area in the baseline scenario
K; wave transmission coefficient FEA; beach face eroded area in the i-th wave farm scenario
t time NER; non-dimensional erosion reduction in the i-th wave
RSH reduction in the significant wave height farm scenario
D distance between the twin bows of a WEC CEA,p mean cumulative eroded area in the baseline scenario
Hgp significant wave height in the baseline scenario CEA; mean cumulative eroded area in the i-th wave farm
Hs s significant wave height in the i-th wave farm scenario scenario
J wave power ¢ seabed level
2. Materials and methods equation that can be solved in spherical or geographical co-

ordinates [55]:
2.1. Wave model

oN N a(cxN) N 9(cyN) N d(cgN) N d(cN) _ S
The wave propagation was computed using SWAN v40.41, a ot 0x oy od 90
third-generation spectral wave model based on the action balance

(1)

Northing (*)—

Perranporth

. Beach

Perranporth

. . -l N e
5?6 55 -5

Easting (°) =

Fig. 1. Bathymetry of SW England [water depths in m] including the location of Perranporth Beach, Wave Hub Project and an aerial photo of Perranporth Beach [source: Coastal
Channel Observatory].
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in which the first term on the left-hand side of this equation rep-
resents the variation of wave action density (N) — the wave energy
density divided by the relative frequency — in time (t), the second
and third term the velocity propagation in the geographical space
(with ¢y and ¢y the propagation velocity in x- and y-space, respec-
tively) and the fourth and fifth term the propagation velocity in the
f- and o-space, respectively (where f represents the direction and ¢
the relative frequency). On the right-hand side of Equation (1), the
source term S represents the effects of generation, dissipation and
nonlinear wave—wave interactions.

In the present study the wave model was set up to account the
following wave processes: shoaling, refraction due to current and
depth, whitecapping, bottom friction and depth induced wave
breaking [56]; using two computational grids with different res-
olutions (Fig. 2): (i) an offshore grid covering an area of approx.
100 km x 50 km with a grid size of 400 x 200 m, and (ii) a high-
resolution nearshore (nested) grid covering the study area, with
dimensions of approx. 8 km x 6 km and a grid size of 16 m x 12 m.
Onto the latter grid was implemented the wave farm, whose layout
was chosen based on the sensitivity analysis carried out by Car-
ballo and Iglesias [46]. It consisted of 11 WaveCat WECs [27,57]
arranged in two rows, with a spacing between devices of 2.2D,
where D = 90 m is the distance between the twin bows of a single
device, occupying an area approx. of 1500 m x 350 m. Following
Kenney [58] and based on the analysis of the offshore wave climate
in the area, two wave conditions (Table 1) were prescribed at the
outer (ocean) boundary of the offshore grid. Wave transmission
through the wave farm was modelled using the transmission co-
efficients obtained in the laboratory tests reported by Fernandez
et al. [27]. For the purposes of the sensitivity analysis three loca-
tions of the wave farm were considered, at distances of 2 km, 4 km
and 6 km from the reference (10 m water depth) contour — cor-
responding to water depths of approx. 25 m, 30 m and 35 m,
respectively (Fig. 3).

To measure the impact of the wave farm on the wave conditions
in its lee an impact indicator was defined: the Reduction in the
Significant wave Height, RSH;,

RSH; (x.) = Hsp(x.y) ™" (Hop (x.¥) = Hog (x.¥) ),
with i = 2 km, 4 km or 6 km,

(2)

where the subindex i refers to the position of the wave farm, and
Hs ) and Hg 5 are the significant wave height in the baseline scenario
and with the wave farm, respectively, at a point of the coast
designated by its coordinates (x,y), with the x-coordinate referring
to the easting and the y-coordinate to the northing. This non-

Offshore grid (SWAN). Resolution: 400 x 200 m

o
=}
=3
s

J. Abanades et al. / Renewable Energy 75 (2015) 572—582

Table 1

Wave conditions: significant wave height (H;), peak period (T,), direction () and
directional spreading (s); and wave transmission coefficient (K;) for the different
case studies.

Case study H; (m) Tp (s) 0(°) s(°) K
CS1 3 12 315 (NW) 26.50 0.76
CS2 3.5 11 315 (NW) 26.34 0.78

dimensional indicator quantifies the shadow caused by the wave
farm in its lee.

The performance of the wave farm at the different positions was
also analysed by means of the wave power (J, in units of W m~! in
the SI), which is computed in SWAN from its x- and y-components:

21 360
Jx = / / pgexE(0,6) do do 3)
0 O
27 360
4)

]y:/ / pgcyE(o,6) do dé
0 0

where p is the water density, g is the acceleration due to gravity, and
E(0,0) is the directional spectral density, which specifies how the
energy is distributed over frequencies (¢) and directions (). The
wave power magnitude is then given by

1= (B +2) 5

2.2. Coastal processes model

Based on the results of the wave model, the coastal processes
model, XBeach v1.20.3606, was used to compute the impact of the
wave farm on beach morpholology. XBeach is a 2DH (two-dimen-
sional horizontal) time-dependent model that solves coupled
cross-shore and alongshore equations for wave propagation, flow,
sediment transport and bottom changes. The full description of the
model can be found in Roelvink et al. [51].

The sediment transport module solves the depth-averaged
advection diffusion equation [59] on the time scale of wave
groups [60],

Northing (°)—
an an
§3.) o a o n
o a 2l a =4

@
=}
w
)

56 -55
Easting (°) —»

Nearshore grid (SWAN)

(m)

Resolution: 16 x 12

Fig. 2. Computational grids of the wave propagation (SWAN) and coastal processes (XBeach) model [water depths in m].
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Fig. 3. The three locations considered for the wave farm, at distances of 2 km, 4 km
and 6 km from the reference (10 m water depth) contour [water depth in m)].

o(hC)  d(hCuf) o(hCF) oh {th%} . oh [th%}
ot | ox oy ox oy (6)
hCeq — hC
==

where C is the wave group varying depth averaged, sediment
concentration, Dy is the sediment diffusion coefficient, which is
represented by an adaptation time, T, that is based on the local
water depth, h, and sediment fall velocity. The terms uf and v¢
represents the depth-averaged velocities and Ceq the equilibrium
concentration, representing the source term in the right hand side
of the equation. The sediment transport formula defined by Van
Thiel de Vries [61] was chosen to determine the sediment equi-
librium concentration.

XBeach has been widely validated to determine the impact of
storms on sandy [62—64] and gravel beaches [65—68] at different
locations. In this case, the impact of the wave farm on the beach

5751

Profile P,
57+ ¢

1 565}
E  Ppofile Py
2 5 (m
£
S 56l
S s
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555} Rs
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550 A
-15
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Easting (m) = x10°

Fig. 4. Bathymetry of Perranporth Beach computed in XBeach. Profiles P1, P2 and P3
included. Water depth in relation to local chart datum [in m].

morphology (3D) was compared to the baseline scenario at Per-
ranporth Beach following the model set up applied by Abanades
et al. [48] at the same location to study the evolution of the beach
profile (2D). The high-resolution grid implemented on XBeach
covered an area of 1.4 km cross-shore and 3.0 km alongshore at
Perranporth Beach with a resolution of 6 m and 12.5 m, respec-
tively. The bathymetry data, from the Coastal Channel Observatory,
were interpolated onto this grid (Fig. 4), which comprised elevation
values from —20 m to more than 30 m with reference to the local
chart datum (LCD).

