
  

Abstract—The objective of this work is to investigate 

whether a wave farm, i.e., an array of wave energy 

converters, can provide protection from flooding on the 

coast in its lee under climate change 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. 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. 

 

Keywords—Climate change, coastal defence, coastal 

flooding, sea level rise, wave energy  

I. INTRODUCTION 

VER the past few decades, the demand for energy 

worldwide has grown massively and has been 

mainly met by fossil fuels [1]–[3]. 
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However, these fossil fuels induce acute damage to the 

environment and contribute to aggravate the negative 

consequences of climate change [4], [5]. Thus, the 

development and usage of carbon-free energy sources are 

increasingly necessary [6]. Wave energy is, among the 

renewable sources of energy, one of the most advisable 

due to its huge availability and potential [7], [8], and its 

relatively low impacts on the environment with respect to 

other carbon-free energy sources [9], [10]. 

Notable progress on wave energy has been achieved 

recently along the following research lines: (i) the 

characterization of the wave energy resource [11]–[18]; (ii) 

the development and improvement of different types of 

wave energy technologies [19]–[26]; (iii) the analysis of 

potentially viable locations [27]–[29]; (iv) the joint 

assessment of wave and other renewable energy 

sources [30]–[33] and (v) the study of economic indicators 

[34]–[37]. 

Wave farms, i.e., 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 [38]–[43]. Recent works have also demonstrated 

that wave farms mitigate erosion issues on mixed and 

gravel-dominated coasts [44]–[47]. The dual function of 

wave farms can contribute to the development of wave 

energy, given that many coasts across the world are 

experiencing erosion issues due to direct human 

intervention [48], [49], and climate change [50]. 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 objective of this work is to investigate the 

influence of a wave farm on significant wave height at 

breaking, 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 [51]. 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 

study area, Playa Granada (Fig. 1), is a gravel-dominated 

beach that is experiencing terminal erosion and coastal 

flooding issues [52]–[57]. 
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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. (Source: [58]. Reproduced with permission of 

Elsevier). 

II. METHODS 

A. Wave farm location and geometry 

In order to analyse the effects of a wave farm on wave 

propagation and coastal flooding, we selected the wave 

farm location indicated in Fig. 2, with the geometrical 

centre situated at 30 m water depth. This position was 

found to be optimum in terms of both wave energy 

availability [29] and coastline protection [46]. 

 

 
Fig. 2. Location of the studied beach profiles (1–22, in black) and 

wave energy converter farm (in red). (Source: [58]. Reproduced with 

permission of Elsevier). 

 

The wave farm layout consisted of eleven WaveCat 

WECs, distributed in two rows and with an inter-device 

spacing equal to 180 m (Fig. 2). WaveCat is a type of 

overtopping WEC composed by two hulls connected by 

the stern, with a distance between them commonly equal 

to 90 m [59]. The efficiency of WaveCat and the wave 

farm layout selected for coastal defence purposes has 

been widely demonstrated in previous works (e.g. [45] 

and [47]). 

B. Sea states and sea level rise scenarios 

The effects of western and eastern storms (prevailing 

wave directions 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 conditions, 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 including the wave farm described 

in Section II.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 [51], which represent optimistic 

(SLR1=0.45 m) and pessimistic (SLR2=0.65 m) projections 

by 2100, respectively. 

C. SWAN model 

The spectral wave model SWAN [60] was used to 

propagate the two storm sea states from deep water to 

the nearshore region under the three SLR scenarios 

described in the previous 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 [61]. 

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 obstacles. The adopted values of the reflection 

and transmission coefficients were 0.43 and 0.76, 

respectively, according to those measured for this type of 

WEC during laboratory experiments by [21]. The results 

of the SWAN model were used to quantify the variations 

in 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. 

D. XBeach-G model 

The storm impact model XBeach-G, which was 

specifically developed for reproducing the storm 

hydrodynamics, hydrology and morphodynamics of 

gravel-dominated beaches [61], [62], was applied to 

quantify the values of the total run-up (including water 

level) under the storm conditions and sea-level 

rise scenarios detailed in Section II.2. The XBeach-G 

model was validated for the study area by means of 

comparison with morphological data measured before 

and after storm events [63], [64]. 

The XBeach-G model was applied to 22 equally-

spaced beach profiles (one per 100 m) along the stretch of 

beach studied (Fig. 2). The offshore boundary conditions 

for XBeach-G were computed based on the results of 
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SWAN along the 10 m contour for all the beach profiles. 

