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Abstract

For wave energy to become a fully-fledged renewable and thus contribute to
the much-needed decarbonisation of the energy mix, the effects of wave farms
(arrays of wave energy converters) on coastal systems must be addressed. The
objective of this work is to investigate the effects of wave farms on the long-
shore sediment transport and shoreline evolution of a gravel-dominated beach
and, in particular, its sensitivity to the longshore position of the farm based on
eight scenarios. Nearshore wave propagation patterns are computed by means
of a spectral wave propagation model (SWAN), variations in sediment trans-
port rates induced by the farm are calculated, and a one-line model is applied
to determine the shoreline position and dry beach area. The significant wave
height at breaking is reduced in the lee of the wave farm, dampening sediment
transport. We find that changes in the dry beach area induced by the wave
farm are highly sensitive to its alongshore position, and may result in: (i) ero-
sion relative to the baseline scenario (without wave farm) in three of the eight
scenarios, (ii) accretion in three other scenarios, and (iii) negligible effects in
the remaining two. These results prove that the alongshore position of the wave
farm controls the response of the beach to the extent that it may shift from ac-
cretionary to erosionary, and provide evidence of its effectiveness in countering

erosion if appropriately positioned. This effectiveness opens up the possibility
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of using wave farms not only to generate carbon-free energy but also to manage
coastal erosion, thus strengthening the case for the development of wave energy.
Keywords: Shoreline evolution; coastal processes; erosion; accretion; wave

energy; wave power

1. Introduction

In recent years, environmental problems associated to fossil fuels have led
to an increasing attention to the development of new renewable, carbon-free
energies. Climate change and its undesirable effects have even forced the Euro-

pean Commission to adopt renewable energy as one of the main targets for the

XXI century (European Commission) 2007)). Among renewable energy sources,

marine renewable energy is one of the most promising options due to the vast

resource and high power density (Astariz and Iglesias, 2015; |Clément et al.,

2002)). Previous research was focused on: (i) the development of wave energy
converter (WEC) technology (Falcaol [2007; Fernandez et al.,2012; Kofoed et al.,
|2006} |[Lépez and Iglesias| 2014} [Vicinanza et al., [2012; [Viviano et al.l [2016]), (ii)
the assessment and characterisation of the wave energy resource
let al.l 2017} [Cornett et all 2008} Iglesias and Carballol, 2011} [Lépez et all 2015}
ILépez-Ruiz et al., 2018ajb; Silva et al 2015} [Vicinanza et al. 2013), and (iii)

the impacts of marine renewable energy (Ramos et al., 2014).

As for the impacts of wave energy extraction, when waves propagate through

the wave farm, a partial amount of energy is absorbed and dissipated, altering

the wave patterns and reducing the wave height leewards (Abanades et all

[2015a; [Millar et all 2007} [Veigas et al., [2014). This frequently leads to a re-

duction in coastal erosion. In this way, wave farms can be used not only for

renewable energy production but also for coastal protection purposes in beaches

subject to erosion (Abanades et al. [2018} |2014a)). Among them, deltaic coasts

have been particularly affected in recent centuries due to human interventions
in the basins (Anthony et all, 2014} [Aragonés et all, [2016} Bergillos et all, 2018}
Brown and Nicholls| 2015; |Syvitski et al. 2009) and are especially vulnerable
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to the effects of global warming (Payo et al., |2016; [Sdnchez-Arcilla et al., [2016;
[Spencer et al, [2016).

Many previous works have studied the impacts of wave farms on sandy

beaches. Millar et al.| (2007) used a wave propagation numerical model (SWAN)

to study the changes in the wave climate for Wave Hub project (UK) using dif-

ferent transmission coeflicients. [Palha et al| (2010) and [Vidal et al| (2007)) also

used numerical models to assess changes in the wave climate for different loca-

tions in the Iberian Peninsula. Authors like Ruol et al.| (2011), Ngrgaard et al.|
(2013) or|Zanuttigh and Angelelli (2013) developed the idea of using WECs for

coastal defence purposes. [Carballo and Iglesias| (2013) investigated the interac-

tion of an overtopping WEC ( WaveCat) with the wave field through physical

modelling. These laboratory experiments formed the basis for investigating the

effects of wave farms on the profile of a sandy beach (Abanades et all [2014allb)),

its modal state (Abanades et al., 2015b), as well as the role played by the farm-

to-coast distance (Abanades et al., 2015a)).