The following parameters obtained from the wave model along
the line A—A’ (Fig. 5) were the input of XBeach for the analysis of
the beach response under the storm events: root mean square wave
height (H;ms), mean absolute wave period (Tryp1), mean wave di-
rection (f;) and directional spreading coefficient (s). As for tidal
effects, Perranporth is a macrotidal beach with a Mean Spring tidal
Range, MSR, of 6.3 m [69], and consequently their influence on the
response of the beach ought to be considered [70]. The MSR was
included in the model with a semi-diurnal tidal regime (two low
and two high tides each day).

The effects of the wave farm on the beach morphology were
determined based on a comparison of the different wave farm
scenarios with the baseline (no farm) case. The following impact
indicators were defined: (i) bed level impact (BLI;), (ii) beach face
eroded area (FEAj or FEA;), (iii) non-dimensional erosion reduction
(NER;), and (iv) mean cumulative eroded area (CEA, or CEA;). The
indicators corresponding to the baseline and wave farm scenarios
were denoted with the subscripts b or i, respectively, with i indi-
cating the farm-to-coast distance (i = 2 km, 4 km or 6 km).

The bed level impact (BLI;), with units of m in the S.I, was
defined as

BLIi(X,y) = &5 i(%,¥) — p(x,y), withi=2km, 4 km or 6 km,
(7)

where si(x,y) and {p(x,y) are the seabed level in the wave farm and
baseline scenarios, respectively, at a generic point of the beach
designated by its coordinates (x,y) in the horizontal reference
plane. The y-coordinate axis follows the general orientation of the
beach, with values increasing towards the northern end of the
beach, and the x-coordinate is the horizontal coordinate along the
profiles, with values increasing towards the landward end of the
profile. Thus, the BLI; indicator represents the change in bed level in
the i-th scenario. A positive value signifies that the seabed level is
higher in the presence of the wave farm.

The beach face is the area over the mean water level exposed to
the action of the waves. In order to quantify the wave farm effects
on this particularly relevant area of the beach, the beach face
eroded area (FEA), with units of m? in the S.I, was defined in the
wave farm (FEAy;) and baseline (FEAp) scenarios by

FEA,(y) = /m ax[co x,¥) = &p(x,y)]dx, (8)
FeA ) - | [co(y) — () e o

X1

with i = 2 km, 4 km or 6 km,

where {o(x,y) is the initial bed level at the point of coordinates (x,y),
and x1 and xmax are the values of the x-coordinate at the seaward
end of the beach face and landward end of the profile, respectively.
These indicators are profile functions (the profile being designated
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Fig. 5. Significant wave height [m] in the baseline scenario and in the presence of the farm at distances of 2 km, 4 km and 6 km from the reference (10 m water depth) contour in

CS1 (clockwise from above left).

by the y-coordinate) that evaluate the erosion caused by the storms
at the beach face, thus enabling to compare the reduction of the
erosion obtained in each of the three wave farm scenarios relative
to the baseline case.

The non-dimensional erosion reduction,

Xmax

NER;(¥) =1 — (Xmax *Xl)q / [Co(X,y) - Cf,i(x’y)} (10)

x [Co(%,¥) — Cp(x,y)] dx,

is also a profile function, in this case non-dimensional, which
computes the variation in the eroded area of a generic profile (y) as
a fraction of the total eroded area of the same profile brought about
by the wave farm. A positive or negative value implies a reduction
or increase in the eroded area, respectively, as a result of the wave
farm.

Finally, the mean cumulative eroded area (CEA), with units of m?
(or m? per linear metre of beach), was determined as well in the
baseline scenario (CEAp) and with the different wave farms (CEAy;).
For its definition three reference profiles were considered: Py, Pg
and Pc (Fig. 2). For each of these the beach was divided into two
parts, to the north (CEAf,’ andCEAf’j) and south (CEAIS; andCEAf,,-) of
the reference profile, and the corresponding indicators were
computed from

yp X

CEAS(X) = (¥p — o) ! / / Gotoy) - Gooy)ldxdy, (1)

Yo Xo

yr X

CEAf,i(X)=(J/P—YO)71//[CO(X,Y)—Cf,i(X»Y)} dxdy, (12)

Yo Xo

Ymax X

CEA (0 = Oimax —y0) ™! [ [ oy~ Gyl dxdy, (13)

Yp Xo

Ymax X

CEAY; () = Omax ~ye) [ [ [0 () — 4 (o9)] axay.
Yp  Xo

(14)

where the integration variables y and y correspond to integration
along the profile and the beach, respectively. The integration limits
along the profile are: xq, the value of the x-coordinate corre-
sponding to the first point of the profile (seaward end); xmax, the
(landward) end of the profile. Along the beach, the integration
limits are: yo and ymax, the values of the y-coordinate corre-
sponding to the southernmost and northernmost points of the
beach, and yp the value corresponding to the reference profile. The
CEA indicator represents the average cumulative eroded area of the
two sections of the beach along the profile (x). A positive value
signifies that the mean volume of material along the section of the
beach is reduced compared with the initial situation (erosion).

3. Results and discussion

First, the results obtained from the nearshore wave model were
analysed to study the impact of the wave farm on the wave con-
ditions. The nearshore significant wave height (H;) for the different
scenarios (baseline and with the wave farm at distances of 2 km,
4 km and 6 km from the reference contour) is shown in Fig. 5 for
CS1 (Table 1). The reduction in the significant wave height in the lee
of the farm caused by the energy extraction is apparent. This
reduction was assessed by means of the impact indicator RSH;
(Fig. 6) defined in Section 3.1. The maximum value of the indicator
was achieved within the second row of WECs with values of up to
50%. At a distance of 1.5 km from the second row of devices, the
reduction reached a peak of 40% due to the merging of the shadows
caused by the first and the second row of devices. However, this
reduction decreased moving towards the coast due to the redis-
tribution of the energy from the edges into the shadow caused by
the wave farm. At a water depth of 10 m, the average reduction
caused by the wave farm closest to the coast (2 km) was approx.
25%, whereas for the wave farm at 4 and 6 km the average reduction
was approx. 15% and 9%, respectively.
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The relevance of the farm-to-coast distance may be readily
observed in the shadows caused by the wave farm at different
distances. The area affected at the coastline by the wave farm
furthest to the coast (6 km) was greater than 7 km, however the
average reduction of the significant wave height in this area was
less than 5%. On the other hand, the wave farm at 2 km affected a
smaller area in the coastline, around 4 km, but the reduction
exceeded 10%. Fig. 7 shows this reduction for CS1 (above) and CS2
(below) along the line AA’, located in Fig. 5, which corresponded to
the area of interest at Perranporth Beach and was used as input for
the coastal processes model. This figure confirmed the different
shadow pattern brought about by the wave farm at a distance of 4
and 6 km compared with the 2 km. In the latter, the reduction
mainly occurred in the central section of the beach, being less
significant in the northern area of the beach. However, for the other
two scenarios, the reduction was found to be approx. constant
along the line AA'.

