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A B S T R A C T

Coastal flooding, already an acute problem in many parts of the world, will be exacerbated in the near future
by the sea level rise induced by climate change. The influence of wave farms, i.e., arrays of wave energy con-
verters, on coastal processes, in particular sediment transport patterns, has been analysed in recent works;
however, their influence on coastal flooding has not been addressed so far. The objective of this work is to
investigate whether a wave farm can provide some protection from flooding on the coast in its lee through
a case study: a gravel-dominated beach in southern Spain (Playa Granada). We consider three sea-level rise
(SLR) scenarios: the present situation (SLR0), an optimistic projection (SLR1) and a pessimistic projection
(SLR2). Two state-of-the-art numerical models, SWAN and XBeach-G, are applied to determine the wave
propagation patterns, total run-up and flooded dry beach area. The results indicate that the absorption of
wave power by the wave farm affects wave propagation in its lee and, in particular, wave heights, with
alongshore-averaged reductions in breaking wave heights about 10% (25%) under westerly (easterly) storms.
These lower significant wave heights, in turn, result in alongshore-averaged run-up reductions for the three
scenarios, which decreases with increasing SLR values from 5.9% (6.8%) to 1.5% (5.1%) for western (eastern)
storms. Importantly, the dry beach area flooded under westerly (easterly) storms is also reduced by 5.7%
(3.2%), 3.3% (4.9%) and 1.99% (4.5%) in scenarios SLR0, SLR1 and SLR2, respectively. These findings prove that
a wave farm can actually reduce coastal flooding on its leeward coast.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few decades, the demand for energy worldwide
has grown massively and has been mainly met by fossil fuels
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(Asif and Muneer, 2007; Shafiee and Topal, 2009; Gaete-Morales et
al., 2018). However, these fossil fuels induce acute damage to the
environment and contribute to aggravate the negative consequences
of climate change (Atilgan and Azapagic, 2015; Feng et al., 2018).
Thus, the development and usage of carbon-free energy sources are
increasingly necessary (European Commission, 2007). Wave energy
is, among the renewable sources of energy, one of the most advisable
due to its huge availability and potential (Cornett, 2008; Cruz, 2008),
and its relatively low impacts on the environment with respect to
other carbon-free energy sources (Clément et al., 2002; Palha et al.,
2010).

Notable progress on wave energy has been achieved recently
along the following research lines: (i) the characterisation of the
wave energy resource (Iglesias and Carballo, 2011; Carballo et al.,
2015; López et al., 2015c; Silva et al., 2015; Viviano et al., 2016;
Medina-López et al., 2017; López-Ruiz et al., 2018a,b), (ii) the devel-
opment and improvement of different types of wave energy tech-
nologies (de O. Falcão, 2007; Margheritini et al., 2009; Fernandez
et al., 2012; López and Iglesias, 2014; López et al., 2015a,b, 2014;
Contestabile et al., 2017b), (iii) the analysis of potentially viable loca-
tions (Carballo et al., 2014; Iuppa et al., 2015; López-Ruiz et al.,
2016), (iv) the joint assessment of wave and other renewable energy
sources (Astariz et al., 2015a; Astariz and Iglesias, 2015b, 2016a;
Pérez-Collazo et al., 2015) and (v) the study of economic indicators
(Astariz et al., 2015b; Astariz and Iglesias, 2015a, 2016b; Contestabile
et al., 2017a).

Wave farms, composed by arrays of wave energy converters
(WECs), have been proven to be capable of performing the dual
function of generating carbon-free energy and protecting sandy
coastlines against erosion (Millar et al., 2007; Mendoza et al., 2014;
Abanades et al., 2018, 2014a,b, 2015). Recent works have also
demonstrated that wave farms mitigate erosion issues on mixed and
gravel-dominated coasts (Bergillos et al., 2018a; Rodriguez-Delgado
et al., 2019, 2018a,b). The dual function of wave farms is key for
the development of this energy source, as many coasts across the
world are experiencing erosion issues mainly due to human inter-
vention (Aragonés et al., 2016; Pagán et al., 2017) and climate change
(Sánchez-Arcilla et al., 2016). However, the impacts of wave farms

on coastal flooding considering the effects of sea-level rise (SLR) have
not been fully addressed so far.