These works were mainly focused on storm conditions, while low-energy
conditions still need further study to be fully understood. In addition, sediment

transport patterns on sandy beaches differ from those in gravel and mixed sand-

gravel coasts (Bergillos et al., 2016b; Buscombe and Masselink, 2006} |Jennings|

land Shulmeister], [2002; [Lépez et all, [2018)). Moreover, changes in the shoreline

of vulnerable systems such as deltaic areas also need to be understood if wave
farms are to be need for coastal protection in these areas, i.e., mitigating erosion

(Magana et al 2018} Pagan et al. 2016| 2017; Palazén et all 2016). Finally,

the impact of wave farms on the dry beach area and the role played by their
longshore position are key aspects to be considered in these projects.

The main objectives of this work are to investigate: (i) the role of the long-
shore position of the wave farm in the nearshore wave propagation patterns un-
der both storm and low-energy conditions, (ii) the resulting changes in the long-
shore sediment transport (LST) trends and (iii) the consequences for the shore-
line evolution and therefore, the dry beach area on a gravel-dominated deltaic

coast (Playa Granada, southern Spain). For these purposes, the nearshore wave
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variables in eight case studies corresponding to different longshore locations
of the farm were studied and compared with the baseline (no-farm) scenario
through a wave propagation model (SWAN). The results also allowed comput-
ing LST rates and, finally, the one-line model was applied to assess changes in
the shoreline geometry for each scenario.

The paper is structured as follows. Section [2] describes the study area. The
definition of the locations and geometries of the farm along with the formulations
and numerical models applied in this work are detailed in Section[3] The results

are presented in Section [4} and the main conclusions in Section
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Figure 1: (a) Location of the study site (Guadalfeo delta, southern Spain). (b) Plan view of
the coast, including bathymetric contours (in meters) and the locations of Salobrefia Rock,
Guadalfeo River mouth, Punta del Santo and Motril Port. (¢) Computational grids used in

the wave propagation model.
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2. Study Site

Playa Granada is a 3-km-long beach situated on the Mediterranean coast of
southern Spain, facing the Alborén Sea (Fig. . Limited to the west by the
Guadalfeo river mouth and to the east by Punta del Santo (a shoreline horn
located at the former location of the river mouth), this beach belongs to the
Guadalfeo deltaic coast, extending between Salobrena Rock and the Port of
Motril. The morphodynamic response of the beach is dominated by the coarse

gravel fraction Bergillos et al.| (2016b}, |2017D).

Figure 2: Shoreline evolution since the Guadalfeo River damming in 2004.

In 2004 the Guadalfeo River was dammed 19 km upstream from the mouth,
regulating 85% of the water resources of its basin. The entrapment of sediments
by the dam has led to severe erosion problems on the coast
. The section of Playa Granada has been particularly affected,
with higher levels of shoreline retreat in recent years than the sections to the
west and east, known as Salobrena and Poniente Beach, respectively (Fig. [2).

Due to these problems, several artificial nourishment projects have been carried

out in the area (Bergillos et al. 2016c]), but the success of these interventions

has been very limited since the loan material remained in place on average less

than three months (Ortega-Sanchez et al.l [2017).

This micro-tidal coast is subjected to extra-tropical Atlantic cyclones and
Mediterranean storms. Thus, the wave climate is bidirectional, with waves

coming from the west-southwest (extra-tropical cyclones), and east-southeast
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(Mediterranean storms). The deep water significant wave height with non-
exceedance probabilities of 50%, 90% and 99.9% are 0.5 m, 1.2 m and 3.1 m
respectively. The astronomical tidal range is 0.6 m and storm surges can exceed

0.5 m (Bergillos et al., 2016b).
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Figure 3: Location and layout of the eight wave farm scenarios. Black dots indicate the centre

of the wave farm. The top panel shows the layout of each farm.