In terms of wave power, the resource was evaluated using
Equations (2)—(4) at the location of each of the WECs in the wave
farm. Table 2 shows the overall wave power incident on the wave
farm for the different distances, it was found that the closer the
wave farm to the coast, the lesser the resource, due to the
dissipation caused by the different coastal processes that occur in
intermediate and shallow water. For the wave farm closest to the

\/

Ty

coast the reduction of the wave power compared to the scenario
with the wave farm at a distance of 6 km was 10.5% and 8.7% for
CS1 and CS2, respectively. In the case of the wave farm at 4 km
the reduction compared with the scenario at 6 km is 5.7% and
7.3% for CS1 and CS2, respectively. In summary, on the one hand
the wave farm closest to the beach caused the greatest reduction
in the significant wave height, but, on the other hand, the
resource in that area is lower than in deeper areas, and, there-
fore, a comparative study of the response of the beach under
storm conditions is necessary to determine the best location for a
wave farm in terms of wave energy resource and coastal
protection.

Second, the coastal processes model used the output of the wave
model to study in which manner the modification of the wave
patterns affected the coastal processes and, consequently, the
beach morphology. To quantify this alteration the results were
analysed by means of the impact indicators defined in Section 3.2.
The first indicator was the bed level difference, BLI, which repre-
sented the difference of the bed level between the baseline and the
wave farm scenarios at a point in time. Fig. 8 shows BLI values at the
end of the storm for CS1 with the wave farm at a distance of 2 km
(left), 4 km (middle) and 6 km (right). It was observed that the main
impact caused by the wave farm was located at the beach face,
where reductions of the erosion up to 1.5 m were found.
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Fig. 7. Significant wave height [in m] in the baseline scenario (Hs, b) and in the presence of the farm at a distance of: 2 km (Hs, 2 km), 4 km (Hs, 4 km) and 6 km (Hs, 6 km) from the

reference (10 m water depth) contour across the line AA’ in CS1 (above) and CS2 (below).
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Table 2
Overall wave power incident in the wave farm [kW/m].

Case study (Hs) Wave farm scenario

2 km 4 km 6 km
CS1:3m 197.52 208.02 220.75
CS2:35m 339.80 345.09 372.13

Fig. 9 illustrates the evolution of three profiles at the end of the
storm for CS2, corresponding with three section of the beach that
were identified by their different responses under the storms: (i)
the southern section of the beach (P1 in Fig. 9) with a smooth slope
in the intertidal area; (ii) the area backed by a very steep dune (P2
in Fig. 9) where the mean water level was close to the toe of the
dune; and (iii) the northern section of the beach (Ps in Fig. 9) also
backed by the dune, but with a greater distance from the toe of the
dune to the mean water level. In the case of P; and P3 the main
erosion occurred on the beach face and this material was moved to
lower sections of the beach, however in the case of P2 accretion was
detected in the intertidal area due to the material eroded in the
steep dune for the proximity of the mean water level to it. In the
area of P3 were found the greatest values of the BLI indicator, with
reductions greater than 1 m, while in the section P1 the reduction
took values of approx. 0.5 m.

In the comparison between scenarios, the wave farm at a dis-
tance of 2 km caused greater reduction of the erosion along the
beach than the other scenarios, in which areas with significant
reductions of erosion were combined with negligible values or even
accretion. In the lower sections of the beach, accretion occurred due
to the amount of material eroded in the beach face. For instance, in
the scenario with the wave farm closest to the coast the BLI took
negative values of —0.5 m in the southern area of the beach, which
meant that the accretion without the farm was bigger than with it,
due to the greater erosion produced in the intertidal area in the
baseline scenario. This reduction of the accretion with the wave
farm at a distance of 4 km and 6 km took place only in a few sec-
tions of the beach with BLI values less than 0.3 m.

The impact factor FEA was defined to quantify the erosion in the
beach face along the beach (Fig. 10). The greatest values of this
indicator along the beach were focussed in the southern area
because this section was not backed by the dune. The erosion in the
baseline scenario was, in general, greater than the scenarios with

J. Abanades et al. / Renewable Energy 75 (2015) 572—582

the wave farm, especially in the middle and northern area of the
beach, y—coordinate (along the beach) > 1250 m. To compare the
reduction between the different wave farm scenarios the indicator
NER was defined, which showed the variation of the erosion in
terms of the eroded area in the baseline scenario (Fig. 11). The NER
values fluctuated considerably along the beach, but it was observed
that the reduction using a wave farm at a distance of 2 km was
greater than the other two scenarios.

In the area of the steep dune (500 m < y—coordinate < 1250 m),
the erosion in the beach face was very low (negligible in some
sections), and very few profiles presented an isolated response
taking the NER factor negative values (greater erosion with the
farm than without it). However, in terms of the average reduction of
the beach face erosion along the whole beach, it was confirmed that
the wave farm at 2 km offered a greater degree of coastal protec-
tion, around 15% in both case studies, than the scenario with the
wave farm at 4 and 6 km, which presented an approximate
reduction of approx. 10%. Considering particular sections of the
beach, the impact was much more significant, for instance, the
reduction exceeded 20% for the wave farm at 2 km for values of the
y — coordinate between 1200 and 2000 m in CS2, which was the
area most affected by the reduction of the significant wave height
(Fig. 7). The results for the wave farm at 4 and 6 km did not present
large differences in terms of the reduction of the erosion along the
whole beach; however the average reduction for the farm at 4 km
was slightly greater (13%) than the farm at 6 km (11%) in the area
backed by the dune (y > 1250 m).

Finally, the CEA indicator computed the volume of material
moved per linear metre along the beach between the initial con-
ditions and the last point of the simulation for the different sce-
narios. This indicator was applied to the northern (CEAN) and
southern (CEA®) section of the beach taking as reference for each
case the following profiles (Fig. 4): P4 (south), Pg (middle) and P¢
(north), which allowed the variations in the longshore sediment
transport to be studied. Fig. 12 shows the evolution of this factor
along the profile (x) for CS1, where the negative values represented
an increase in the volume of material with respect to the initial
conditions (accretion). In the lowest section of the profile, the
volume of material for the scenarios studied was larger than the
initial volume due to the material eroded, mainly from the
following sections along the profile: (i) the beach face (1200 m < x-
coordinate < 1300 m) and (ii) the area that faced the storms in low

x10 2an x 10 4an x 10 Bkm 15
5751 o 5751 q 575 B
i
i
57 | 57} Sk 571 S
' '
/ l
5651 1 565¢ 1 565 E
£ ’ i 1 !
= E E ! 05 (m)
f= j= / j=J !
= = =
£ s56f ) £ s6r ' ' 1 £ 586 ' 1
S S S
z z a p z -
/
5551 y 1 555F p q 5551 E 0
i
55 - 1 55H 1 55 g
4 / -
! 05
L L L L . . L L L L L .
1.745 175 1.755 176 1.745 175 1.755 176 1745 175 1755 176
Easting (m) — “05 Easting (m) — ><105 Easting (m) — x 105

Fig. 8. Bed level impact with the wave farm at a distance of 2 km (BLI; k), 4 km (BLI4 k) and 6 km (BLIg xm) at the end of the storm in CS1.
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tide (800 m < x-coordinate < 1000 m), which was more significant
in the southern area of the reference profiles. The geomorpholog-
ical complexity of the southern section of the beach resulted in very
different behaviour between the different scenarios.