The overall goal of this paper is to investigate the influence of a
wave farm on wave patterns at the nearshore region, total run-up
(including water level) and flooded area under three SLR scenarios:
the present situation (SLR0), and optimistic (SLR1) and pessimistic
(SLR2) projections proposed by Intergovernmental Panel on Climate
Change (2014). For this purpose, a wave model (SWAN) and a storm
response model (XBeach-G) were jointly applied to two case studies
(with and without wave farm) under storm conditions. The following
sections detail the study area, the wave farm location and geometry,
the analysed sea states and sea-level rise scenarios, the implementa-
tion of SWAN and XBeach-G, the results obtained and the conclusions
drawn.

2. Study area

Playa Granada is a 3-km-long gravel-dominated beach located on
the southern coast of Spain that faces the Mediterranean Sea (Fig. 1a).
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 Salobreña Rock and the Port of Motril (Fig. 1b).

The Guadalfeo River contributes most of the sediment to the
beach (Bergillos et al., 2016d, 2015b). Its basin covers an area
of 1252 km2, including the highest peaks in the Iberian Peninsula
(∼3400 m.a.s.l.), and the river is associated with one of the most
high-energy drainage systems along the Spanish Mediterranean
coast (Millares et al., 2014). The river was dammed 19 km upstream
from its mouth in 2004, regulating 85% of the basin run-off (Losada
et al., 2011).

As a consequence of river damming, the delta currently experi-
ences severe erosion problems and frequent coastal flooding events
(Fig. 2). The stretch of Playa Granada has been particularly affected,
with more severe coastline retreat in recent years than both the
western (between Salobreña Rock and Guadalfeo River Mouth)

Fig. 1. (a) Location of the study area in southern Spain, (b) plan view of the deltaic coast, indicating the studied stretch of beach (Playa Granada), (c) contours of the numerical
grids used in the SWAN model.
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Fig. 2. Examples of coastal flooding events in Playa Granada.
(Sources: Rodriguez-Delgado et al. (2019) and Bergillos et al. (2017a). Reproduced with permission of Elsevier).

and eastern (between Punta del Santo and Motril Port) stretches
(Bergillos et al., 2016a, 2015a).

Playa Granada comprises a wide range of activities and land uses,
such as farming settlements, an exclusive hotel complex, residen-
tial properties that are primarily summer homes, golf fields and
restaurants. Hence, this stretch of beach has high environmental and
tourism value, and its exploitation requires a large area of dry beach
(Félix et al., 2012). For this reason, artificial nourishment projects
have been frequent since the river damming (Bergillos et al., 2015b).
However, the success of these interventions has been very limited
(Bergillos et al., 2018b, 2017b).

This micro-tidal coast is subjected to extra-tropical Atlantic
cyclones and Mediterranean storms (Ortega-Sánchez et al., 2017).
Thus, the wave climate is bidirectional, with waves coming from
the west-southwest (extra-tropical cyclones), and east-southeast
(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 (Bergillos et al., 2016c). The astronom-
ical tidal range is 0.6 m and storm surges can exceed 0.5 m (Bergillos
et al., 2017a).

3. Methods

3.1. Wave farm location and geometry

In order to analyse the effects of a wave farm on wave prop-
agation and coastal flooding, we selected the wave farm location
indicated in Fig. 3, with the geometrical centre situated at 30 m water
depth. This position was found to be optimum in terms of both wave

Fig. 3. Location of the studied beach profiles (1–22, in black) and wave energy
converter farm (in red).

energy availability (López-Ruiz et al., 2016) and coastline protection
(Rodriguez-Delgado et al., 2018b).