3. Material and methods

3.1. Wave farm geometry

In order to study the effects on wave energy farms in wave propagation pat-
terns, longshore sediment transport and shoreline evolution in the study zone,

eight longshore locations of the wave farm (henceforth referred to as scenarios)

were analysed. The overtopping WEC WaveCat (Iglesias et al., [2009) was se-

lected because its performance for coastal defence has been widely proven in
recent years (Abanades et al. [2014alb| [2015alb). The layout proposed by
ballo and Iglesias| (2013) was used, with the wave farm consisting of 11 WECs

distributed on two rows (Fig. [3). The distance between adjacent WECs was
2D, where D = 90 m is the space between the two bows of the WaveCat. The
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wave farms were located at a 30 m water depth, for these are the best positions
in terms of power and availability of the wave energy resource, according to

Lopez-Ruiz et al.| (2016).

3.2. Modelled sea states

Four sea states were modelled covering low-energy and storm conditions un-
der both easterly and westerly waves. The 99.9th percentile of the significant
wave height in deep water (Hyy = 3.1 m) was selected as representative of
storm conditions; whereas Hsy = 0.5 m, corresponding to the 50th percentile,
stands for the low energy conditions. For these values of Hyy, the most frequent
associated values of spectral peak period were considered. Regarding wave di-
rection, the most common values of easterly and westerly waves were studied.
The selected sea-state variables are summarized in Table[I] They were modelled
for four different time periods (12, 24, 36, 48 h) to investigate the role of the

sea-state persistence in the shoreline response.

Table 1: Values of the modelled deep-water variables [H,,o = significant wave height; T}, =

peak period; # = mean wave direction].

Hpo (m) T, (s) 6(°)

W Storm 3.1 8.4 238
E Storm 3.1 8.4 107
W LE 0.5 4.5 238
E LE 0.5 4.5 107

3.83. Wave propagation model

The sea states detailed in the previous section were propagated from deep
water to the nearshore region with the SWAN model (Holthuijsen et al.l [1993)
— distributed as the WAVE module of the Delft3D suite model (Lesser et al.,
2004; |Lesser} 2009). The results of the propagation model were used as the
input data for the LST formulation, detailed in Section [3.4]
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The model was forced with data from the SIMAR point 2041080 (Fig. ,
located at 250 m water depth and provided by Puertos del Estado. Two com-
putational grids were used in this work. First, a coarse 82x82-cell grid covering
the deltaic region. The cell sizes vary with depth from 170x65 m to 80x80
m. Second, a finer nested grid of 244x82 cells covering the area of the wave
farm locations, with a cell size of approximately 25x15 m. This finer grid al-
lowed us to define the position of the wave farms and properly assess its effects.
The spectral resolution of the frequency space consisted of 37 logarithmically
distributed frequencies ranging from 0.03 to 1 Hz. For the directional space,
the 360° were covered by 72 directions in increments of 5°. This model was
previously calibrated and validated in the study area using data of extensive
field campaigns. For more details on the calibration of the model, the reader is
referred to [Bergillos et al.| (2017b).

The interaction between the wave fields and the WEC devices was simulated
through the transmission (K;) and reflection (K,) coefficients. Based on the
laboratory experiments carried out by [Fernandez et al.| (2012), K; = 0.76 and
K, = 0.43 were selected. These values have been widely successfully used to

model the effects of WaveCat farms (Abanades et al.| 2014albl |2015alb)).

8.4. Longshore sediment transport formulation and one-line model

LST rates were computed through the equation proposed by |van Rijn/(2014)),
which was deduced for sandy, gravel and shingle beaches. It can be expressed

as follows:

Qt,mass - 0-00018szellpsgo.5 (tanﬂ)OA (d50)70.6 (Hs,br)al sin (20b7“) ) (1)

where Q¢ mass is the total longshore sediment transport rate (in kg/s), ps the
sediment density (in kg/m?), g the acceleration of gravity (in m/s?), tan 8 the
slope of the surf zone, dso the grain size (in m), Hy p, the significant wave height
at breaking (in m), and 6, the wave angle from shore-normal at breaking.

