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Abstract


Resonant Wave Energy Converter 1 (REWEC1) is a submerged caisson breakwater integrating a device designed to absorb incoming wave energy. Although the wave energy-extraction performance of this system and its hydraulic characteristics have been extensively investigated, its potential role in reducing coastal inundation, as an alternative to traditional rubble-mound breakwaters, has not yet been examined. In this context, the present study analyzes the mitigation effects on coastal flooding induced by the installation of REWEC1 barriers. The analysis focuses on the coast of Cetraro, located along the Tyrrhenian Sea in the province of Cosenza (Calabria, Southern Italy). The effectiveness of REWEC1 farms in reducing coastal flooding was assessed by considering fixed-air and no-air operation modes, as well as different spatial configurations. The input wave conditions were propagated in the nearshore using the SWAN model to simulate wave–structure interactions, while the XBeach model was employed to investigate coastal inundation processes based on the wave field behind the caissons, also accounting for Sea Level Rise (SLR). The results were evaluated in terms of maximum flooded areas and water penetration lengths along the emerged coast, as well as wave run-up and set-up along selected transects. To assess the robustness of the results, a sensitivity analysis was carried out by varying the transmission coefficients of the REWEC1 units within a plausible uncertainty range, and the corresponding variability in flooding indicators was quantified. The numerical results indicate a progressive reduction in these hydrodynamic response indicators as the spacing between adjacent REWEC1 devices decreases, and show that the relative mitigation performance of REWEC1 remains consistent when accounting for uncertainties in wave–structure interaction parameters. Further analyses were conducted to compare the effectiveness of REWEC1 farms with that of conventional rubble-mound breakwaters in reducing coastal flooding.
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1. Introduction


Coastal flooding is one of the most significant natural hazards affecting low-lying coastal regions worldwide, with increasing frequency and severity driven by both climatic and oceanographic processes. Sea level rise, storm surges, and extreme wave events interact to increase water levels and inundate coastal areas, exposing ecosystems, populations, and infrastructures to growing risks [1]. Furthermore, several studies have shown that coastal inundation can have profound socioeconomic and environmental impacts, disrupting critical infrastructure, displacing communities, and degrading natural habitats that provide essential protective functions against meteo-marine events (e.g., [2]). In this context, advances in numerical modeling, data-driven approaches, and high-resolution mapping have improved the possibility of predicting and mitigating coastal flood impacts [3,4,5]. On the other hand, coastal flooding can usually be reduced through hard engineering measures [6], nature-based solutions [7], or adaptive coastal planning strategies [8].



Among the recent strategies to reduce the coastal risk due to the wave action, the use of Wave Energy Converter (WEC) farms represents a promising and suitable solution [9]. In addition to producing renewable energy to satisfy the growing energy demand and reduce carbon emissions [10], the possible employment of WEC for coastal protection, in the place of canonical hard and soft engineering solutions, can lead to a lowering of the Levelized Cost of Electricity (LCoE). Indeed, LCoE results in greater value for this kind of energy in comparison with conventional renewable energy sources (i.e., sun and wind) and fossil fuels (e.g., [11]). To improve the economic sustainability of WEC installations, several studies have highlighted their efficacy in reducing nearshore wave energy and, then, coastal erosion processes (e.g., [12,13,14,15]). Although a reduction in wave energy behind WEC is well documented, less attention has been paid to analyzing their impact in mitigating coastal flooding. To the authors’ knowledge, the only works related to this specific topic refer to Bergillos et al. [16,17], in which the authors investigated a WEC farm made of floating-type WaveCat devices for a gravel-dominated beach in Southern Spain. Attention was focused on studying how the geometrical effects of this wave farm influenced flooded areas and wave run-up under various meteo-marine scenarios. However, additional analyses are necessary to analyze the impact of various types of developed WEC on coastal hydrodynamic processes.



In this context, this study aims to analyze the performance of REWEC1 farms in reducing coastal flooding. REWEC1 belongs to the broad family of Oscillating Water Column (OWC) devices, which harness the motion of water and air inside a chamber to produce electrical energy [18]. The motivation for selecting this kind of WEC is due to its well-documented efficacy in capturing a significant rate of wave energy by field experiments [19,20] and numerical simulations [21,22,23,24]. Moreover, the integration into a classical breakwater allows REWEC1 to simultaneously provide coastal defense against wave action and produce renewable energy, with low environmental impact due to its submerged configuration. The present analysis was carried out along the coast of Cetraro, placed on the Tyrrhenian Sea in the province of Cosenza (Calabria, Southern Italy) and quite representative of the Calabrian Tyrrhenian coastal landscape. To analyze their effect on coastal inundations, various spatial arrangements of REWEC1 were tested, i.e., contiguous, with 10 m gaps, and with 20 m gaps, and compared with undisturbed conditions. To this end, this study employs a numerical modeling approach based on the coupling of the SWAN spectral wave model [25] and the XBeach hydro-morphodynamic model [26]. The two sets of wave conditions addressed different flooding regimes. Frequent coastal flooding was investigated under wave conditions representative of high-occurrence sea states, described by the 95th percentile (P95) of significant wave height   H s  , for which the REWEC1 was assumed to operate in fixed-air mode (active barrier), close to its resonance conditions. Conversely, extreme coastal flooding was analyzed under severe storm conditions characterized by design waves with return periods T = 25, 50, and 100 years, during which the REWEC1 was assumed to operate in no-air mode, behaving hydraulically as a conventional submerged breakwater. This distinction ensured physical consistency between the operational mode of the device and the adopted wave forcing. For both flooding regimes, SLR was incorporated by considering the high-emission RCP8.5 scenario projected for the year 2100, in order to assess the effectiveness of the REWEC1 under worst-case conditions. To account for uncertainties in the numerical estimation of the REWEC1 wave transmission coefficients, a sensitivity analysis was incorporated into the coastal flooding assessment. The numerically derived transmission coefficients were systematically perturbed by ±15%, and the resulting variability in flooding indicators was analyzed to assess the robustness of the results. To evaluate the effectiveness of REWEC1 as a coastal protection measure, its performance in mitigating coastal flooding was compared with that of conventional low-crested rubble-mound breakwaters, which represent a widely adopted solution in coastal engineering practice.



The paper is organized as follows. The main features of REWEC1 are illustrated in Section 2, paying attention to the assessment of its transmission and dissipation coefficients. Section 3 provides a brief description of the study area. Afterwards, the adopted numerical models are recalled in Section 4. The results obtained in terms of wave climate, wave propagation, and coastal flooding are discussed in Section 5, together with a comparison with classical rubble-mound breakwaters. The Section 6 closes the article.




2. Main Characteristics of REWEC1


Among the different types of wave energy converters, the REWEC1 device was selected for the present study. A comprehensive overview of its main characteristics can be found in the work of Boccotti [18]. In general, the REWEC1 consists of a submerged caisson that simultaneously acts as a submerged breakwater for coastal protection and as a wave-energy absorber for electricity generation, thus functioning as an active barrier. Typically, this device can be deployed nearshore with a submergence of approximately 2–3 m below the Still Water Level (SWL). The REWEC1 is composed of multiple adjacent reinforced-concrete caissons, each featuring an internal U-shaped duct, a vertical arm facing the open sea with an upper opening, an internal air chamber acting as a pneumatic spring, and two lateral ballast cells filled with inert material to ensure structural stability (not involved in the energy absorption process). The operating principle is based on that of OWC devices, although with distinctive features. First, the wave pressure at the upper opening of the vertical duct induces oscillations of the internal water column. Second, the internal oscillations cause compression and decompression of the air within the internal chamber, which behaves as a mass–spring system. Third, by adjusting the air volume, the natural oscillation period of the internal water column can be tuned to match the incident wave period, allowing the system to operate under resonant conditions.