The wave farm at a distance of 2 km presented a significant rise
in the volume of material in the southern area of the beach, espe-
cially taking as reference the profiles P4 and Pg. This could be
associated to the modification of the wave patterns brought about
by the wave farm, given that the main reduction of the significant
wave height occurred in the southern and middle area of the beach.
Therefore, part of the material eroded in the northern section,
where the reduction of the significant wave height was less, could
be moved to the southern part of the beach, increasing the volume
in this section. As for the wave farm at 4 and 6 km, they did not

present significant differences compared with the baseline sce-
nario, nonetheless the erosion caused in the absence of the farm
was greater. For instance, in the northern area of the different
profiles, it is observed that the greatest accretion at x = 1250 m
occurred in the baseline scenario due to the largest amount of
material eroded at the beach face. In the case of the profile P4, this
was followed by the scenario with the wave farm at a distance of
2 km, associated with the material moved from the north of the
beach, but for the profiles Pg and Pc, the greatest values of accretion,
after the baseline scenario, occurred with the wave farm at 4 and
6 km given that the farm at these distances reduced the erosion less
than the scenario at 2 km. To sum up, a wave farm can alter not just
the wave conditions in its lee but also the morphology and the
sediment transport of the beach.
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A previous study conducted by Abanades et al. [49] analysed the
applicability of a wave farm to coastal defence. The present work,
while confirming the suitability of wave farms as a coastal defence
means, considers for the first time the influence of the farm-to-
coast distance. By proving the importance of this parameter and
giving quantitative data on the variation of the beach morphody-
namics induced by the wave farm at different distances, this work
contributes to the applicability of wave farms to coastal defence.
Furthermore, wave farms present the following advantages versus
traditional measures of coastal protection: (i) the generation of
carbon-free electricity — their main purpose, with coastal defence
as a secondary benefit; and (ii) in the case of floating WECs such as
WaveCat, the effectiveness of the wave farm is not affected by sea
level change.

4. Conclusions

The role played by the distance in the impact of a wave farm on
the beach morphology was analysed in this paper. To investigate
this, a wave farm formed by 11 WECs was located at different dis-
tances: 2 km, 4 km and 6 km from a reference (10 m water depth)
contour in a high-resolution suite of numerical models. This suite
consisted of a nearshore wave model coupled to a coastal processes

model, which allowed the impacts of the wave farm on wave
conditions and coastal processes to be assessed.

The wave farm extracted energy from the waves, which was
characterised by means of wave transmission coefficients that were
obtained in laboratory tests. The comparison between the baseline
and the wave farm scenarios showed the importance of the farm-
to-coast distance, given that, depending on the location, the area
affected by the farm and the magnitude of the wave height
reduction varied considerably. In the case of the wave farm at a
distance of 6 km, the impact of the farm covered an area of 7 km
along the coast but the reduction of the significant wave height at a
water depth of 10 m was less than 10%; nonetheless, the area
affected by the wave farm closest to the farm was 4 km and the
reduction approx. 25% due to less energy being diffracted into the
shadow of the farm situated closer to the beach.

The impact of the wave farm on the wave conditions resulted in
an alteration of the coastal processes nearshore, and therefore, of
the beach morphology. To quantify this, a suite of impact indicators
was developed and applied to the results of the different scenarios.
The reduction of the erosion brought about by the different wave
farms was mainly in two areas of the beach: (i) the area at a water
depth of approx. 3 m, which faced the storms during the low tide;
and (ii) the beach face of the beach. Whereas in the former, the
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reduction did not exceed 0.5 m, in the latter it reached 1.5 m. In the
comparison between scenarios, the wave farm at 2 km offered
greater reductions of the erosion than the farm at 4 and 6 km,
which presented similar responses. The overall reduction of the
erosion on the beach face compared to the baseline scenario was
15% for the closest wave farm and approx. 10% for the other two.
These values fluctuated significantly along the beach, and in some
sections, especially in the northern area of the beach, exceeded 40%.

Lastly, it was also found that the wave farm may change the
distribution of sediment along the beach. The alteration of the wave
conditions with the farm at 2 km modified the sediment transport
patterns, increasing the volume of material moved to the southern
area of the beach. This confirmed that the effects on the beach
morphology of the wave farm closest to the coast were more pro-
nounced than in the other scenarios; nevertheless, the overall wave
resource in this area was 10% less than with the case with the
furthest farm (6 km) due to the attenuation of wave energy caused
by the coastal processes that occur in shallow waters. When
comparing the scenarios at 4 km and 6 km, the impact on the beach
morphology did not present significant differences but there were
differences in the overall resource at the wave farm: 8% less at 4 km
than at 6 km.

In summary, the selection of the location for a wave farm is not
trivial. This work proved that the degree of coastal protection
afforded by a wave farm varies significantly as a function of its
distance to the coastline. On these grounds, the effects of the wave
farm on the coast ought to be one of the main considerations
(alongside the energy resource) in this selection, not least in areas
subject to erosion risks, where the wave farms can contribute
considerably to its mitigation.
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The extraction of wave energy by the Wave Energy Converters (WECs) forming a wave farm results in a milder
wave climate in its lee, which can have an impact on coastal processes. The objective of this work is to determine
whether the beach morphology can be altered by the operation of the wave farm, and if so, to quantify this alter-
ation. For this purpose, we examine how the farm affects the modal state of the beach with reference to a baseline
(no farm) scenario. The modal state is defined based on an empirical classification that accounts for wave condi-
tions, tidal regime and sediment size. As a beach typically goes through different modal states, we determine the

Keywords: . . . . . .

Wwave energy percentages of time in an average year corresponding to each state in the baseline scenario, and how these per-
wave farm centages are altered by a wave farm as a function of its distance from the coast. This methodology is illustrated
nearshore impact through a case study: Perranporth Beach (UK), an area of great potential for wave energy development. High-
beach morphology resolution numerical modelling is used, with two levels of grid refinement. We find that the wave farm has a

conceptual beach model
sediment transport

relevant impact on the modal state of the system, which passes from wave-dominated to tide-dominated during
significant periods of time. The sensitivity analysis, involving three cases with the farm at distances of 2 km, 4 km
and 6 km from the beach, showed that the farm-to-coast distance plays a major role. Thus, the shift from a wave-
to a tide-dominated beach is exacerbated in the case of the wave farm closest to the coastline, with the submarine
bar vanishing over long periods of time. We conclude that the presence of the wave farm drastically alters the
morphological response of the beach, and that this alteration is strongly dependent on the farm-to-coast

distance.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Wave energy is poised to become one of the major renewable ener-
gies in a number of coastal regions around the world (Bernhoff et al.,
2006; Carballo et al., 2014; Cornett, 2008; Defne et al., 2009; Gongalves
et al., 2014, Iglesias and Carballo, 2010a; Iglesias et al., 2009c;
Lenee-Bluhm et al.,, 2011; Liberti et al., 2013; Stopa et al., 2011; Veigas
et al., 2014a; Veigas and Iglesias, 2013, 2014; Vicinanza et al., 2013).
The influence of wave energy extraction by the Wave Energy Converters
(WECs) forming a wave farm on the nearshore wave conditions was
recently shown by different authors (Carballo and Iglesias, 2013;
Iglesias and Carballo, 2014; Mendoza et al., 2014; Millar et al., 2007;
Palha et al.,, 2010; Ruol et al.,, 2011; Smith et al., 2012; Veigas et al.,
2014b,c; Vidal et al., 2007; Zanuttigh and Angelelli, 2013). Abanades
et al. (2014b) proved that this extraction resulted in a medium-term
reduction of the erosion exceeding 20% in some sections of the beach
profile (2D). In further studies, Abanades et al. (20144, 2015) consid-
ered the 3D response of the beach under storm conditions in order to
establish the applicability of wave farms to coastal defence. Erosion
was found to decrease by more than 50% in certain areas of the beach.
In the wake of these studies, which evidence the impact of wave

* Corresponding author.
E-mail address: javier.abanadestercero@plymouth.ac.uk (]J. Abanades).

http://dx.doi.org/10.1016/j.margeo.2015.01.008
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farms on beach morphology, the question arises as to whether a wave
farm can modify the modal state of a beach, and, if so, in what manner.