The wave farm layout consisted of eleven WaveCat devices, dis-
tributed in two rows and with an inter-device spacing equal to 180 m
(Fig. 3). WaveCat is a type of overtopping WEC composed by two
hulls connected by the stern, with a distance between them com-
monly equal to 90 m (Carballo and Iglesias, 2013). The efficiency
of WaveCat and the wave farm layout selected for coastal defence
purposes has been widely demonstrated in previous works (e.g.
Rodriguez-Delgado et al., 2019; Rodriguez-Delgado et al., 2018a).

3.2. Sea states and sea-level rise scenarios

The effects of western and eastern storms (prevailing wave direc-
tions at the study site) were simulated by means of the SWAN and
XBeach-G models. The input wave conditions for SWAN were deep-
water significant wave height equal to 3.1 m, spectral peak period
equal to 8.4 s (the most common value at the study area for storm
conditions) and deep-water wave directions equal to 238◦ (107◦)
for the westerly (easterly) storm. These are the most frequent wave
directions at the study site under western and eastern storm condi-
tions, respectively. These sea states were modelled under high tide
conditions and for a storm surge of 0.5 m (typical value in the study
area under storm conditions).

These storms were modelled for two case studies and three
SLR scenarios. The two study cases correspond to the natural, no-
farm situation (i.e., baseline case study) and the situation includ-
ing the wave farm described in Section 3.1 (i.e., wave farm case
study). On the other hand, the three tested SLR scenarios were:
present situation (SLR0) and SLR associated to the representative
concentration pathways 4.5 and 8.5 at the study area according
to Intergovernmental Panel on Climate Change (2014), which rep-
resent optimistic (SLR1 = 0.45 m) and pessimistic (SLR2 = 0.65 m)
projections by 2100, respectively.

3.3. SWAN model

The spectral wave model SWAN (Holthuijsen et al., 1993) was
used to propagate the two storm sea states from deep water to the
nearshore region under the three SLR scenarios described in the pre-
vious section. The SWAN model was validated for the study area by
means of comparison with hydrodynamic measurements collected
by two ADCPs during a continuous 41-day field survey (Bergillos et
al., 2017b). In this work, we used the computational grids shown in
Fig. 1c, which were also employed for the calibration of the model.

The WaveCat devices were modelled in SWAN as artificial obsta-
cles. The adopted values of the reflection and transmission coeffi-
cients were 0.43 and 0.76, respectively, according to those measured
for this type of WEC during laboratory experiments by Fernandez et
al. (2012). The results of the SWAN model were used to quantify the
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variations in wave propagation patterns and breaking wave height
values induced by the presence of the wave farm. They were also
employed to provide the input conditions for the XBeach-G model,
as detailed in the following section.

3.4. XBeach-G model

The storm impact model XBeach-G, which was specifically devel-
oped for reproducing the storm hydrodynamics, hydrology and
morphodynamics of gravel-dominated beaches (McCall et al., 2015,
2014), was applied to quantify the values of the total run-up (includ-
ing water level) under the storm conditions and sea-level rise sce-
narios detailed in Section 3.2. The XBeach-G model was validated
for the study area by means of comparison with morphological data
measured before and after storm events (Bergillos et al., 2016b,
2017a).

The XBeach-G model was applied to 22 equally-spaced beach pro-
files (one per 100 m) along the studied stretch of beach (Fig. 3). The
offshore boundary conditions for XBeach-G were computed through
the results of SWAN at a water depth equal to 10 m for all the beach
profiles. This value of the offshore depth is in agreement with all the
model requirements (Deltares, 2014). On the other hand, the land-
side boundaries were variables alongshore depending on the type of

land use located landward of the beach profiles (farming settlements,
hotel complex, golf field or residential properties, see Fig. 3).

The results of the XBeach-G model were employed to compute
the maximum values of total run-up and flooded cross-shore dis-
tance in every beach profile. The values of total flooded area along
the section of Playa Granada for the analysed study cases and SLR
scenarios were also obtained.