In the subsequent analyses aimed at assessing the mitigation effects of coastal flooding along the selected coastal site, reference is made to the design configuration proposed by Boccotti [18], in which the REWEC1 is installed at a water depth d = 10 m and has the following dimensions: height of 7 m, length of 22.5 m, and width of 20 m. Two different REWEC1 submerged breakwater configurations were adopted. The first is the fixed-air configuration, used when REWEC1 functions as an active barrier for electricity generation. This configuration was selected for recurrent wave conditions because it ensures stable operation and reliable wave energy attenuation under typical sea states. The second is the no-air configuration, in which the internal chamber is completely filled with water, resulting in increased structural stability under extreme wave conditions. This configuration is typical of winter conditions, during which the REWEC1 operates as a conventional breakwater rather than as an active wave-energy absorber. These two configurations were chosen to cover the full range of sea states considered in this study, from recurrent waves to extreme conditions, allowing an assessment of REWEC1 performance in both wave energy absorption and coastal flood mitigation. A schematic view of a REWEC1 device in fixed-air and no-air operation layouts is illustrated in Figure 1.



To characterize the hydraulic performance of REWEC1 devices operating in the fixed-air and no-air modes, and to support their implementation in the subsequent numerical simulations of wave–structure interaction, the transmission coefficient   C T   and the reflection coefficient   C R   were determined based on the numerical modelling approach developed by Filianoti and Piscopo [21].



In the fixed-air operation mode, the above coefficients were derived from the range of   H s   reported by Filianoti and Piscopo [21], i.e., between 1 m and 3.5 m, as the most frequently occurring sea states at the selected coastal site fall within this range. While   C T   was evaluated directly,   C R   was determined based on energy balance considerations as a function of the absorption coefficient   C A  , the dissipation coefficient   C L  , and   C T  , specifically as   C R   = 1-  C A  -  C L  -  C T  . The trends of   C A  ,   C L  , and   C T   as a function of   H s   are reported in Figure 2a. It can be observed that   C A   increases at low   H s   and decreases at high   H s  , reaching its maximum value at approximately   H s   = 1.75 m (resonance condition), while   C L   and   C T   exhibit an overall increase and decrease, respectively, with increasing   H s  . The resulting values of   C R   are very low, i.e., below 0.03.



In the case of a no-air operation layout, the numerical results provided by Filianoti and Piscopo [21], originally valid for   H s   up to 3.5 m, were extended to values up to 7 m, due to the extreme wave conditions at the selected case study. For given input values of   H s   and peak period   T p  , representative of irregular wave conditions, the fractions of reflected, transmitted, and dissipated wave energy resulting from interaction with the REWEC1 geometry were evaluated by applying a methodology that combines linear diffraction modeling, breaking-induced dissipation modeling, and energy balance principles, as detailed in Filianoti and Piscopo [21]. The outcome of this procedure is graphically reported in Figure 2b, which shows the trends of   C T   and   C L   as a function of   H s  . The reflection coefficient was subsequently computed as   C R   = 1-  C T  -  C L  . As shown in Figure 2b,   C T   decreases with increasing   H s  , from values of approximately 0.65 down to nearly asymptotic values slightly above 0.20, while   C L   progressively increases up to values slightly below 0.8. Wave reflection remains consistently low, with   C R   typically below 0.04.



Overall, the REWEC1 device exhibits low reflective behavior under both operating conditions, with wave energy being primarily absorbed in the fixed-air configuration and predominantly dissipated in the no-air configuration. This complementary behavior highlights the dual functionality of REWEC1, acting as an effective wave energy absorber under recurrent wave conditions and as a highly efficient wave energy dissipator under extreme sea states.




3. Study Area


The study area used to analyze the performance of REWEC1 farms is Cetraro, a coastal town located along the central Tyrrhenian Sea in the province of Cosenza (Calabria, Southern Italy). Figure 3 shows a map of Italy with the position of the Calabria region and the Cetraro site. This site exhibits hydrodynamic and morphodynamic features typical of a microtidal, wave-dominated Mediterranean shore. The shoreline is predominantly linear to gently curvilinear and is characterized by sandy and gravel beaches, locally interspersed with coarse sediments and limited rocky outcrops, particularly near anthropogenic structures such as the harbor and coastal defenses in the Southern part [27].



From a hydrodynamic perspective, the Cetraro coast is exposed to the open Tyrrhenian basin, where the dominant wave climate is driven by north-westerly and westerly winds producing storm waves that significantly contribute to coastal processes [28]. Long-term wave climate analyses along the Calabrian coasts indicate that the Tyrrhenian side experiences heavier extreme wave conditions compared to the Ionian side, highlighting the importance of wave forcing in shaping coastal dynamics in this sector of the Mediterranean Sea [29,30].




4. Numerical Models


The wave propagation from deep waters to the studied nearshore region was conducted by applying the third-generation numerical model SWAN (Simulating WAve Nearshore), developed by the Fluid Mechanics Department of Delft University of Technology [25]. SWAN is a spectral model that simulates the evolution of two-dimensional wave spectra from deep water to shallow water depths. The model solves the spectral wave action balance equation N = E/f, where E is the spectral energy density and f is the frequency. In particular, both N and E are represented in the frequency–direction (f, θ ) domain. The modeling framework includes the main physical processes governing wave dynamics in coastal areas, such as wind wave generation, nonlinear wave–wave interactions, dissipation processes due to bottom friction and wave breaking, as well as nearshore propagation effects, including shoaling, refraction, diffraction, wave–current interaction, and transmission and reflection processes induced by wave–structure interaction.



The simulation of coastal flooding was provided by the hydro-morphodynamic numerical model XBeach (eXtreme Beach) [26]. This model allows the simulation of the response of coastal environments to extreme events such as storm surges and tsunamis. XBeach is an open-source model that explicitly resolves a wide range of coastal hydrodynamic and morphodynamic processes, including nearshore wave propagation, wave set-up and run-up, longshore and cross-shore sediment transport, seabed erosion and deposition, overwash and breaching processes, and, more generally, coastal flooding. From a hydrodynamic perspective, the XBeach model was applied in the “surf-beat” mode, in which waves are treated as a wave-group-scale process rather than resolving each individual wave cycle. In this framework, the wave motion is decomposed into a short-wave component (with periods shorter than 20 s), which is solved using an energy balance equation, and an infragravity-wave component (with periods longer than 20 s), which is resolved through the Shallow Water Equations. From a morphodynamic standpoint, seabed elevation changes are computed by solving the Exner sediment continuity equation, while the sediment transport rate is modeled using the Soulsby–Van Rijn formulation [31,32], and suspended sediment transport is simulated through an advection–diffusion equation for sediment concentration. XBeach has been successfully validated against laboratory experiments and real-world storm events in a wide range of coastal settings, including both sandy and defended coasts (e.g., [26,33,34,35]).




5. Results and Discussion


5.1. Wave Climate


For the purpose of analyzing coastal flooding scenarios in the absence and presence of the REWEC1 system protecting the Cetraro coast, a study of the coastal area was required in order to determine the deep water wave forcing conditions used as input. In this framework, historical wave data series derived from the MeteOcean hindcast database of the Department of Civil, Chemical and Environmental Engineering of the University of Genoa were considered (e.g., [36]). This dataset covers the entire Mediterranean basin, with a spatial resolution of 0.1273° in latitude and 0.09° in longitude, and a temporal resolution of 1 h. In particular, the used wave hindcast was validated by various Italian, Spanish, and Greek buoy measurements in the Mediterranean Sea, and used for a large number of analyses on wave climate (e.g., [37,38]).



In the present study, the reconstruction node no. 005659 was selected, located at a water depth of 473.3 m and characterized by the following coordinates: latitude 39.45° and longitude 15.874°. In particular, for the period from 1 January 1979 to 31 December 2018, the following synthetic wave parameters were extracted: significant wave height   H s  , peak period   T p  , and mean wave direction  θ . The historical series were subject to a processing procedure aimed at quality control and the removal of inconsistent wave parameters [29]. The data efficiency, defined as the ratio between filtered and raw data, was equal to 99.68%. Since the reconstruction node is located at a distance of approximately 9 km from the Cetraro coastal area, no geographical transposition was required.