Kwelr is a factor that accounts for the effects of swell waves on LST. Breaking
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parameters were computed using the results of the propagation model. They
were calculated for 341 shore-normal profiles, equally distributed (1 every 20 m)
along the deltaic shoreline between Salobrena Rock and the Port of Motril.
Finally, to assess changes in the shoreline morphology and calculate differ-
ences in dry beach area between the eight scenarios of wave farm location, the
one-line model was also applied. This model calculates the changes in the po-
sition of the shoreline based on the gradients in LST rates. The one-line model

formulation can be expressed as (Pelnard-Considere, [1956)):

ays _ 1 aQt
o "D (m) @)

where ys is the coastline position, = is the alongshore distance and D is a

characteristic length where the sediment is transported, normally taken as the
sum of the depth of closure and the height of the berm. @Q; is the LST rate in
volumetric units ([L]*[T]~!). The joint application of the Delft3D model, the
LST formulation of jvan Rijn| (2014) and the one-line model was found to provide
the best fits to measured morphological changes of the shoreline at the study

site (Bergillos et al., |2017b)).

4. Results

4.1. Wave propagation patterns

Wave energy extraction by means of the wave farm decreases the significant
wave height leewards. The reductions in Hy for scenarios 2, 4, 6 and 8 under
both easterly and westerly storms are shown in Figure[dl The shape and spread
of the reduction are driven by both the wave farm location and the incoming
wave direction. Under westerly storm conditions, the effects of the wave farm
in scenarios 2 and 4 are concentrated in the Guadalfeo river mouth and Playa
Granada. However, the easterly storm spreads the reduction in Hg up to Salo-
brefia Rock (Fig. . In scenarios 6 and 8, the impact of the farm reaches the
Port of Motril under westerly storm conditions; whereas under easterly storms

the wave farm leads to a reduction in Hy in the section of Playa Granada for



we scenario 6, and in Poniente Beach for scenario 8. The trends of the signifi-
w cant wave heights variations are similar under low-energy conditions and for the
s rest of scenarios, but with changes of lower magnitude and different longshore

e positions of the beach section affected, respectively.
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Figure 4: Variation in significant wave height induced by the presence of the wave farm under
westerly (1) and easterly (2) storm waves: (a) scenario 2, (b) scenario 4, (c) scenario 6, (d)

scenario 8. The shoreline position is indicated with a white line.

180 In order to assess and compare properly the reduction in significant wave

w1 height at breaking produced by the different scenarios, the non-dimensional
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wave height reduction (Rodriguez-Delgado et al., 2018)) was used in this paper.

This parameter can be defined as:

Hs br
=1—-{(=—=, 3
g (Hs,br()) ( )

with Hyp, and Hjpro the significant wave height at breaking in a particular
scenario and the baseline, respectively. To characterize the performance of each
scenario in the whole beach stretch studied, alongshore-averaged values of the
non-dimensional wave height reduction (7)) were also computed.

The longshore variation of the non-dimensional wave height at breaking
along the section of Playa Granada is shown in Figure ]} Under the westerly
storm, scenarios 3 and 4 produce a non-dimensional alongshore-averaged wave
height reduction of 2.1% and 2.3%, respectively. Scenario 5 leads to 7 = 0.6%,
whereas in scenario 6 this value is a mere 0.3%. The rest of the scenarios
do not produce significant changes with respect to the baseline (7 < 0.1%).
Values of the non-dimensional wave height reduction are greater for the east-
erly storm. Scenario 5 has the best perfomance in terms of coastal protection
with 77 = 16.4%, followed by scenario 4 (7 = 12.4%), whereas in scenario 6 it
reaches 7.8%. For scenarios 8, 7 and 3 the alongshore-averaged value of the
non-dimensional wave height reduction is equal to 1.9%, 1.8% and 1.2% respec-
tively; whereas the impact is considerably weaker in the case of scenarios 1 and
2, with 77 below 0.4%.