4. Results and discussion

4.1. Wave propagation: breaking wave height

The absorption and dissipation of energy due to the presence of a
wave farm induce modifications in wave propagation patterns in the
lee of the farm. Fig. 4 depicts the variations in significant wave height
induced by the farm with respect to the baseline case study for the
three SLR scenarios. Under westerly storm conditions, it is observed
that the wave height is significantly reduced behind the devices;
this reduction is focused on the eastern part of Playa Granada (Fig. 4
a1–c1). The reduction in wave height is even greater under eastern
storms and is extended along most of the studied coastline section

Fig. 4. Ratio of significant wave height for the wave farm case study with respect to the baseline for scenarios SLR0 (a), SLR1 (b) and SLR2 (c) under westerly (1) and easterly (2)
storms.
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(Fig. 4 a2–c2). For both incoming directions, the reduction values are
slightly higher in scenario SLR0 than in scenarios SLR1 and SLR2.

These reductions generate changes in the significant wave
height at breaking, as it is depicted in Fig. 5. Under westerly
storms, the presence of the wave farm leads to a reduction in
the breaking wave height in the eastern part of Playa Granada,
which is in agreement with the plan view distributions of wave
height variations shown in Fig. 4. The reduction peak values are
equal to 24.1% (SLR0), 26.4% (SLR1) and 25.8% (SLR2), whereas the
alongshore-averaged reductions in Playa Granada are 9.3%, 9.8%
and 9.9%, respectively. Conversely, in the west side of the farm, the
significant wave height at breaking of the wave farm case study is
slightly increased with respect to the baseline (Fig. 5 a1–b1). This
is influenced by the reflection and diffraction processes induced
by the devices.

Under eastern storm conditions, the reductions in significant
wave height are concentrated in the western part of Playa Granada
and extended along a larger distance than under westerly storms,
with maximum reductions up to 42%, 40.3% and 41.9% for sce-
narios SLR0, SLR1 and SLR2, respectively. In this case, increases
in wave height values are observed to the east of the wave farm
location, also influenced by the WEC-induced diffraction and reflec-
tion processes (Fig. 5 a2–b2). Under these wave conditions, the
alongshore-averaged reductions induced by the farm in scenar-
ios SLR0, SLR1 and SLR2 are equal to 24.8%, 25.7% and 26.3%,
respectively.

In both case studies and for both wave directions, it is observed
that, in general, the greater the SLR, the greater the breaking signif-
icant wave heights. Thus, global warming will not only induce SLR,
but these variations in sea level will also lead to greater wave height
and power in the breaking zone. Both the SLR and the increase in
breaking wave height will contribute to coastal flooding, as explained
below.

4.2. Total run-up

As indicated in Section 3.4, the total run-up (including water
level) was computed with the XBeach-G model in the 22 beach pro-
files shown in Fig. 3. The results for the wave directions, case studies
and SLR scenarios modelled are shown in Figs. 6 and 7.

Under western storms, the presence of the wave farm reduces
the total run-up, from profile 12 to profile 22, up to 14.1%, 8.7% and
8.3% in scenarios SLR0, SLR1 and SLR2, respectively. The alongshore-
averaged reductions in total run-up along the studied stretch of
beach for scenarios SLR0, SLR1 and SLR2 are equal to 5.9%, 2.6%
and 1.5%, respectively. Thus, the reductions are more significant in
scenario SLR0 than those in the two scenarios of representative con-
centration pathways (Fig. 7). The total run-up in the wave farm case
study is slightly increased with respect to the baseline in the western
part of Playa Granada (Figs. 6 and 7); this is influenced by the greater
breaking significant wave heights at this location for the wave farm
case (Fig. 5).

On the other hand, under eastern storm conditions, the total run-
up is reduced due to the presence of the wave farm along most
of the studied stretch of beach, with only some minor increases in
its eastern boundary (Figs. 6 and 7). The farm leads to maximum
(alongshore-averaged) reductions in total run-up of 13.6% (6.8%), 12%
(6.1%) and 10.1% (5.1%) for scenarios SLR0, SLR1 and SLR2, respec-
tively. Under these wave conditions, the total run-up values are
generally lower than those under western storms. This is due to the
orientation of the coastline in Playa Granada, which is almost normal
to the prevailing western direction under high energy conditions.