Figure 4 shows the directional wave rose derived from the historical wave data series of the selected reconstruction node, considering only sea states associated with the cross-shore exposure sector of the Cetraro coast (160°–320°). This figure illustrates the percentages of occurrence of wave events, classified into 10° directional sectors and different ranges of   H s  . The most frequent sea states are associated, in decreasing order, with the 260°–270°, 270°–280°, 280°–290°, and 250°–260° directional sectors, with occurrence percentages of 23.31%, 20.63%, 14.80%, and 12.47%, respectively. With reference to the   H s   intervals defined in Figure 4, the corresponding occurrence percentages are 45% for   H s   < 0.5 m, 28.36% for 0.5 m <   H s   < 1 m, 20.11% for 1 m <   H s   < 2 m, 4.61% for 2 m <   H s   < 3 m, 1.37% for 3 m <   H s   < 4 m, and 0.55% for   H s   > 4 m.



The fixed-air operation of the REWEC1 was investigated using offshore wave conditions corresponding to the 95th percentile (P95) of   H s  , since the nearshore propagation of this sea state to the installation depth of 10 m yielded values of   H s   close to the resonance condition of the device, associated with maximum energy absorption. The resulting   H s   value was 2.17 m.



In contrast, the no-air operation of the REWEC1 was analyzed using design waves with different return periods (T = 25, 50, and 100 years), representative of extreme sea states. To this end, the following procedure was carried out. First, the historical storm events impacting the Cetraro coastal area were identified using the Peaks-Over-Threshold (POT) method, by imposing a significant wave height threshold equal to 3.5 m. This threshold ensured a sufficient number of storm events for a robust estimation of the design waves. From the   H s   time series, storm events were identified when   H s   exceeded the above-mentioned threshold for a minimum persistence of 6 h and when the wave directions remained confined within an angular sector not exceeding 30° [39]. Storm intensity was characterized by the maximum significant wave height occurring during each storm event. Based on the highest number of storm events (2161), the 250°–280° directional sector was selected for the determination of the design waves. The determination of design waves was carried out using the method proposed by Goda [40], which considers both the Gumbel and Weibull probability distributions, with the Weibull shape parameter k set equal to 0.75, 1, 1.4, and 2. For the selected directional sector (250°–280°), the Weibull distribution with k = 1 was adopted, as it provided the best correlation between the significant wave height at the storm peak and the reduced variate associated with the non-exceedance probability. The values of   H s   associated with T = 25, 50, and 100 years are equal to 8.74 m, 9.23 m, and 9.72 m, respectively, for the 250°–280° directional sector.



The peak wave period associated with P95 of   H s   was determined using a conditional statistical approach (e.g., [41]). Then, a representative   T p   of 8.7 s was derived from the resulting conditional distribution. The peak period values associated with the selected design waves within the chosen directional sector were derived by means of a power-law relationship of the form   T p   =   α  H s β   . This relationship was obtained by interpolating the mean values of   H s   computed over 0.5 m intervals and the corresponding mean values of   T p   associated with the same intervals. As shown in Figure 5, the resulting curve was a good fit with the mean wave data with a correlation coefficient   R 2   equal to 0.994. The calibrated parameters  α  and  β  were found to be equal to 6.827 and 0.289, respectively. Based on the calibrated power-law curve, the values of   T p   associated with   H s   for T = 25, 50, and 100 years were obtained, namely 12.77 s, 12.98 s, and 13.17 s.



The representative wave direction associated with the P95 of   H s   was determined by computing the circular mean of wave directions corresponding to all sea states with   H s   ≥ P95 [42]. Under this approach, the resulting  θ  was equal to 267.2°. The directions of the selected design waves were determined using the one-to-one quantile method [43], which allows the design wave to be associated with the real storm event whose significant wave height most closely matches the estimated extreme value. Therefore, the design wave directions were assumed to be equal to those of the observed event closest to the design condition. For the selected 250°–280° directional sector, the resulting  θ  values for T = 25, 50, and 100 years were 271.2°, 264.3°, and 263.7°, respectively.




5.2. Nearshore Wave Propagation


The offshore P95 of   H s   and the design waves with return periods T = 25, 50, and 100 years were propagated toward the nearshore zone in correspondence with the Cetraro coast using the SWAN model. The application of this model required the representation of the seabed morphology in front of the investigated coast. For the construction of an appropriate computational grid containing bathymetric information, bathymetric data were derived from nautical charts provided by the Italian Hydrographic Institute for deeper waters and from dedicated nearshore topo-bathymetric surveys with a spatial resolution of 0.5 m, carried out by the Department of Biology, Ecology and Earth Sciences of the University of Calabria (e.g., [27]). The spatial domain adopted for the SWAN computational grid was characterized by a length x = 10,800 m and a width y = 4200 m. The transformation of the bathymetric data into computational cells, with dimensions   Δ x   =   Δ y   = 15 m and assigned depth values, was performed using the software Surfer through a Kriging-type spatial interpolation [44].



Based on the offshore wave conditions and on the specific bathymetry of the study area, the SWAN model was initially applied in a baseline configuration without REWEC1 to derive, at the water depth of 10 m where these devices were placed, the characteristics of the incident wave field under undisturbed conditions. The input design waves were modeled using a two-dimensional JONSWAP spectrum with a spectral peak enhancement factor  γ  = 3.3 and a directional spreading parameter s = 10. From the SWAN propagation results obtained at the 10 m depth in the absence of REWEC1, the values of   H s   were derived to determine the transmission   C T   and reflection   C R   coefficients of the REWEC1 devices operating in fixed-air and no-air modes, as a function of the specific wave forcing. These parameters allow the hydraulic characterization of the devices in subsequent SWAN simulations, accounting for their presence. Although SLR modifies the relative submergence of submerged structures and may affect their hydraulic performance, in the present study, the transmission and reflection coefficients were kept unchanged. SLR was accounted for exclusively as an increase in the mean water level and superimposed on the wave conditions in the successive flooding simulations. This approach is consistent with common practice in coastal flooding assessments, where future SLR is incorporated as a shift in the hydrodynamic boundary conditions rather than through a reparameterization of wave–structure interaction processes (e.g., [45,46]). Therefore, the resulting analysis provides a conservative estimate of the mitigation performance of the REWEC1 devices.



Figure 6 shows the variation of   H s   along the computational nodes closest to the 10 m depth contour, identified with a vertical tolerance of 0.05 m. The results refer to the P95 of   H s   (Figure 6a), characterized offshore by   H s   = 2.17 m,   T p   = 8.7 s, and  θ  = 267.2°; to the design wave with T = 25 years (Figure 6b), characterized offshore by   H s   = 8.74 m,   T p   = 12.77 s, and  θ  = 271.2°; to the design wave with T = 50 years (Figure 6c), characterized offshore by   H s   = 9.24 m,   T p   = 12.98 s, and  θ  = 264.3°; and to the design wave with T = 100 years (Figure 6d), characterized offshore by   H s   = 9.72 m,   T p   = 13.17 s, and  θ  = 263.7°. For the selected water depth, the values of   H s   range from 1.51 m to 1.90 m for the P95 of   H s  , from 5.29 m to 6.43 m for the design wave with T = 25 years, from 5.35 m to 6.53 m for the design wave with T = 50 years, and from 5.40 m to 6.64 m for the design wave with T = 100 years.