Regarding the low-energy conditions, the reduction achieved is higher in
relative terms, as shown by the non-dimensional wave height reduction. In the
case of the westerly mean direction, scenario 4 presents the highest alongshore-
averaged value of n, (7] = 22.2%), followed by scenario 5, with 18.4%. In scenario
3 this value is equal to 17%, whereas scenarios 2 and 6 lead to smaller differences:
6.3% and 5.3%, respectively. Scenarios 1, 7 and 8 do not produce significant
changes in Hyp,. The reductions produced by the wave farm for easterly low-
energy waves are similar. Scenarios 6 and 5 produce 77 = 23.9% and 77 =
18.9%, respectively, whereas the reduction achieved in scenario 7 is 11.7%, and in

scenario 4, 9.5%. The rest of the scenarios have a lower impact, with 77 < 2.5%.

11
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Figure 5: Non-dimensional wave height reduction under westerly (a) and easterly (b) storm

conditions: scenarios 1-4 (2), scenarios 5-8 (3).

4.2. Longshore sediment transport rates

The longshore variations of the LST rates in Playa Granada, modelled with

the formulation of (2014) (Eq. , are described in this section. The

non-dimensional LST rate reduction (Rodriguez-Delgado et al. [2018) has been

used in this work in oder to easily compare the results obtained in the different

scenarios. This parameter is described in the following equation:

(@)

12
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where @Q and Qg are the LST rates in a particular scenario and the scenario 0,
respectively. As well as in the case of the wave height reduction, alongshore-
averaged values of this indicator (7) have been computed in order to characterise
the effects of the wave farm in the whole beach stretch.

Non-dimensional LST rate reduction values under storm conditions are de-
picted in Figure[f] Under the westerly storm, in scenario 4, LST rate reduction
increases from the Guadalfeo River mouth to the central part of Playa Granada,
and then, decreases towards Punta del Santo, whereas in scenarios 3 and 5
the maximum value of 7 is displaced towards the west and east, respectively.
The greatest value of the non-dimensional alongshore-averaged LST reduction
is achieved in scenario 4 with a 22%, followed by scenario 3, with a reduction
of 20.3%. The values induced by scenarios 2, 5 and 6 were significantly lower
(7.6%, 5.3% and 3.2% respectively); whereas in scenarios 1, 7 and 8 there is
almost no difference with respect to scenario 0 (7 < 1%).

Changes in LST rates between the current (no-farm) situation and the wave
farm scenarios are more pronounced under easterly storm conditions, partly
influenced by the wave height reduction (Fig. . In this case, 7 value reaches
up to 44.6% in scenario 5; whereas the non-dimensional alongshore-averaged
LST rate reduction in scenarios 4 and 6 are 30.2% and 30.5%, respectively.
On the other hand, 7 values in scenarios 3, 7 and 8 are 5.8%, 9.5% and 1.4%,
respectively. Finally, scenarios 1 and 2 do not induce significant changes in LST
rates, with 7 < 1%.

Following the same trend as the non-dimensional wave height reduction, 7
values under low-energy conditions are greater than those under storm condi-
tions. Under westerly waves, scenario 4 experienced the greater value of the
non-dimensional alongshore-averaged LST rate reduction (7 = 64.6%), followed
by Scenarios 5 and 3, with 40.3% and 39.6%, respectively. For their part, these
values in scenarios 6 and 2 are 25.4% and 14.6%, respectively. Scenarios 1, 7
and 8 present the lowest reductions (7 < 5%). In the case of the low-energy
conditions with easterly mean wave direction, the most pronounced reduction is

achieved in scenario 6 (7 = 60.6%), followed by scenario 5 (7 = 47.7%), scenario

13
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Figure 6: Non-dimensional LST rate reduction under westerly (a) and easterly (b) storm

conditions: (2) scenarios 1-4, (3) scenarios 5-8.

1 4.8. Shoreline evolution
250 Changes in the shoreline geometry of Playa Granada under westerly storm

253 conditions, assessed by means of the one-line model (Eq. , are shown in this

14
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section. For the shake of comparison the non-dimensional shoreline advance pro-
posed by [Rodriguez-Delgado et al.| (2018]) was used in this work. This indicator

is calculated as follows:
V= —— T (5)

where Ay and Ay, are the total displacement of a generic shoreline point rela-
tive to its initial position in the scenario considered and the baseline scenario,
respectively. As in the previous sections, alongshore-averaged values of this pa-
rameter (U) was calculated as an indicator of the performance of each scenario
over the whole stretch of Playa Granada.