The results for all the wave conditions, study cases and SLR sce-
narios detailed in this section highlight the efficiency of wave farms
composed by WaveCat devices for the reduction of total run-up val-
ues. This has important implications for the mitigation of coastal
flooding events, as it is indicated in Sections 4.3 and 4.4.

Fig. 5. Significant wave height at breaking along the studied stretch of beach for the baseline (a) and wave farm (b) case studies under westerly (1) and easterly (2) storms.
Scenarios SLR0, SLR1 and SLR2.
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Fig. 6. Total run-up values in the studied beach profiles for the baseline (a) and wave farm (b) case studies under westerly (1) and easterly (2) storms. Scenarios SLR0, SLR1 and
SLR2.

4.3. Flooded cross-shore distances

This section reports the flooded cross-shore distances for the
wave conditions, study cases and SLR scenarios analysed. These
flooded distances, which are influenced by both the total run-up val-
ues depicted in Fig. 6 and the morphologies of the emerged beach
profiles, are shown in Fig. 8. For westerly storms, reductions in
flooded distances occur between profiles 11 and 22 in scenario SLR0,
and between profiles 17 and 22 in scenarios SLR1 and SLR2 (Fig. 9).
This is influenced by the SLR values in scenarios SLR1 and SLR2,
which lead to an overwash of the whole beach for the case stud-
ies with and without wave farm in profiles 1–16. The maximum
(alongshore-averaged) reductions in flooded cross-shore distances

induced by the wave farm under western storm conditions for sce-
narios SLR0, SLR1 and SLR2 are equal to 16.2% (4.8%), 15.7% (2.5%)
and 10.1% (1.5%), respectively.

Under easterly storms, the flooded distance diminishes due to the
wave farm in profiles 11 to 21 for the three SLR scenarios (Figs. 7
and 8). In profiles 1 to 10, the beach is overwashed in each scenario
in the same way as for westerly storms. This is due to the lower dry
beach area in this stretch, which is closer to the river mouth and has
experienced greater values of shoreline retreat in recent years due
to river regulation (Bergillos et al., 2016d). For eastern storm condi-
tions, the maximum (alongshore-averaged) farm-induced reductions
in flooded cross-shore distances in scenarios SLR0, SLR1 and SLR2 are
equal to 11.8% (3.1%), 12.5% (4.4%) and 12.2% (3.8%), respectively. The

Fig. 7. Ratio of total run-up for the wave farm case study with respect to the baseline under westerly (a) and easterly (b) storms. Scenarios SLR0, SLR1 and SLR2.
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Fig. 8. Flooded cross-shore distances in the studied beach profiles for the baseline (a) and wave farm (b) case studies under westerly (1) and easterly (2) storms. Scenarios SLR0,
SLR1 and SLR2.

reductions for these wave conditions are extended along the whole
urbanized stretch of beach, with maximum values of 6 m; whereas
under westerly storms the reductions are concentrated in the eastern
part of Playa Granada, reaching values up to 7.8 m (Figs. 9 and 10).

4.4. Flooded area

Fig. 11 represents the total flooded dry beach areas in the baseline
and wave farm study cases for the three SLR scenarios under both
western and eastern storm conditions. Under westerly storms, the
reductions in coastal flooding induced by the wave farm are equal to
3976.4 m2 (5.7%), 2331.5 m2 (3.3%) and 1404.1 m2 (1.99%) for scenar-
ios SLR0, SLR1 and SLR2, respectively. Thus, the reduction in flooded
area decreases with increasing SLR values. This trend is influenced

by the SLR-induced overwash of the whole dry beach in both study
cases for scenarios SLR1 and SLR2 at some locations that are not
overwashed for scenario SLR0 (profiles 11–16, see Figs. 8 and 9). In
any case, the wave farm provides protection against coastal flooding
events in all the SLR scenarios.