As shown in Figure 2, the values of   C T   and   C L   were derived as a function of the variability of   H s   at a water depth of 10 m for each wave attack and REWEC1 operating mode, while the corresponding values of   C R   were obtained from the energy balance, as described in Section 2. For the P95 of   H s  ,   C A   oscillates between 0.43 and 0.53,   C T   oscillates between 0.21 and 0.31,   C L   between 0.24 and 0.31, and   C R   between 0.009 and 0.021. For the design wave with T = 25 years,   C T   oscillates between 0.203 and 0.207,   C L   between 0.778 and 0.784, and   C R   between 0.009 and 0.019. For the design wave with T = 50 years,   C T   oscillates between 0.202 and 0.206,   C L   between 0.780 and 0.785, and   C R   between 0.009 and 0.018. For the design wave with T = 100 years,   C T   oscillates between 0.201 and 0.205,   C L   between 0.781 and 0.787, and   C R   between 0.008 and 0.018. Owing to the relatively high values of   H s   associated with the selected design waves, only limited variations of these coefficients are observed.



The values of   C T   and   C R   enabled the characterization of the hydraulic performance of the REWEC1 devices, which can be represented in SWAN as rigid obstacles whose heads may be positioned within the computational domain at locations not necessarily coincident with the grid nodes [47]. In this framework, for each wave attack and at a water depth of 10 m (vertical tolerance of 0.05 m), three different spatial configurations of the REWEC1 devices were tested



	
Configuration 1: array of contiguous REWEC1 units, each 20 m long;



	
Configuration 2: array of 20 m long REWEC1 units with 10 m wide gaps;



	
Configuration 3: array of 20 m long REWEC1 units with 20 m wide gaps.






The choice of the gap length between devices for configurations 2 and 3 follows typical design criteria for detached rubble-mound breakwaters for coastal protection, according to which the gap length should range between 0.5 and 2 times the length of the barrier (e.g., [48,49]).



The obstacle arrangement procedure adopted to simulate the REWEC1 units within the SWAN computational domain consisted of four main steps. First, the target isobath at a water depth of 10 m was extracted from the bathymetric grid by identifying grid cells intersected by the selected depth contour and computing the corresponding contour segments through linear interpolation. Second, the contour segments were merged by removing duplicate nodes and assembling them into a graph structure, which was used to reconstruct continuous polylines representing the isobath geometry. Third, each polyline was parameterized along its curvilinear coordinate by computing the cumulative distance. Finally, obstacles were generated by sampling the curvilinear abscissa and defining straight segments with a fixed length of 20 m, separated by either zero gap (continuous configuration) or constant gaps of 10 m and 20 m. This procedure was specifically designed to generate obstacle geometries suitable for implementation in the SWAN model, ensuring a consistent representation of obstacle length, spacing, and alignment with the local isobath geometry. In the SWAN model, the values of   C T   and   C R   obtained at a water depth of 10 m as a function of   H s   were assigned to the individual obstacles representing the REWEC1 devices, based on their positioning within the three tested spatial configurations. A representative detail of the three adopted REWEC1 configurations, including the bathymetry around the 10 m water depth, is shown in Figure 7.



The results of the SWAN numerical simulations are shown in Figure 8 in terms of the spatial variation of   H s   for the representative and most variable case, corresponding to the design wave with T = 100 years. The figure compares undisturbed conditions (without REWEC1), configuration 1 (contiguous REWEC1), configuration 2 (REWEC1 with 10 m gaps), and configuration 3 (REWEC1 with 20 m gaps). The shoreline is indicated by a white line, whereas, in the subplots referring to the three REWEC1 spatial configurations, the units are highlighted by black lines. As observed, the attenuation of   H s   in the lee of the REWEC1 devices varies depending on their spatial configuration, in comparison with the baseline configuration characterized by undisturbed conditions (Figure 8a). In configuration 1 (Figure 8b), where the REWEC1 units are arranged contiguously, a substantial reduction of   H s   (approximately 80% immediately downstream of the devices) is observed, as a consequence of transmission coefficients on the order of 0.2. Due to the contiguous arrangement of the devices, this attenuation is spatially distributed in a nearly uniform manner in their lee. In configuration 2 (Figure 8c), where the REWEC1 units are arranged with 10 m wide gaps, the   H s   values in the sheltered area exhibit a marked spatial heterogeneity. The presence of 10 m gaps between adjacent REWEC1 modules allows part of the wave energy to propagate downstream through diffraction processes. This modular arrangement with gaps implies a combined effect of energy dissipation due to wave breaking at the modules and wave propagation through the gaps. Overall, the significant wave height is, on average, reduced within the area protected by the REWEC1 array. In configuration 3 (Figure 8d), characterized by 20 m wide gaps between the REWEC1 units, a greater spatial homogeneity of   H s   values downstream of the devices is observed compared to the case with 10 m gaps. The increased homogeneity of the wave field in the lee of the REWEC1 array with wider gaps is a direct consequence of the dominance of diffraction and wave propagation processes. As the gap width increases, the portion of the wave front passing through the gaps spreads more effectively, dispersing energy over a wider area and with a larger angular extent. In this context, the interference between waves diffracted from the two ends of a gap and from successive gaps tends to overlap more uniformly, smoothing the differences between the area immediately behind the REWEC1 units and the area immediately behind the gaps, where maximum wave transmission occurs.



However, the SWAN numerical model does not allow for the simulation of coastal flooding processes. For this reason, a second numerical model was required to investigate these processes and assess the impact of REWEC1 farms on mitigating coastal flooding risk. In the present study, the SWAN results, obtained both in the absence and in the presence of REWEC1 under the different spatial configurations, were provided as input to the subsequent XBeach hydro-morphodynamic model capable of simulating coastal inundation processes. Considering the placement of the REWEC1 devices at a water depth of 10 m, the values of   H s  ,   T p  , and  θ  simulated by SWAN under fixed-air and no-air operating modes, and for different configurations (absence of REWEC1, contiguous REWEC1, REWEC1 with 10 m gaps, and REWEC1 with 20 m gaps) were extracted in the lee of the devices, i.e., at a depth of 7 m, to account for the specific wave field resulting from the interaction with the devices. Considering the design wave with T = 100 years as a representative case, Figure 9 shows the trends of   H s   at a set of computational nodes closest to the 7 m depth contour, identified within a vertical tolerance of 0.05 m. A strong variation of   H s   among the different configurations can be observed, with values progressively decreasing from the configuration without REWEC1 (Figure 9a) to the configuration with contiguous REWEC1 units (Figure 9b). Configurations characterized by REWEC1 units with 10 m gaps (Figure 9c) and 20 m gaps (Figure 9d) exhibit a higher spatial variability of   H s   values along the computational domain compared to the other configurations. Concerning the mean wave direction  θ  (Figure 10), the spatial variability among the different configurations is fairly similar, although slightly larger oscillations are observed in the presence of REWEC1 devices with gaps (Figure 10c,d). As for the peak period   T p  , it remains unchanged at the 7 m depth with respect to offshore conditions in the absence of REWEC1, whereas in the presence of REWEC1 it exhibits a slight increase (ranging between 1% and 2%). This behavior is because the devices tend to attenuate high-frequency spectral components to a relatively greater extent than low-frequency components, producing a slight shift of the spectral peak toward longer periods.




5.3. Coastal Flooding


The results in terms of significant wave height   H s  , peak period   T p  , and mean wave direction  θ  at a water depth of 7 m, obtained for the fixed-air and no-air operating modes of REWEC1, were used as input to the hydro-morphodynamic numerical model XBeach [26]. To limit the number of numerical simulations while preserving a conservative assessment of future conditions, a single high-end SLR scenario was considered. The RCP8.5 projection for the year 2100 was adopted and superimposed on the wave-induced flooding scenarios, including frequent wave conditions (P95 of   H s  ) under fixed-air operation and extreme storm events with 25-, 50-, and 100-year return periods under no-air operation. SLR projection under the RCP8.5 scenario was obtained from the NASA Sea Level Projection Tool (sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool), which provides access to global and regional sea level projections from the IPCC Sixth Assessment Report [50]. Based on the IPCC RCP8.5 projections, a SLR of 0.78 m was found for the study area.