This value of the offshore depth is in agreement with all 

the model requirements [65]. 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. 2). 

The results of the XBeach-G model were employed to 

compute the maximum values of total run-up and 

flooded cross-shore distance in every beach profile. The 

values of total flooded area along the section of Playa 

Granada for the study cases and SLR scenarios 

considered were also obtained. 

III. RESULTS 

E. Significant wave heights at breaking 

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 (Fig. 3). 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. 3 a1–

b1). This is influenced by the reflection and diffraction 

processes induced by the devices. 

 

 
Fig. 3. 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. (Source: [58]. Reproduced with permission of Elsevier). 

 

Under eastern storm conditions, the reductions in 

significant wave height are concentrated in the western 

part of Playa Granada, and extend along a greater 

distance than under westerly storms, with maximum 

reductions of up to 42%, 40.3% and 41.9% for scenarios 

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 reflection processes (Fig. 3 a2–b2). Under 

these wave conditions, the alongshore-averaged 

reductions induced by the farm in scenarios 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 significant wave heights. Thus, climate 

change 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. 

F. Total run-up 

Under western storms, 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 scenarios SLR1 and SLR2 (Figs. 4 and 

5). 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. This is influenced by the 

greater breaking significant wave heights at this location 

for the wave farm case (Fig. 3). 

 

 
Fig. 4. 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. (Source: [58]. 

Reproduced with permission of Elsevier). 

 

 
Fig. 5. 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. (Source: [58]. Reproduced with 

permission of Elsevier). 
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Under eastern storm conditions, the total run-up is 

reduced due to the presence of the wave farm along most 

of the stretch of beach considered, with only some minor 

increases in its eastern boundary (Figs. 4 and 5). 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, respectively. 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 scenarios detailed in this section highlight the 

efficiency of wave farms composed by WaveCat WECs 

for the reduction of total run-up values. This has 

important implications for the mitigation of coastal 

flooding events, as it is detailed in the following sections. 

G. Flooded cross-shore distances 

This section reports the flooded cross-shore distances 

for the wave conditions, study cases and SLR scenarios 

analyzed. These flooded distances, which are influenced 

by both the total run-up values depicted in Fig. 4 and the 

morphologies of the emerged beach profiles, are shown 

in Fig. 6.  

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. 7). This is influenced by the SLR values in scenarios 

SLR1 and SLR2, which lead to an overwash of the whole 

beach for the case studies 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 

scenarios SLR0, SLR1 and SLR2 are equal to 16.2% (4.8%), 

15.7% (2.5%) and 10.1% (1.5%), respectively. 

 

 
Fig. 6. 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. 

(Source: [58]. Reproduced with permission of Elsevier). 

 

 
Fig. 7. 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. (Source: [58]. 

Reproduced with permission of Elsevier). 

 

Under easterly storms, the flooded distance diminishes 

due to the wave farm in profiles 11 to 21 for the three SLR 

scenarios (Figs. 6 and 7). 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. For eastern storm 

conditions, 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 

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 (Fig. 6). 

H. Flooded area 

Fig. 8 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 scenarios 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. 6 and 7). In any case, the wave farm provides 

protection against flooding in all the SLR scenarios. 

 

 
Fig. 8. Total flooded area in the baseline and wave farm case 

studies for scenarios SLR0, SLR1 and SLR2 under westerly (a) and 

easterly (b) storms. (Source: [58]. Reproduced with permission of 

Elsevier). 
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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. The maximum reduction takes place in 

scenario SLR1 since some parts of the beach are only fully 

overwashed in both study cases for scenario SLR2, 

reducing the farm-induced differences in flooded dry 

beach area for this latter scenario. 

In scenarios SLR1 and SLR2, the reductions are 

significantly greater under easterly storms, so that a wave 

farm would 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 

contribute to mitigate coastal flooding issues in Playa 

Granada, which will be more severe in the coming years 

due to the expected SLR induced by climate change. 

IV. CONCLUSIONS 

This work has investigated 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 significant 

wave heights at breaking, 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 breaking 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 western 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 due to the wave 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 conditions the total run-up decreases along 

most of the study area, with total run-up values generally 

lower than those under western 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 

baseline 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. The farm-induced decreases in flooded 

dry beach area under westerly (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. These results 

highlight the potential of wave farms to mitigate coastal 

flooding, alongside their primary function of carbon-free 

energy generation. Further research is required to 

investigate the wave farm effects on the shoreline 

evolution and dry beach area availability due to changes 

in wave propagation and longshore sediment transport 

under sea-level rise. 
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