The objective of the present study is to answer this fundamental
question by means of a case study: Perranporth Beach (UK). To quantify
the effects of the wave farm on the modal state of the beach, scenarios
with and without the farm were compared and the percentage of time
corresponding to the different modal states during the period from 1st
of November 2007 to 31st of October 2008 was determined. In addition,
the seasonal variability: “winter” (Nov-Apr) vs “summer” (May-Oct)
was also examined. The modal states were established following the
empirical classification presented by Masselink and Short (1993),
based on Wright and Short (1984). The modal states vary as a function
of the wave climate (breaking wave height and peak period), the beach
sediment characteristics (sediment fall velocity) and the tidal regime
(mean spring tidal range).

The effects of the wave farm on the coast are characterised using a
wave propagation model, SWAN (Booij et al., 1996). The wave farm,
which consists of eleven WaveCat WECs arranged in two rows, is imple-
mented on a high-resolution grid so as to accurately resolve the wakes
of the individual WECs, and hence that of the wave farm as a whole.
Four scenarios are examined: three with the wave farm at different
distances from a reference contour (10 m water depth): 2 km, 4 km
and 6 km, following Abanades et al. (2015), plus the baseline scenario
(without the wave farm). Thanks to the three distances considered it
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is possible to analyse the role of the farm-to-coast distance in the impact
on the beach morphology. The WEC-wave field interaction is modelled
by means of the wave transmission coefficient, obtained through labo-
ratory tests as reported by Fernandez et al. (2012). The numerical
model, successfully validated with wave buoy data, is used to calculate
the wave conditions and on this ground establish the modal state of
the beach.

The understanding and modelling of beaches are essential to coastal
management (Budillon et al., 2006; Cowell et al., 1995; De Vriend et al.,
1993; Hughes et al., 2014; Iglesias et al., 2009a,b; Ortega-Sanchez et al.,
2014; Ortega Sanchez et al., 2003; Poate et al., 2014). In the case of
Perranporth, the beach was described as dissipative (Butt et al., 2001;
Masselink et al., 2005) and as a low-tide bar rip system (Scott et al.,
2007, 2011), with Austin et al. (2010) indicating that it is at the transi-
tion between the low tide bar/rip and dissipative beach. In this context,
the characterisation obtained in the present work contributes to under-
standing the behaviour of Perranporth by providing quantitative
estimates of its morphodynamical variability throughout a year.

2. Material and methods
2.1. Conceptual beach model

The conceptual beach classifications are empirical models based
on the relationships between the characteristics of different types
of beaches (wave climate, sediment size and tidal regime) and field
observations. Therefore, these models allow the evolution of beach
dynamics as a function of the beach features to be predicted, and
also, the quantification of the potential changes induced by a modi-
fication of these, such as the reduction of wave energy brought
about by a wave farm.

The classification presented by Wright and Short (1984), also called
the Australian beach model, is based on the field observations collected
in Australia for microtidal beaches. This classification indicates the
prevailing conditions in the surf zone: dissipative, intermediate or
reflective, as a function of the dimensionless fall velocity parameter
(Q), also known as the Dean's number (Dean, 1973),

Hy
Q= T (1)
where H, is the breaking wave height, T is the wave peak period corre-
sponding to the breaking conditions and w is the sediment fall velocity,
which is defined for the present paper according the Shore Protection
Manual (US Army Corps Of Engineers, 1984),
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where y; and y,, are the densities of the sediment and water, respective-
ly, g the gravitational acceleration, Dsq the sediment grain size and v the
fluid kinematic viscosity.

This model represents the evolution of microtidal beaches well;
however, it does not account for the influence of the tide on the
swash, surf zone and shoaling wave processes (Davis and Hayes,
1984). This was corrected with the introduction of a new parameter:
the relative tide range (RTR), which allows the characterisation of all

wave-dominated beaches in all tidal ranges (Masselink and Short,
1993):

MSR
RTR = H, (4)

where MSR is the mean spring tidal range.

Fig. 1 shows the relationships between the dimensionless fall veloc-
ity and the relative tide range parameters that are used to establish the
modal beach state. As the RTR parameter increases the beach evolves
from a classic reflective state through the formation of a low tide terrace
at the toe of the beach face and low tide rips to a steep beach face
fronted by a dissipative low tide terrace. In the case of an intermediate
barred beach, the increase in the tidal range moves the bar down to
the low tide level generating a low tide bar and rips. Finally, for barred
dissipative beaches characterised by multiple subdued bars at different
water depths, the increase of RTR results in the disappearance of these
bars. The latter two groups shift to ultra-dissipative beaches with values
of RTR between 7 and 15. For values of RTR greater than 15 the resulting
beach is fully tide-dominated.

2.2. Case study: Perranporth Beach

The characterisation of the changes induced by a wave farm in the
morphodynamical behaviour of a beach is conducted at Perranporth
Beach (Fig. 2), a prospective site for wave energy exploitation for its
prime location on the Atlantic facade of Europe, which has been
highlighted for its wave energy resource (Guedes Soares et al., 2014;
Iglesias and Carballo, 2009, 2010b, 2011; Pontes et al., 1996). An exam-
ple of this potential is the Wave Hub project (Gonzalez-Santamaria
et al.,, 2013; Reeve et al,, 2011), a grid-connected offshore facility for
sea tests of WECs, located in SW England. In addition to its wave energy
potential, a further reason for choosing Perranporth is that this beach,
facing directly the North Atlantic Ocean, has experienced increased
erosion due to rising sea level and storminess — as corroborated by
the extremely energetic storms of February 2014. Therefore, this
would be a prime area for using a wave farm to control the storm-
induced erosion (Abanades et al., 2014a,b, 2015).

Perranporth is an approx. 4 km beach composed by a medium sand
size, Dsp = 0.27-0.29 mm, and characterised by a low intertidal slope,
tan 3 = 0.015-0.025. In the present study, the offshore bathymetric
data, from the UK data centre Digimap, and the beach profile data,
obtained through field survey by the Coastal Channel Observatory, are
implemented onto the wave propagation model. In the three beach pro-
files selected to determine the beach modal state the relevant features
can be readily observed (Fig. 3): a submarine bar at a water depth
between 5 and 10 m and a well-developed dune system that backs
the landward end of the beach. The latter aspect does not play a role
in the modal state, which only considers the intertidal area, but the
bar system does — and is indicative of a dissipative or intermediate
state. In the case of profile P3, two submarine bars are distinct — typical
of a barred dissipative state.