For eastern storm conditions, the differences in flooded dry beach
area between the baseline and wave farm case studies in scenarios
SLR0, SLR1 and SLR2 are equal to 2095.3 m2 (3.2%), 3419.4 m2 (4.9%)
and 3155.5 m2 (4.5%), respectively. In this case, the maximum reduc-
tion takes place in scenario SLR1 since some parts of the beach are
only fully overwashed in both study cases for scenario SLR2, reduc-
ing the farm-induced differences in flooded dry beach area for this
latter scenario. In scenarios SLR1 and SLR2, the reductions are sig-
nificantly greater under easterly storms, so that a wave farm would

Fig. 9. Ratio of flooded cross-shore distance for the wave farm case study with respect to the baseline under westerly (a) and easterly (b) storms. Scenarios SLR0, SLR1 and SLR2.
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Fig. 10. Flooded area along the urbanized stretch of beach for the baseline (a) and
wave farm (b) case studies under westerly (1) and easterly (2) storms. Scenarios SLR0,
SLR1 and SLR2.

be particularly helpful to reduce the flooded areas associated to the
IPCC projections for these wave conditions.

Under both wave directions, the coastal flooding increases with
increasing values of SLR for both study cases, being the flooded area
in the wave farm case study lower than in the baseline for all the SLR

scenarios. Thus, these results indicate that a wave farm would con-
tribute to mitigate coastal flooding issues in Playa Granada, which
will be more severe in the coming years due to the expected SLR
induced by global warming.

5. Conclusions

The study of wave energy has received increasing research atten-
tion in the past few years and recent works have highlighted the dual
function of wave farms as carbon-free energy generators and coastal
protection elements against erosion. However, the effects of wave
farms on coastal flooding had not been analysed so far. This paper
investigates the efficiency of a wave farm in reducing storm-induced
coastal flooding on a gravel-dominated beach under three sea-level
rise scenarios: present situation (SLR0), optimistic projection (SLR1)
and pessimistic projection (SLR2).

With this purpose, the SWAN and XBeach-G models, previously
validated for the study site, were coupled and applied to 22 beach
profiles in order to assess wave propagation patterns, total run-
up values (including water level), flooded cross-shore distances and
total flooded area for the prevailing storm directions (SW and SE) and
the three aforementioned SLR scenarios. The results were compared
to the baseline (no farm) case study.

In terms of wave propagation patterns, under westerly storms,
the WEC farm modifies significantly the wave height leeward of the
devices and leads to a reduction in significant wave height at break-
ing in the eastern part of the study area. Conversely, the reductions
in breaking wave height under easterly storms extend along most of
the study area, reaching the maximum reduction values in the west-
ern part. The breaking significant wave heights are slightly increased
with respect to the baseline to the west (east) of the wave farm under
westerly (easterly) storms; this is influenced by the diffraction and
reflection processes induced by the WECs.

The total run-up is reduced in the central and eastern parts of
the beach under western storms; whereas under eastern storm con-
ditions the total run-up decreases along most of the study area,
with total run-up values generally lower than those under west-
ern storms. This is explained by the shoreline orientation in Playa
Granada, which is almost normal to the incoming westerly waves.
The total run-up is also slightly increased with respect to the base-
line under westerly (easterly) storm waves in the western (eastern)
part of the beach, induced by the greater breaking significant wave
heights at these locations for the wave farm case.

Finally, flooded cross-shore distances are also reduced by the
farm along the studied coastline section for both wave directions.

Fig. 11. Total flooded area in the baseline and wave farm case studies for scenarios SLR0, SLR1 and SLR2 under westerly (a) and easterly (b) storms.
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The farm-induced decreases in flooded dry beach area under west-
erly (easterly) storms are equal to 5.7% (3.2%), 3.3% (4.9%) and 1.99%
(4.5%) in scenarios SLR0, SLR1 and SLR2, respectively.

The results of the present paper highlight that a wave farm can be
used not only for purposes of renewable energy generation and pro-
tection against erosion, but also to mitigate coastal flooding. These
findings are especially relevant due to the sea-level rise expected in
the coming decades associated to climate change. Future research
efforts are required to assess the wave farm impacts on coastal flood-
ing taking into account, apart from sea-level rise, other consequences
of global warming, such as the variations in wave climate (Hemer et
al., 2013; Vousdoukas et al., 2016).
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