Under the westerly storm, scenarios 3 and 4 depicts accretion with respect
the baseline in the western part of the beach (close to Guadalfeo River mouth)
and erosion in the east end of Playa Granada (Fig. [7h2-b2). This accretion zone
is displaced towards the east in scenarios 5, 6 and 7, whereas the rest of the
scenarios do not show significant differences with respect the baseline. Scenarios
5 and 6 stand as the best longshore position reducing the erosion under westerly
storms, with ¥ = 3.2% and v = 2.9%, respectively; followed by scenarios 4
(v =2.3%) and 7 (v = 1.3%). However, the variations induced by the longshore
location of the wave farm in scenarios 1, 2, 3 and 8 increase the erosion with
respect to scenario 0, with negative values of the non-dimensional alongshore-
averaged shoreline advance (-0.7%, -1.8%, -1.2% and -0.3%, respectively).

In the case of the easterly storm conditions, scenarios 1 and 2 do not pro-
duce significant changes with respect the baseline (Fig. 1—b1). Scenario 3
shows some accretion, especially in the west part of the beach, whereas a larger
accretion stretch is depicted in the central part of Playa Granada in scenario 4
(Fig. 2—b2). In scenario 5 the accretion is displaced towards the east, whereas
in scenario 6 and 7 the erosion stretch is longer. Scenario 4 show the best
performance in terms of coastal protection with a non-dimensional alongshore-
averaged shoreline advance of 7.6%, followed by scenario 5 (U = 6%) and sce-
nario 3 (U = 5.1%), whereas scenarios 1, 2 and 8 do not produce significant

changes with respect the baseline (T < 1%). However, the rest of the scenarios

15



v (%)

v (%)

v (%)

sc1 "(al) scz

Accretion
Ero:

v (%)

S

4.485 4.49 4.495 4.5 4.505 4.485 4.49 4.495 4.5 4.505

283

284

285

286

287

288

289

290

291

292

293

294

295

296

X-UTM (m) 10° X-UTM (m)

Figure 7: Non-dimensional shoreline advance under westerly storm conditions.

have negative effects on the shoreline protection; scenario 6 induces the worst
impact (U = —8.3%) followed by scenario 7 (U = —7.3%).

Under westerly low-energy conditions, scenario 6 has the best performance
with T = 9%. Scenarios 4 and 5 achieve alongshore-averaged values of T = 4.6%
and T = 8.7%, respectively. Scenarios 3, 7 and 8 have a lower impact, with T <
1%. However, scenarios 1 and 2 produce a negative impact in the shoreline, with
negative alongshore-averaged values of the non-dimensional shoreline advance
(T = —2.8% and © = —5.2%, respectively).

Finally, scenario 4 has the best performance under easterly low-energy con-
ditions with ¥ = 13.1%, followed by scenarios 5 (U = 10%) and 3 7 = 4%.
In the rest of the scenarios, erosion with respect the natural scenario domi-
nates. Scenario 7 lead to the worst impact (U = —5.5%), followed by scenario 6
(0 = —5.3%). Scenarios 2 and 8 yield T = —1.6% and © = —4.4%, respectively,

whereas the changes produced by scenario 1 are lower (0 = —0.2%).
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Figure 8: Non-dimensional shoreline advance under easterly storm conditions.

4.4. Beach surface changes

Differences in dry beach surface between each scenario and scenario 0 (AA)
are depicted in Figure@ The best results in terms of coastal protection (increase
in dry beach area) are obtained for those scenarios with the wave farm closest to
Playa Granada, although there are important differences between easterly and
westerly waves.