As regards the wave conditions, wave buoy data are used in conjunc-
tion with hindcast data to force the wave propagation model. Hindcast
data from WaveWatch III, a third-generation offshore wave model
consisting of global and regional nested grids with a resolution of
100 km (Tolman, 2002), are used to prescribe the offshore boundary
conditions. The validation is carried out with the wave buoy located
off Perranporth Beach at a water depth of approx. 10 m. The average
values of the significant wave height, peak period and direction from
November 2007 to October 2008 were 1.60 m, 10.37 s and 282.59°, re-
spectively. Dividing this period into “winter” (Nov-Apr) and “summer”
(May-0ct) to analyse the seasonal variability of the beach, the values in
“winter” of the significant wave height, peak period and direction were
1.98 m, 11.30 s and 285.23°, respectively, and in “summer” 1.32 m,
9.62 s and 279.95°.
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Fig. 1. Conceptual beach model (Masselink and Short, 1993).

Northing (*)—

Wave Hub
Project

1
55
Easting (°) =

Fig. 2. Bathymetry of SW England [water depths in m] including the location of Perranporth Beach, the WaveHub Project and an aerial photo of Perranporth Beach.
Source: Coastal Channel Observatory.
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Fig. 3. Three different profiles at Perranporth Beach and their respective localisation. Water depth in relation to local chart datum [in m].

Wind data from the Global Forecast System (GFS) weather model
are also used as input of the wave model. In the period covered in the
study the mean wind velocity magnitude at a height of 10 m above
the sea surface (u;0) was 8.46 ms™ . Strictly speaking there is no pre-
vailing direction for the wind but the strongest winds, with velocities
over 20 ms~ ! come from the quarter between NE to NW.

Finally, the tide is also included in the model. As mentioned in the
Introduction section, the large tidal range typical of SW England has a
considerable effect on the beach morphodynamics. Perranporth is a
macrotidal beach (MSR = 6.3 m) characterised by a semidiurnal regime.

2.3. Wave propagation model

The wave propagation is carried out using SWAN, a third-generation
phase-averaged wave model for the simulation of waves in waters of
deep, intermediate and shallow depth. SWAN computes the evolution
of the wave spectrum based on the spectral wave action balance
equation,

ON oy L O(cN)  B(c,N) S
etV (N T e =g ()

where N is the wave action density, t the time, ¢ the propagation veloc-
ity in the geographical space, 6 the wave direction, o the relative fre-
quency, and ¢y and c,,; the propagation velocity in the - and o-space,
respectively. The rate of change of wave action in time is given by the
first term of Eq. (1), the second term represents the spatial propagation
of wave action and the third and fourth terms stand for the refraction
and changes in the relative frequencies respectively induced by depth
and currents. Finally, on the right-hand side, S is the source term and
represents the generation and dissipation of energy density by the
different processes involved.

A high-resolution grid is essential in this work in order to:
(i) implement the WECs that formed the wave farm in their exact posi-
tion, (ii) represent accurately the impact of the wave farm on the wave
conditions in its lee, and (iii) determine the wave conditions to establish
the morphodynamical state of the beach. On this basis, two computa-
tional grids are defined (Fig. 4): (i) an offshore grid covering approx.
100 km x 50 km with a grid size of 400 x 200 m, and (ii) a high-

resolution nearshore (nested) grid covering the study area, with dimen-
sions of approx. 8 km x 6 km and a grid size of 16 m x 12 m.

The wave farm consists of 11 WaveCat WECs arranged in two rows,
with a spacing between devices equal to 2.2D, where D = 90 m is the
distance between the twin bows of a single WaveCat WEC. The farm
was located at distances of 2 km, 4 km, and 6 km (Fig. 5) from a refer-
ence contour (10 m water depth), which corresponds to water depths
of approx. 25 m, 30 m and 35 m, respectively (Carballo and Iglesias,
2013; Iglesias and Carballo, 2014). The WEC-wave field interaction is
modelled by means of the results obtained for the wave transmission
coefficient in the lee of the device in the laboratory tests carried out
by Fernandez et al. (2012). Compared with wave transmission, diffrac-
tion plays a minor role in analysing the effects of the WECs on the
beach — the distance between the WECs and the reference 10 m contour
(2000 m, 4000 m and 6000 m) being one order of magnitude larger than
the width of the WECs (90 m). Therefore, the approximate solution of
diffraction implemented on SWAN is sufficient for our purposes in this
work.

The resource available is compared between the different scenarios
through the average wave power of the wave farm, J, in units of
Wm™ ! in the SI,

J= (6)

S Un),
— 7T
where the index n represents a generic WEC of the wave farm, N is the
total number of WECs (11), t a point in time, T the total number of time
points studied (1 year) and (J,,), the wave power at the n-WEC location
at the t point of time, which is computed in SWAN as

2m 360

] = pgcE(o,0) do do, ™)
[

where p is the water density, g is the acceleration due to gravity, and
E(0, 0) is the directional spectral density, which specifies how the ener-
gy is distributed over frequencies (o) and directions (6).

The effects caused by the farm in the different scenarios are

assessed by means of the average relative nearshore impact, RNI
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(Iglesias and Carballo, 2014), a non-dimensional impact indicator
defined by

—— 11t s fzob(s:f)—fzof,i(saf)
RN =76> 1D o s ®)

where jzof_i(s., t) is the wave power in the presence of the farm at a
generic point (s) of the 20 m contour at a point of time (t), with
the subindex i indicating the farm-to-coast distance (i = 2 km,

4 km or 6 km) and jzob(s, t) is the baseline wave power (without
the farm) at the same point, with S and T the total number of points
along the contour and in time, respectively.

Finally, the wave conditions necessary to establish the morphologi-
cal beach state - breaking wave height (Hp,) and peak period (T,) - are
determined coupling the results from SWAN to the Kamphuis' formulae
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(Kamphuis, 1991), a breaking criterion for irregular waves based on the
following expressions:

Hg, = 0.095¢*"L,, tanh (2{[‘1”) . and (9)
bp

Hy _ o56¢%m (10)

d,

where Hy, represents the breaking significant wave height, m the beach
slope, Ly, the breaking wave length and dj, the breaking water depth.
Once the breaking wave height was determined, the corresponding
period was selected.
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Fig. 5. Wave farm located at different distances: 2 km, 4 km and 6 km to the 10 m water depth contour at Perranporth Beach [water depth in m].
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3. Results and discussion

First, the model is validated using the wave buoy data at Perranporth
Beach from November 2007 to October 2008, missing out January 2008
owing to the lack of data. Fig. 6 and Fig. 7 shows the good fit achieved
between the significant wave height computed by SWAN and the values
from the wave buoy. The coefficient of determination, R?, and the root
mean square error, RMSE, confirm the goodness of the fit: R> = 0.94
and RMSE = 0.38 m.

Second, the effects on the wave conditions of the wave farm scenar-
ios are analysed and compared to the baseline scenario. Fig. 8 shows the
reduction of the significant wave height in the lee of the farm at a point
in time. The greatest values of the reduction are found behind the
second row of devices with values of approx. 40%, although these
decrease towards the coast due to the wave energy diffracted from the
sides into the wake of the farm. In the case of the wave farm at a distance
of 2 km from the shoreline the reduction of the significant wave height
at a water depth of 10 m at this point in time is 25%, whilst for the farm
at 4 and 6 km the values are 12% and 5%, respectively. (See Fig. 7.)