The first step in the application of the XBeach model consisted of defining the computational grid using the Delft3D software package [51]. As for the SWAN model, grid construction was based on topographic and bathymetric data derived from nautical charts provided by the Italian Hydrographic Institute and from dedicated nearshore topo-bathymetric surveys conducted by the Department of Biology, Ecology and Earth Sciences of the University of Calabria (e.g., [27]). In addition, the topography of a portion of the emerged coast was reconstructed using LIDAR data available from the National Geoportal of the Italian Ministry for the Environment and Energy Security (gn.mase.gov.it/portale/home), with a spatial resolution of 1 m.



Based on these datasets, a curvilinear computational grid was generated, extending from the −7 m depth contour offshore to elevations inland exceeding the maximum expected flooding levels. The grid consists of   364   ×   721   computational nodes, with spatial resolution varying between 10 m and 1 m. Grid refinement was applied in the vicinity of the shoreline in order to achieve a higher level of detail in the simulation of nearshore hydrodynamic processes. Figure 11 shows the topography of the emerged and submerged coastal areas, together with the curvilinear grid adopted for the Cetraro coast to run XBeach simulations.



To optimize the numerical simulations performed with XBeach, particular care was devoted to the definition of non-erodible computational cells, representing the port infrastructure of Cetraro, the breakwaters located South of the port, various coastal civil infrastructures, and rocky outcrops of the emerged coast. A detailed representation of these elements is provided in Figure 12.



The offshore boundary conditions for XBeach were specified at each grid node along the offshore boundary of the computational domain by interpolating the wave parameters (  H s  ,   T p  , and  θ ) obtained from the SWAN simulations at a water depth of 7 m. As for the SWAN model, the input two-dimensional JONSWAP spectrum was defined using   γ = 3.3   and   s = 10  . To characterize the sediment properties of the study area, a median grain size    D 50  = 0.49   mm and a 90th percentile grain size    D 90  = 1.5   mm were adopted. These values were derived from a recent granulometric survey campaign carried out by the Municipality of Cetraro within a project aimed at assessing the morphodynamic functionality of the port.



The duration of the XBeach simulations, aimed at analyzing maximum coastal flooding both in the absence and presence of REWEC1 devices, was set equal to 6 h in order to balance physical realism and computational cost. Preliminary analyses showed that longer simulation times did not lead to significant changes in the main engineering-relevant variables related to coastal flooding, such as maximum inundated areas, maximum inland water penetration, and wave set-up and run-up values.



Figure 13, Figure 14 and Figure 15 show the XBeach simulation results in terms of the spatial distribution of maximum flood depths over the emerged coastal area for the design waves with T = 25, 50, and 100 years, respectively, combined with RCP8.5 SLR, and for the different spatial configurations considered (absence of REWEC1, contiguous REWEC1 arrays, REWEC1 with 10 m gaps, and REWEC1 with 20 m gaps). Owing to their limited spatial extent, the inundation maps associated with the P95 of   H s  , combined with RCP8.5 SLR, were not shown; their effects were instead analyzed in terms of maximum inundated areas, maximum inland water penetration, and wave set-up and run-up in the subsequent analyses. The flooding scenarios, highlighted in Figure 13, Figure 14 and Figure 15, represent the most unfavorable conditions, i.e., the maximum flood depths reached at each computational cell during the simulation time. Accordingly, inundated areas and inland water penetration distances refer to their maximum spatial extent. It should be noted that the background orthophoto used for visualization does not correspond temporally to the shoreline position considered in this study, which is indicated by a black line and derived from the topo-bathymetric surveys carried out by the Department of Biology, Ecology and Earth Sciences of the University of Calabria (e.g., [27]). Overall, the simulation results exhibit a spatial variability that is strongly dependent on the emerged coastal topography and on the presence of coastal structures and civil infrastructures. North of the port, the coast is characterized by a wide and gently sloping beach that gradually narrows landward. This sector experiences the largest flooding extent along the study area, with inland water penetration strongly influenced by the spatial arrangement of civil infrastructures. South of the port, inundated areas are generally smaller due to the presence of some rubble-mound breakwaters, a narrower beach, and a complex backshore topography. With reference to the meteo-marine forcing conditions shown (design waves combined with RCP8.5 SLR), slightly more severe flooding conditions are associated with the design wave with T = 100 years in almost all configurations. Compared to the configuration without REWEC1, which exhibits the largest inundated areas, water penetration distances, and flood depths (Figure 13a, Figure 14a and Figure 15a), the presence of REWEC1 devices results in a clear reduction in these quantities due to wave energy dissipation in their lee. In particular, contiguous REWEC1 arrays produce the most significant reduction in inundated areas (Figure 13b, Figure 14b and Figure 15b), followed by configurations with 10 m gaps (Figure 13c, Figure 14c and Figure 15c) and 20 m gaps (Figure 13d, Figure 14d and Figure 15d).



For all spatial configurations, Figure 16 shows the maximum flooded areas A along the entire coast, distinguishing between cases using the P95 of   H s   and those using design waves with T = 25, 50, and 100 years, all combined with RCP8.5 SLR. Except for the cases without REWEC1 and with contiguous REWEC1, the highest values of A are associated with the design wave with T = 100 years. Progressive reductions in A occur with the inclusion of REWEC1 devices, from the configuration with 20 m gaps to the contiguous configuration. Moreover, the reduction in A associated with the selected design wave conditions is essentially similar across all REWEC1 configurations and larger than that associated with P95 of   H s  . This different behavior is related to the more dissipative nature of the REWEC1 in no-air conditions compared to the device operating in fixed-air conditions. It is worth noting that the relatively large extent of flooded areas is associated with the extreme value of the adopted SLR.



A quantitative assessment of the percentage reduction in maximum inundated area due to the presence of REWEC1 devices operating in no-air and fixed-air modes under all meteo-marine forcing conditions is reported in Table 1. The table defines the relative variation   Δ A /  A N   , where   Δ A   is the difference between the maximum inundated area in the absence and presence of REWEC1, and   A N   is the maximum inundated area without REWEC1. The results indicate that the percentage reductions in maximum inundated area are more pronounced under design wave conditions than when the P95 of   H s   is used as wave forcing, highlighting the effectiveness of REWEC1 in mitigating coastal flooding during extreme wave events. For all the design wave conditions considered, an average reduction of approximately 69% is observed for contiguous REWEC1 arrays, about 46% for the configuration with 10 m gaps, and about 24% for the configuration with 20 m gaps.



Similarly, Figure 17 presents the maximum inland water penetration lengths   l p   for the different configurations and the adopted wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years), all combined with RCP8.5 SLR. The values range from maximum values of approximately 200 m in the absence of REWEC1 to values slightly above 50 m for the contiguous configuration, exhibiting trends comparable to those observed for the maximum inundated areas under the different wave conditions. Also in this case, SLR appears to play a relevant role in the assessment of   l p  .



Table 2 reports the relative reduction   Δ  l p  /  l  p N    , where   Δ  l p    is the difference between the maximum penetration length in the absence and presence of REWEC1, and   l  p N    is the maximum penetration length without REWEC1. The results highlight a progressive attenuation of inland water penetration from the configuration with 20 m gaps to that with contiguous devices. The reduction percentages are quite comparable to those obtained for inundated areas (with mean variations of a few percentage points), being more pronounced under design wave conditions.



A local-scale quantification of the flooding mitigation effects induced by the presence of REWEC1 devices operating in no-air and fixed-air modes was finally carried out by analyzing wave set-up and run-up. To this end, a set of numerical gauges was placed along selected coastal transects using the XBeach model. Three transects were selected North of the port of Cetraro (transects 1, 2, and 3) and three South of the port (transects 4, 5, and 6), as shown in Figure 18.