Under westerly storm conditions, scenarios 4 to 7 show a positive difference
in dry beach area, i.e. accretion dominates (Fig. E|a1) Scenarios 6 and 5 lead to
the greatest gain in dry beach surface (26 m? and 17 m?, respectively). However,
scenarios 1, 2, 3 and 8 induce a loss of dry beach area with respect to scenario
0; the greatest surface loss is obtained for scenario 2 (—10 m?). Variations in
dry beach surface are more acute under easterly storm conditions (Fig. [Op1).
Positive surface balances (i.e., beach accretion) are obtained with scenarios 3,

4 and 5 (27 m?, 41 m? and 34 m?, respectively). On the contrary, scenarios
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Figure 9: Temporal evolution of the dry beach area for westerly (a) and easterly (b) waves
under storm (1) and low energy conditions (2). AA = difference in beach surface between

each scenario and scenario 0 (no-wave farm).

6 and 7 induce an important loss of sediment under easterly storm conditions
with respect to scenario 0 (—43 m? and —38 m?, respectively).

Results under low-energy westerly waves show a similar behaviour to these
under storm conditions, but with smaller differences between wave farm and
no-wave farm scenarios (Fig. Eh?) Again, the best results in terms of gain in
dry beach area are obtained with scenarios 4, 5 and 6 (differences with respect
to scenario 0 of 0.9 m?, 1.7 m? and 1.8 m?2, respectively). On the other hand,
scenarios 1, 2 and 3 are the worst for coastal protection purposes (differences
of —0.5 m?, —1 and —0.13, respectively); whereas scenarios 7 and 8 do not
show relevant differences compared to scenario 0 (Fig. [9p2). Under easterly
low-energy conditions, the loss of sediment extends to scenarios 6, 7 and 8§,

while scenarios 4 and 5 keep the maximum AA (1 m? and 0.8 m? respectively).
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Finally, changes in dry beach area are lower with scenarios 1 and 2 (Fig. |§|b2)

In order to assess the effects of each scenario on the dry beach variation under
storm conditions, we computed the weighted values of dry beach area differences
between each scenario with wave farm and scenario 0 (Table , considering the
number of westerly /easterly and low-energy/storm sea states during the last 25
years, which is a typical lifetime of wave farms according to Margheritini et al.
(2009), |Guanche et al.| (2014) and |Alonso et al.|(2015]), among others. Scenarios
3, 4 and 5 induce a positive balance, while in the rest of scenarios the presence
of the wave farm leads to a reduction in the dry beach surface. Scenarios 4 and
5 provide the best results in terms of coastal protection, with an increase in dry
beach area of 24.12 m? and 25.58 m? after 48 h. On the contrary, the beach
surface is reduced by 5.1 m?, 8.68 m? and 13.17 m? in scenarios 2, 6 and 7,
respectively. The changes in beach surface are comparatively insignificant for

scenarios 1 and 8 (Table [2)).

Table 2: Weighted average difference (considering the number of both westerly/easterly and

low energy/storm sea states) in dry beach surface for each scenario.

Duration SC1 SC2 SC3 SC4 SC5  SC6 SC7 SC8
12h -0.09 -1.27 253 6.01 6.14 -2.17 -3.28 0.02
24 h -0.18 -2.55 5.07 12.05 1228 -431 -6.56 0.03
36 h -0.26 -3.81 7.62 18.08 1843 -6.48 -9.84 0.03
48 h -0.37  -5.1 10.15 2412 2558 -8.68 -13.17 -0.01

Figure[10]depicts the weighted variation of the different parameters analysed
for scenarios 4 and 5, which have been demonstrated to be the best locations in
terms of coastal protection. The non-dimensional alongshore-averaged weighted
values are greater in scenario 5 (7, = 8.5%) than in scenario 4 (7, = 7.5%), i.e.
scenario 5 achieves a greater reduction in significant wave height at breaking
than scenario 5. Regarding the LST, alongshore-averaged values of 7, show that
the reduction in LST rates is larger in scenario 4 (7, = 26.6%) than scenario

5 (Tw = 24.8%). In this case, the maximum reduction in scenario 5 is found in
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in scenario 5, the shoreline retreats with respect to the no-wave farm scenario