As regards the shadow caused by the wave farm, the area affected
varies according to the wave direction, especially in the cases with a
farm-to-coast distance of 4 and 6 km. The impact with waves coming
from the east (Fig. 8) is mainly focussed on the north area of the
beach, whilst with waves from the NW the impact covers practically
all the beach. In contrast, the impact of the wave farm closest to the

beach does not vary with the wave conditions due to its proximity to
the coast. Fig. 9 illustrates the modification of the significant wave
height in the different scenarios along the 20 m contour. It is observed
that the greater the farm-to-coast distance, the larger the extension of
the shadow; in the cases of the furthest and closest farm the shadow
covers over 8 km and 3 km, respectively. However, the greatest impact
of the furthest farm is outside of the beach limits for these offshore wave
conditions.

In terms of wave power reduction, the relative nearshore impact in-
dicator, RNI;, was defined to assess the average impact at a water depth
contour of 20 m. The values for the different farm-to-coast distances
are: RNI i, = 25.59%,RNI 1, = 7.34% and RNIg i, = 2.66%. The reduc-
tion in wave energy is much more significant for the wave farm at 2 km,
however, the overall resource for the wave farm at 2 km is 15% lower
than that for the farm at 6 km (Table 1). The difference in terms of the
available resource is less between the farm at 4 km and 6 km (5%).
The results are also divided into “winter” (1st November-31st April)
and “summer” (1st May-31st October) to assess the seasonal
variability of wave power (approx. 70%), which, will be shown to affect
the modal state of the beach.

Based on the results of the wave propagation model the modal state
of the beach is determined. In order to investigate the spatial variability
of the impact along with its seasonal variability, three profiles (Fig. 3)
are selected: profiles P1, P2 and P3 corresponded with the south, middle
and north section of the beach.
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First, the results for the south section of the beach are shown in
Table 2. This section of the beach is predominantly dissipative (third
column in the table), although the percentage that the beach is found
to be intermediate (second column) is far from negligible. Indeed, in
the case with the farm at a distance of 2 km, the low tide bar/rip
becomes the most frequent state. The comparison between the baseline
and farm scenarios reflects a slight modification of the modal state of

36

Perranporth Beach area

the beach owing to the low impact of the wave farm on the wave
conditions in this area. The maximum difference between the baseline
and the farm scenarios is the case of the non-barred dissipative state,
in which the reduction does not exceed 1%. In any case, the trends due
to the reduction of the significant wave height are shown in the results;
for instance, the percentage of low tide bar/rip state increases as the
wave farm become closer, because the relative range tidal parameter

Distance along the contour (km) —

Fig. 9. Significant wave height [m] in the baseline scenario (Hs, ) and in the presence of the farm at distances of 2 km (Hs, 2 km), 4 km (H, 4 km) and 6 km (H; ¢ xm) along the 20 m water
depth contour at 19th January 2014, 18:00 UTC [deep water wave conditions: H; = 4.69 m, T, = 11.86 s and 6 = 252.41°].
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Table 1
Average resource available in the wave farm for the different scenarios divided into
“summer” (1st May-31st October) and “winter” (1st November-31st April).

Table 3
Percentages of the beach modal state for the middle section of the beach (Profile P2) from
1st November 2007 to 31st October 2008.

Scenario 7 (kW/m)

“Winter” “Summer” Average
2 km 239.98 78.15 159.01
4 km 275.72 86.07 180.83
6 km 288.28 91.49 189.82

(RTR) is inversely proportional to the breaking wave height. On the
other hand, the dimensionless fall velocity parameter (Q) is directly
proportional to the breaking wave height, and, therefore the barred
dissipative state occurred more frequently in the baseline scenario
than in the cases with the farm.

Second, in the case of the middle of the beach (Table 3), the results
were slightly different compared with the south section, due to the
morphological differences between them (see Fig. 3). In this area, the
wave farm impacts are greater compared to the south section. Whereas
the wave farm at 4 km and 6 km does not present significant differences
compared with the baseline scenario, the wave farm at 2 km changes
the behaviour of the beach significantly, reducing the barred dissipative
state by more than 5% or 20 days per year, and increasing the
ultradissipative state by more than 15 days. Overall, with the wave
farm at 2 km the most frequent state shifted from non-barred dissipa-
tive (baseline) to ultra-dissipative due to the reduction of breaking
wave height.

Third, the north section of the beach is the area that presented the
greatest differences between the baseline and the farm scenarios
(Table 4). The trends mentioned in previous paragraphs are accentuat-
ed in this area, the reduction in the barred and non-barred dissipative
states results in a greater occurrence of the ultra-dissipative beach,
from 5 days to 36 days per year in the case of the farm at 6 and 2 km, re-
spectively — a very substantial change in the morphological behaviour
of the beach. As regards the () parameter, it is observed that the closest
wave farm makes the low tide terrace and the low tide bar and rip states
more frequent by 10 and 12 days per year, respectively, compared with
the baseline scenario.

Table 2
Percentages of the beach modal state for the south section of the beach (Profile P1) from
1st November 2007 to 31st October 2008.

Profile P2: Middle section

Reflective Barred Barred dissipative

Baseline 0.00% Baseline 0.07% Baseline 21.73%
6 km 0.00% 6 km 0.07% 6 km 20.90%
4 km 0.00% 4 km 0.07% 4 km 20.29%
2 km 0.00% 2 km 0.00% 2 km 16.04%
Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00% Baseline 22.76% Baseline 26.11%
6 km 0.00% 6 km 22.69% 6 km 25.63%
4 km 0.00% 4 km 22.62% 4 km 25.29%
2 km 0.07% 2 km 23.85% 2 km 25.29%

Low tide terrace Ultra-dissipative

Baseline 2.06% Baseline 22.69%
6 km 2.19% 6 km 23.85%
4 km 2.19% 4 km 24.81%
2 km 3.29% 2 km 26.32%
Transition to tide-dominated tidal flat

Baseline 4.59%
6 km 4.66%
4 km 4.73%
2 km 5.14%

Finally, regarding the seasonal variability, significant differences be-
tween “summer” and “winter” are found. These differences are analysed
with reference to the north section (Table 5) for the sake of space —
similar trends were found in the other sections. The main feature that dis-
tinguishes the winter from the summer is the presence of the bar in the
baseline scenario. In winter, the beach is predominantly barred dissipa-
tive, what is usually called a “winter” or “storm” profile. The more ener-
getic conditions increase the erosion, and lower the beach face as sand
is moved offshore and deposited on submarine bars, which help protect
the beach by causing the waves to break further offshore. In summer,

Table 4
Percentages of the beach modal state for the north section of the beach (Profile P3) from
1st November 2007 to 31st October 2008.