The time series of water levels  η  extracted at the numerical gauges from XBeach simulations were first corrected by removing the constant SLR contribution. The corrected time series were then preliminarily processed to remove high-frequency noise and isolated numerical spikes. A Hampel filter was applied, which detects outliers within a moving window based on deviations from the local median expressed as multiples of the median absolute deviation [52]. The filtered time series were then used to compute the wave setup   η ¯   as the temporal mean. To identify physically meaningful positive maxima corresponding to individual run-up events R, three criteria were adopted. The first criterion concerns the minimum prominence, set equal to   0.01    σ η   , where   σ η   is the standard deviation of the filtered time series [53]. The second criterion imposes a minimum duration of run-up events equal to   0.1    T p    [54], where   T p   is obtained from spectral analysis of the filtered signal. The third criterion requires a minimum temporal separation between consecutive run-up events equal to   0.4    T p    [55]. An example of a water level time window for numerical gauge 1, including the identification of individual run-up events and the set-up level, is shown in Figure 19.



For the different spatial configurations, the computed set-up values   η ¯   at the selected numerical gauges are reported in Figure 20, referring to the P95 of   H s   and the design waves with T = 25, 50, and 100 years. The results exhibit variability depending on the local coastal morphology and on the characteristics of the incident wave field. In general, for all gauges, a progressive reduction in wave set-up is observed due to the presence of REWEC1 devices, from configurations with 20 m gaps to those with contiguous arrays, in agreement with the results obtained for maximum inundated areas and inland water penetrations. The difference in magnitude between the results obtained from the P95 of   H s   and the different design waves is larger than in the cases of inundated areas and inland water penetration, as SLR was not considered in this analysis.



Table 3 reports the percentage reduction of wave set-up due to the presence of REWEC1 devices, expressed as the relative variation   Δ  η ¯  /   η ¯  N   , where   Δ  η ¯    is the difference between set-up values in the absence and presence of REWEC1, and    η ¯  N   is the set-up without REWEC1. The reductions exhibit spatial variability among numerical gauges due to the combined effects of local morphology and wave incidence. For contiguous REWEC1 arrays and for the configuration with 10 m gaps, the average set-up reduction is similar across all wave conditions, with mean values of 80.4% and 39.3%, respectively. For the configuration with 20 m gaps, the wave condition associated with the P95 of   H s   leads to a mean set-up reduction of 31.6%, whereas the design wave conditions result in a mean set-up reduction of 18.4%.



From the individual run-up events R recorded at each numerical gauge, the run-up exceeded by 2% of the events,   R  2 %   , corresponding to the 98th percentile of the R distribution, was computed. This parameter is statistically robust and widely used in engineering applications. Figure 21 shows the values of   R  2 %    at the selected gauges for the different spatial configurations, for the P95 of   H s   and for the design waves with T = 25, 50, and 100 years. The results for   R  2 %    further confirm the effectiveness of the REWEC1 devices in reducing the main hydrodynamic processes affecting the emerged coast.



Table 4 summarizes the percentage reductions of   R  2 %    induced by the presence of REWEC1 devices, expressed as the relative variation   Δ  R  2 %   /  R  2 % N    , where   Δ  R  2 %     is the difference between   R  2 %    values in the absence and presence of REWEC1, and   R  2 % N    is the run-up value without REWEC1. As for wave set-up, the reduction percentages are influenced by local coastal morphology and wave incidence. Overall, the average reduction of   R  2 %    is fairly similar of that observed for   η ¯   (see Table 3) for all wave conditions and REWEC1 configurations. The differences in mean reduction between   R  2 %    and   η ¯   are less than 2%.




5.4. Uncertainty Analysis


An uncertainty analysis was conducted to evaluate the sensitivity of XBeach simulations to variations in the transmission coefficient   C T   of the REWEC1 devices. In the SWAN simulations, the   C T   values of REWEC1 for the selected spatial arrangements (contiguous, 10 m gaps, and 20 m gaps), obtained by the undisturbed wave field at a water depth of 10 m, were systematically varied by   ± 15 %   to account for potential deviations arising from modeling assumptions, operational conditions, or inherent variability. Notably,   C T   is a numerically derived parameter according to Filianoti and Piscopo [21] and represents the principal hydraulic parameter for assessing the effectiveness of REWEC1 in reducing coastal flooding. In this analysis, the reflection coefficients   C R   were kept fixed with respect to the reference values, as their values for the REWEC1 are consistently very low and their contribution to coastal flooding processes is negligible compared to transmission-driven effects.



The analysis focused on the worst-case scenario, corresponding to the design wave with T = 100 years combined with RCP8.5 SLR. In this context, the REWEC1 units operated in no-air mode. The evaluation metrics were the maximum inundated areas and the maximum inland water penetration lengths. Comparing simulations with perturbed   C T   values to the previous baseline results allowed for the quantification of uncertainty and the assessment of model robustness. This approach aligns with previous studies on uncertainty and sensitivity analysis in coastal hydrodynamic modeling (e.g., [56]), underscoring the importance of accounting for parameter variability when evaluating extreme events.



Based on the variability of the wave parameters at a water depth of 10 m for the selected design wave,   C T   ranges between 0.171 and 0.174 when the coefficient is reduced by 15%, and between 0.231 and 0.236 when it is increased by 15%. The disturbed wave field behind the REWEC1 at d = 7 m, obtained from SWAN simulations for different spatial configurations, was used as input, together with RCP8.5 SLR, for the subsequent XBeach simulations.



To analyze the sensitivity of coastal flooding to variations in the wave transmission coefficient   C T   of the REWEC1 devices, two indicators were selected: the maximum inundated area and the maximum inland water penetration length. For the adopted spatial configurations (contiguous arrays, arrays with 10 m gaps, and arrays with 20 m gaps), Figure 22 shows the relative reductions of flooding indicators   Δ A /  A N    and   Δ  l p  /  l  p N     obtained using the reference   C T   values and those derived by perturbing this parameter by   ± 15 %  . Error bars are used to visualize the resulting variability, providing a quantitative representation of the potential range of outcomes under the selected extreme meteo-marine condition. The variability in   Δ A /  A N    and   Δ  l p  /  l  p N     is generally small across all configurations, decreasing from approximately 4% for contiguous REWEC1 arrays to about 2% for arrays with 20 m gaps. Lower reductions in flooding indicators are observed for higher   C T   values, while higher reductions correspond to lower   C T   values. A slightly larger variability is noted for cases with higher   C T   values, particularly in the contiguous configuration, highlighting the increased sensitivity of closely spaced arrays to changes in hydraulic performance. Overall, these results demonstrate that the selected   ± 15 %   variation in   C T   induces only minor changes in the predicted inundation patterns, regardless of the spatial configuration. This confirms the robustness and consistency of the trends reported in Section 5.3, and supports the reliability of the REWEC1 performance assessment even under moderate uncertainties in the transmission coefficient.




5.5. Comparison with Rubble-Mound Breakwaters


In this Section, a comparison between REWEC1 and traditional submerged rubble-mound breakwaters in reducing coastal flooding was performed. The analysis considered the most extreme meteo-marine condition, i.e., the design wave with   T = 100   years combined with RCP8.5 SLR, across all spatial configurations (contiguous barriers, barriers with 10 m gaps, and barriers with 20 m gaps) operating in no-air mode.



The submerged rubble-mound breakwaters were placed at the same water depth (  d = 10   m) and with the same height and length as the REWEC1 devices. They were composed of natural stones with a canonical seaward slope (tan( α ) = 0.5) and an armour layer with a mean diameter of 2 m, ensuring stability under the applied wave forcing. To provide a consistent comparison, the hydraulic behaviour of the submerged rubble-mound breakwaters was modelled using transmission   C T   and reflection   C R   coefficients that depend solely on the incident wave conditions. Similar to REWEC1, SLR effects were not explicitly included in the coefficient formulation but were incorporated as a shift in the mean water level for the coastal flooding simulations.