On the other hand, in scenario 4, loss of dry beach surface occurs in the west

and east sections of the beach; while the dry beach area increases with respect

to scenario 0 in the central part of the shoreline.

the central part, while in scenario 4 the maximum decrease is displaced towards

the west (Fig. [I0b). Finally, differences in the shoreline geometries show that,

on the west side, and dry beach surface is gained in the east part (Fig. )
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Figure 10: (a) Weighted values of the non-dimensional wave height reduction (1), (b) LST

rate reduction (7 ) and (c) shoreline advance (v ).
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Beach surface differences and reduction in LST rates and wave height are
similar in both scenarios, so that the final election between these two wave
farm locations should be on the wave resource potential wave energy. Ldpez-
Ruiz et al| (2016) studied the energy resource in Playa Granada and found
that the best location for a wave farm maximizing the energy extracted and
allowing a good accessibility for maintenance corresponds to scenario 5, followed
by scenario 6, in other words, scenario 5 represents the most promising location

considering both coastal protection and wave resource criteria.

5. Conclusions

Wave energy exploitation has received increasing attention in recent years
due to its potential and the necessity of developing renewable (carbon-free)
energies. The repercusions for nearshore hydro- and morphodynamics must be
fully understood prior to undertaking any wave farm installation.

This work deals with the effects of a wave farm on wave propagation patterns,
longshore sediment transport and shoreline evolution on a gravel-dominated
deltaic beach (Playa Granada, southern Spain), which has experienced signif-
icant erosion problems in recent years. Modifications in the wave climate due
to the presence of the wave farm were modelled numerically with a wave prop-
agation model (Delft3D) calibrated and validated for the study area. Wave
breaking parameters obtained with Delft3D were used to compute LST rates
and apply the one-line model in order to quantify farm-induced changes in the
shoreline morphology.

The results indicate that scenarios 4 and 5 are the most advisable alterna-
tives of wave farm location in terms of coastal protection. The reductions in
significant wave height and LST rates are greater under easterly storm condi-
tions: while the alongshore-averaged value of the non-dimensional wave height
reduction (7) is 2.3% (0.6%) for scenario 4 (scenario 5) under westerly storms,
this rises to 12.4% (16.4%) in the case of easterly storm waves. The maximum

non-dimensional alongshore-averaged LST rate reduction under easterly (west-
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erly) storm conditions is obtained with scenario 5 (scenario 4), with reductions
of 44.6% (22%).

Considering the number of westerly/easterly and low energy/storm sea states
over the last 25 years, scenarios 4 and 5 increase the weighted average dry beach
surface in 24.12 m? and 25.58 m?, respectively, with respect to the no-farm
situation (scenario 0). The evolution of the dry beach area shows that the
wave farm location is a key parameter in preventing negative effects in terms of
coastal protection; indeed, only three of the eight scenarios studied generate a
weighted increment in dry beach surface with respect to the baseline (no-wave)
farm scenario: scenarios 3, 4 and 5. Taking into account both wave resource
and coastal protection criteria, scenario 5 is the best option for installing a wave
farm.

The methodology described in this paper, which may be applied to other
coastal areas, constitutes a useful tool for the decision-making in the develop-
ment of a wave farm, which considers not only the potential energy production,
but also the repercussion for the nearshore hydrodynamics, longshore sediment
sediment transport and shoreline morphology.

The significance of the results of this work is that they provide evidence
of the critical role played by the longshore position of the farm in determining
whether its effects are erosionary or accretionary. Furthermore, the results prove
that, if sited appropriately, a wave farm can be effective in countering erosion on
a gravel-dominated beach. Given the prevalence of gravel coastlines worldwide,
this finding is relevant in that it opens up the possibility of using wave farms
not only for carbon-free energy production but also for coastal protection. The
benefits accruing from the latter are externalities from the point of view of the
wave farm project. It these externalities are internalised by means of appropriate
schemes, i.e. if the benefits in terms of coastal protection for the community are
trasferred, albeit partially, to the wave farm developer in the form of subsidies,
tax breaks, or other appropriate incentives, they will make wave energy more

competitive vis-a-vis other renewables and thus contribute to its development.
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