Profile P1: South section

Profile P3: North section

Reflective Barred Barred dissipative Reflective Barred Barred dissipative
Baseline 0.00% Baseline 0.07% Baseline 16.04% Baseline 0.00% Baseline 0.14% Baseline 16.59%
6 km 0.00% 6 km 0.07% 6 km 15.96% 6 km 0.00% 6 km 0.07% 6 km 15.49%
4 km 0.00% 4 km 0.07% 4 km 15.90% 4 km 0.00% 4 km 0.07% 4 km 14.39%
2 km 0.00% 2 km 0.07% 2 km 15.70% 2km 0.00% 2 km 0.07% 2 km 6.18%
Low tide Terrace + rip Low tide bar/rip Non-barred dissipative Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Baseline 0.00% Baseline 25.50% Baseline 26.59% Baseline 0.00% Baseline 28.10% Baseline 28.71%
6 km 0.00% 6 km 25.70% 6 km 26.39% 6 km 0.00% 6 km 27.55% 6 km 28.92%
4 km 0.00% 4 km 25.98% 4 km 26.18% 4 km 0.00% 4 km 28.24% 4 km 28.71%
2 km 0.00% 2 km 26.18% 2 km 25.77% 2 km 0.00% 2 km 31.11% 2 km 22.62%

Low tide terrace Ultra-dissipative

Baseline 3.36% Baseline 22.89%
6 km 3.36% 6 km 22.89%
4 km 3.43% 4 km 22.82%
2 km 3.36% 2 km 23.24%
Transition to tide-dominated tidal flat

Baseline 5.55%
6 km 5.63%
4 km 5.62%

2 km 5.69%

Low tide terrace Ultra-dissipative

Baseline 0.89% Baseline 22.68%
6 km 0.96% 6 km 23.99%
4 km 1.03% 4 km 24.40%
2 km 3.49% 2 km 32.28%
Transition to tide-dominated tidal flat

Baseline 2.89%
6 km 3.02%
4 km 3.16%
2 km 4.25%
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Table 5
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Percentages of the beach modal state for the north section of the beach (Profile P3) in “summer” (1st November 2007 - 31st April 2008) and “winter” (1st May 2008 - 31st October 2008).

Profile P3: North section

Reflective Barred Barred dissipative

Scenario Summer Winter Scenario Summer Winter Scenario Summer Winter
Baseline 0.00% 0.00% Baseline 0.00% 0.27% Baseline 4.66% 28.53%
6 km 0.00% 0.00% 6 km 0.00% 0.14% 6 km 4.11% 26.89%
4 km 0.00% 0.00% 4 km 0.00% 0.14% 4 km 3.42% 25.38%
2 km 0.00% 0.00% 2 km 0.00% 0.14% 2 km 0.68% 11.66%

Low tide Terrace + rip Low tide bar/rip Non-barred dissipative
Scenario Summer Winter Scenario Summer Winter Scenario Summer Winter
Baseline 0.00% 0.00% Baseline 29.86% 26.34% Baseline 29.59% 27.85%
6 km 0.00% 0.00% 6 km 29.59% 25.51% 6 km 29.18% 28.67%
4 km 0.00% 0.00% 4 km 30.00% 26.48% 4 km 28.63% 28.81%
2 km 0.00% 0.00% 2 km 27.67% 34.57% 2 km 18.77% 26.47%
Low tide terrace Ultra-dissipative
Scenario Summer Winter Scenario Summer Winter
Baseline 0.27% 1.51% Baseline 33.15% 12.21%
6 km 0.27% 1.65% 6 km 34.25% 13.72%
4 km 0.41% 1.65% 4 km 34.79% 13.99%
2 km 4.66% 2.33% 2 km 44.66% 19.89%
Transition to tide-dominated tidal flat
Scenario Summer Winter
Baseline 3.29% 2.47%
6 km 3.43% 2.60%
4 km 3.57% 2.74%
2 km 4.94% 3.56%

the state of the beach shifts from barred to non-barred - non-barred dis-
sipative or ultra-dissipative - due to the milder wave conditions, and,
therefore, the reduction of offshore sediment transport.

In the scenarios with the farm this seasonal behaviour changes
specially with the farm at 2 km. In winter, the barred dissipative state
becomes less frequent in favour of ultra-dissipative and low tide bar/
rip states. In the latter, the beach keeps the bar system but enlarges
the intertidal flat, with the result that the system behaves as an inter-
mediate beach at mid tide, reflective at high tide and dissipative at
low tide. By contrast, in summer, the increase of the occurrence of
ultra-dissipative state is very significant given that the beach behaves
according this state during almost half of the summer.

In summary, Perranporth beach is found to be at the transition be-
tween the low tide bar/rip and dissipative beach states in the scenario
without the farm. Despite the spatial variations between the different
profiles, the greatest differences are observed in the seasonal study. The
absence of the bar distinguished the behaviour of the beach during sum-
mer from winter. However, the presence of the wave farm affects the
modal state of the beach drastically, decreasing the occurrence of wave-
dominated states (barred and non-barred dissipative states) in the favour
of tide-dominated (low tide bar and rip in winter and ultra-dissipative in
summer). The reduction of the breaking wave height brought about by
the wave farm (~18%, comparing the baseline scenario with the nearest
farm) results in a significant modification of the morphological response
of the beach. The reduction of the wave-dominated states would seem to
lead to an increase in the onshore sediment transport and the removal of
the offshore bar, the materials of which would cause accretion on the
beach — in line with the findings by Abanades et al. (2014a,b).

4. Conclusions

In view of the accelerated pace of development of wave energy, a
thorough understanding of the effects of nearshore wave farms on

beach morphodynamics will soon be fundamental to coastal manage-
ment. This paper examines these effects with reference to the modal
state of the beach using an empirical classification based on wave condi-
tions, sediment size and tidal regime. The spatial and temporal changes
to the modal state of the beach induced by the wave farm are investigat-
ed. To resolve accurately the wake of the individual WECs in the farm, a
state-of-the-art wave propagation model is implemented on a high-
resolution grid. To assess the influence of the farm-to-coast distance, a
sensitivity analysis is carried out with a wave farm located at different
distances from the coast.

We find that the farm-to-coast distance plays a major role, and that
the wave farm closest to the shoreline (2 km) substantially alters the
nearshore wave conditions. For instance, the reduction of wave power
along the 20 m contour exceeds 25% over a 3 km stretch of coastline.
In contrast, the reduction in the case of the furthest wave farm is
under 10%, extending over 8 km of coastline. This milder nearshore
wave climate, brought about by the wave farm, is shown to modify
the morphological behaviour of the beach. In the baseline scenario,
Perranporth Beach is at the transition between the low tide bar/rip
and dissipative states. The modal state varies along the beach, although
large spatial differences are not observed concurrently. However, the
seasonal variability is far more pronounced. In winter the beach is
wave-dominated, the energetic wave conditions increasing offshore
sediment transport and forming a submarine bar. In summer, under
milder wave conditions, the beach is tide-dominated.

We also find that the wave farm modify the morphological behav-
iour of the beach significantly, especially in its north and middle section,
where the wave height reduction is more apparent. The predominant
character of the beach is transformed from wave- to tide-dominated.
For instance, in the north section the predominant state is a low tide
bar/rip in the baseline scenario, which turns into an ultra-dissipative
system in the case of the nearest (2 km) wave farm. In this case the
wave-dominated states are reduced by over 10%, or over 36 days per
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year. This modification also occurs in the cases with farm-to-coast dis-
tances of 4 km and 6 km, albeit to a lesser extent: the barred dissipative
states become less frequent (by up to 10 days per year) and accordingly,
the tide-dominated states, e.g., ultra-dissipative or transition to tide-
dominated tidal flat, occur more often. The reduction in the occurrence
of the barred states corresponds to an increase of the onshore sediment
transport and the removal of the offshore bar, which would in turn lead
to accretion of the beach.

In sum, this work showed that a wave farm can alter the behaviour
of a beach in its lee considerably. This in itself need not be regarded as
a negative impact; on the contrary, the wave farm can lead to beach
accretion and thus serve to counter erosional trends. Moreover, the
effects of the wave farm on the beach can be controlled by locating
the farm closer to, or further from, the shoreline.
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