The hydraulic characteristics adopted in SWAN simulations, in terms of   C T   and   C R  , were derived from various experimental-based formulas for low-crested rubble-mound breakwaters. For   C T  , the semi-empirical equations developed by d’Angremond [57], Seabrook and Hall [58], and Briganti et al. [59] were applied, which are valid within the range of the considered wave and geometrical conditions. Considering the variability of the incident wave parameters at d = 10 m, the resulting   C T   values obtained from the aforementioned formulas were averaged, yielding values between 0.364 and 0.397 depending on the specific location of the rubble mound breakwater and the local wave conditions. Similarly,   C R   was derived by averaging the results from semi-empirical formulas by Seelig and Ahrens [60], Ahrens [61], and Zanuttigh and van der Meer [62], resulting in values ranging from 0.260 to 0.278.



The wave field behind the rubble-mound breakwaters for all spatial configurations at a water depth of 7 m, induced by the T = 100 year design wave and obtained from SWAN, was used as input for the XBeach simulations of coastal flooding, also accounting for RCP8.5 SLR. The resulting maximum flooded areas and maximum inland water penetration lengths were then compared with those obtained for the REWEC1 devices. In the comparison between REWEC1 and conventional rubble-mound breakwaters, the evaluation of flooding indicators for REWEC1 explicitly accounts for the uncertainty associated with a ±15% variation in the transmission coefficient   C T  . This level of uncertainty is not considered for rubble-mound breakwaters, whose hydraulic performance is derived from well-established empirical relationships based on extensive experimental studies. The relative reductions in the flooding indicators   Δ A /  A B    and   Δ  l p  /  l  p B     were evaluated by comparing REWEC1 and rubble-mound breakwaters for different spatial configurations. The indicators were computed by defining   Δ A   and   Δ  l p    as the differences between the maximum inundated area and maximum inland water penetration length in the presence of rubble-mound breakwaters and those obtained with REWEC1, respectively, while   A B   and   l  p B    denote the corresponding values associated with the rubble-mound breakwaters. This formulation allows a direct assessment of the relative performance of REWEC1 in reducing coastal flooding with respect to conventional submerged breakwaters. The resulting relative reductions are shown in Figure 23. For the contiguous arrangement, consistently positive values of   Δ A /  A B    and, in particular, of   Δ  l p  /  l  p B     are observed, indicating a superior performance of REWEC1 units in mitigating coastal flooding with respect to rubble-mound breakwaters. Conversely, for the configurations with 10 m and 20 m gaps, the values of   Δ A /  A B    and   Δ  l p  /  l  p B     are small and, in some cases, negative, suggesting that the flooding reduction capability of REWEC1 is comparable to that of conventional rubble-mound breakwaters when spatial discontinuities are introduced.





6. Conclusions


This study has shown that REWEC1 devices, whether operating in fixed-air mode (active barrier) or no-air mode (behaving as conventional submerged breakwaters), have a significant effect in terms of reducing coastal flooding and mitigating the associated risk. The magnitude of this reduction is a function of the spatial arrangement adopted for these devices in the coastal protection.



The numerical results were obtained using the SWAN and XBeach models for the Cetraro coast in Southern Italy. The meteo-marine forcing considered the P95 of   H s   as the recurrent wave conditions for REWEC1 operating in fixed-air mode, and the design waves with T = 25, 50, and 100 years for REWEC1 operating in no-air mode, all combined with the most severe future SLR scenario corresponding to the RCP8.5 projection for the year 2100. In terms of the analyzed indicators (maximum flooded areas, maximum inland penetration lengths, wave set-up, and 2% wave run-up), REWEC1 barriers induce an overall reduction with respect to undisturbed conditions, with magnitudes that depend on the operational mode of the devices (no-air or fixed-air). Specifically, average reductions exceeding 70% and 50% were observed for the contiguous configuration operating in no-air and fixed-air mode, respectively. These reductions decrease when the devices are arranged with gaps, with mean values of about 40% and less than 30% for gaps of 10 m in no-air and fixed-air mode, respectively, and around 20% for gaps of 20 m under both operational conditions. This behavior is consistent with the more dissipative response of the REWEC1 in no-air mode compared with fixed-air mode during wave–structure interaction processes. An uncertainty analysis was also carried out by perturbing the transmission coefficient, identified as the most influential hydraulic parameter for modeling REWEC1 in coastal flooding applications, within a ±15% range. Under the extreme scenario defined by a 100-year design wave combined with SLR, the results show that, despite this variability, REWEC1 units still provide a substantial reduction in coastal flooding compared to undisturbed conditions. The comparison between REWEC1 devices and conventional submerged rubble-mound breakwaters further indicates that, under the same extreme scenario adopted for the uncertainty analysis, REWEC1 leads to smaller inundated areas and reduced inland water penetration only when a contiguous configuration is employed. When spatial discontinuities between the barriers are introduced, the two solutions exhibit comparable performance in terms of coastal flooding mitigation.



Importantly, under less extreme wave conditions, REWEC1 can operate as wave energy converters, producing electricity while continuing to provide an acceptable performance for coastal protection against flooding. In this context, their dual functionality, as both renewable energy generators and effective coastal defense structures, makes them a highly valuable option for sustainable coastal management.



Future research could include laboratory experiments to validate the numerical parameters used to characterize the hydraulic behaviour of REWEC1, i.e., the transmission and reflection coefficients. Additionally, a detailed investigation of the morphodynamic effects induced by REWEC1 in different spatial configurations is recommended, as local bed changes could modify the effectiveness of the devices in reducing coastal flooding.
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Figure 1. Schematic configuration of a REWEC1 device. (a) fixed-air operation mode; (b) no-air operation mode. 
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Figure 2. (a) Trends of the absorption   C A  , dissipation   C L  , and transmission   C T   coefficients versus significant wave height   H s   for a REWEC1 device in fixed-air operation mode; (b) Trends of the dissipation   C L   and transmission   C T   coefficients versus significant wave height   H s   for a REWEC1 device in no-air operation mode. 
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[image: Water 18 00524 g002]







[image: Water 18 00524 g003] 





Figure 3. Map of Italy with the position of the Calabria region and the Cetraro site. 
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Figure 4. Percentage occurrence of wave events within the Cetraro cross-shore sector, classified by 10° directional bins and by different significant wave height intervals. 
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Figure 5. Trend of the averaged values of   H s   and   T p   (black dots) and regression curve in power-law form (magenta curve) for the 250°–280° directional sector. 
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Figure 6. Spatial variation of significant wave height   H s   along nodes located near the 10 m water depth. (a) P95 of   H s  ; (b) design wave with T = 25 years; (c) design wave with T = 50 years; (d) design wave with T = 100 years. 
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Figure 7. Detail of the spatial configuration of the REWEC1 devices, including the local bathymetry. (a) contiguous REWEC1; (b) REWEC1 with 10 m gaps; (c) REWEC1 with 20 m gaps. 
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Figure 8. Spatial distribution of significant wave height   H s   for design wave with T = 100 years, including the shoreline (white line) and the REWEC1 devices (black line). (a) undisturbed conditions; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 9. Spatial variation of significant wave height   H s   along nodes located near the 7 m water depth for design wave with T = 100 years. (a) without REWEC1; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 10. Spatial variation of mean wave direction  θ  along nodes located near the 7 m water depth for design wave with T = 100 years. (a) without REWEC1; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 11. Topographic elevations of the emerged and submerged coast and curvilinear grid modelling for the Cetraro coast. 
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Figure 12. Identification of non-erodible computational cells (highlighted in blue) for the Cetraro coast. 
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Figure 13. Spatial distribution of maximum flood depths on the emerged coast for the design wave with T = 25 years, combined with RCP8.5 SLR. (a) without REWEC1; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 14. Spatial distribution of maximum flood depths on the emerged coast for the design wave with T = 50 years, combined with RCP8.5 SLR. (a) without REWEC1; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 15. Spatial distribution of maximum flood depths on the emerged coast for the design wave with T = 100 years, combined with RCP8.5 SLR. (a) without REWEC1; (b) contiguous REWEC1; (c) REWEC1 with 10 m gaps; (d) REWEC1 with 20 m gaps. 
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Figure 16. Maximum flooded areas A: comparison among different spatial configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years), combined with RCP8.5 SLR. 
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Figure 17. Maximum inland water penetration lengths   l p  : comparison among different spatial configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years), combined with RCP8.5 SLR. 
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Figure 18. Location of numerical gauges (highlighted in yellow) along the Cetraro coast for the evaluation of wave run-up and set-up processes. 
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Figure 19. Example of a time window of water levels  η  measured by numerical gauge 1 (blue line), individual run-up values R (red dots), and the set-up   η ¯   (black dashed line). 
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Figure 20. Wave set-up   η ¯  : comparison among different spatial configurations for the P95 of   H s   and the design waves with T = 25, 50, and 100 years. (a) gauge 1; (b) gauge 2; (c) gauge 3; (d) gauge 4; (e) gauge 5; (f) gauge 6. 
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Figure 21. Wave run-up   R  2 %   : comparison among different spatial configurations for the P95 of   H s   and for the design waves with T = 25, 50, and 100 years. (a) gauge 1; (b) gauge 2; (c) gauge 3; (d) gauge 4; (e) gauge 5; (f) gauge 6. 
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Figure 22. Effect of   ± 15 %   variation in the transmission coefficient   C T   on the relative reductions of flooding indicators   Δ A /  A N    and   Δ  l p  /  l  p N     for different REWEC1 spatial configurations (error bars indicate the range of variability induced by the perturbation). 






Figure 22. Effect of   ± 15 %   variation in the transmission coefficient   C T   on the relative reductions of flooding indicators   Δ A /  A N    and   Δ  l p  /  l  p N     for different REWEC1 spatial configurations (error bars indicate the range of variability induced by the perturbation).



[image: Water 18 00524 g022]







[image: Water 18 00524 g023] 





Figure 23. Relative reduction of flooding indicators   Δ A /  A B    and   Δ  l p  /  l  p B     provided by REWEC1 with respect to rubble-mound breakwaters for different spatial configurations (error bars indicate the range of variability induced by the perturbation on   C T   values for REWEC1). 
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Table 1. Percentage reduction of the maximum flooded areas   Δ A /  A N    induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years), combined with RCP8.5 SLR.
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Meteo-Marine Condition

	
Contiguous REWEC1

	
REWEC1 with 10 m Gaps

	
REWEC1 with 20 m Gaps




	

	
  Δ A /  A N    (%)

	
  Δ A /  A N    (%)

	
  Δ A /  A N    (%)






	
P95 + RCP8.5 SLR

	
37.9

	
19.1

	
12.3




	
T = 25 years + RCP8.5 SLR

	
68.4

	
46.4

	
23.4




	
T = 50 years + RCP8.5 SLR

	
70.4

	
47.0

	
29.0




	
T = 100 years + RCP8.5 SLR

	
69.6

	
44.7

	
20.6











 





Table 2. Percentage reduction of the maximum inland penetration lengths   Δ  l p  /  l  p N     induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years), combined with RCP8.5 SLR.
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Meteo-Marine Condition

	
Contiguous REWEC1

	
REWEC1 with 10 m Gaps

	
REWEC1 with 20 m Gaps




	

	
  Δ  l p  /  l pN    (%)

	
  Δ  l p  /  l pN    (%)

	
  Δ  l p  /  l pN    (%)






	
P95 + RCP8.5 SLR

	
19.2

	
18.2

	
7.1




	
T = 25 years + RCP8.5 SLR

	
58.0

	
25.0

	
14.0




	
T = 50 years + RCP8.5 SLR

	
68.4

	
46.7

	
35.1




	
T = 100 years + RCP8.5 SLR

	
66.4

	
42.7

	
32.2











 





Table 3. Percentage reduction of the wave set-up   Δ  η ¯  /   η ¯  N    induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years).






Table 3. Percentage reduction of the wave set-up   Δ  η ¯  /   η ¯  N    induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years).





	
Wave Condition

	
Numerical Gauge

	
Contiguous REWEC1

	
REWEC1 with 10 m Gaps

	
REWEC1 with 20 m Gaps




	

	

	
  Δ  η ¯  /   η ¯  N    (%)

	
  Δ  η ¯  /   η ¯  N    (%)

	
  Δ  η ¯  /   η ¯  N    (%)






	
P95

	
1

	
86.0

	
30.5

	
32.0




	
2

	
88.2

	
40.3

	
32.6




	
3

	
87.4

	
57.4

	
39.6




	
4

	
81.6

	
31.7

	
29.4




	
5

	
91.5

	
52.8

	
38.2




	
6

	
81.8

	
38.2

	
17.7




	
T = 25 years

	
1

	
69.9

	
9.8

	
0.1




	
2

	
78.3

	
36.6

	
25.1




	
3

	
80.1

	
40.6

	
27.2




	
4

	
78.2

	
34.0

	
10.1




	
5

	
85.5

	
50.1

	
13.0




	
6

	
72.9

	
33.4

	
8.6




	
T = 50 years

	
1

	
71.4

	
19.5

	
9.4




	
2

	
80.9

	
44.2

	
35.9




	
3

	
86.3

	
58.9

	
50.1




	
4

	
78.7

	
35.5

	
11.5




	
5

	
84.9

	
52.6

	
17.3




	
6

	
70.7

	
33.6

	
16.5




	
T = 100 years

	
1

	
73.4

	
20.8

	
10.2




	
2

	
80.8

	
42.1

	
25.8




	
3

	
86.1

	
61.7

	
45.7




	
4

	
79.2

	
33.9

	
8.8




	
5

	
85.9

	
50.2

	
10.4




	
6

	
69.6

	
34.6

	
5.3











 





Table 4. Percentage reduction of the 2% run-up values   Δ  R  2 %   /  R  2 % N     induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years).






Table 4. Percentage reduction of the 2% run-up values   Δ  R  2 %   /  R  2 % N     induced by different REWEC1 configurations and wave conditions (P95 of   H s   and design waves with T = 25, 50, and 100 years).





	
Wave Condition

	
Numerical Gauge

	
Contiguous REWEC1

	
REWEC1 with 10 m Gaps

	
REWEC1 with 20 m Gaps




	

	

	
  Δ  R  2 %   /  R  2 % N     (%)

	
  Δ  R  2 %   /  R  2 % N     (%)

	
  Δ  R  2 %   /  R  2 % N     (%)






	
P95

	
1

	
79.5

	
25.9

	
26.3




	
2

	
81.5

	
38.7

	
35.3




	
3

	
84.7

	
45.3

	
36.0




	
4

	
75.7

	
32.7

	
29.7




	
5

	
83.4

	
51.0

	
31.6




	
6

	
73.7

	
32.1

	
23.7




	
T = 25 years

	
1

	
82.4

	
31.1

	
9.9




	
2

	
85.2

	
49.9

	
27.7




	
3

	
80.1

	
32.6

	
0.1




	
4

	
77.9

	
39.2

	
9.5




	
5

	
82.1

	
31.9

	
2.0




	
6

	
73.3

	
42.1

	
19.6




	
T = 50 years

	
1

	
82.2

	
27.8

	
1.5




	
2

	
86.4

	
49.8

	
42.3




	
3

	
84.1

	
36.8

	
22.4




	
4

	
80.6

	
46.4

	
28.1




	
5

	
79.9

	
39.3

	
11.4




	
6

	
69.8

	
35.4

	
21.1




	
T = 100 years

	
1

	
82.1

	
14.0

	
6.5




	
2

	
85.3

	
44.4

	
30.1




	
3

	
81.7

	
34.7

	
15.8




	
4

	
84.6

	
47.7

	
10.7




	
5

	
82.1

	
22.3

	
0.0




	
6

	
70.1

	
40.8

	
5.9
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