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Nowadays, numerous governments have instituted diverse regulatory frameworks aimed at fostering the assimilation of sustainable energy sources characterized by reduced environmental footprints. Solar, wind, geothermal, and ocean energies were subject to extensive scrutiny, owing to their ecological merits. However, these sources exhibit pronounced temporal fluctuations. Notably, ocean dynamics offer vast energy reservoirs, with oceanic waves containing significant amounts of energy. In the Central American Pacific context, the exploration of wave energy resources is currently underway. Accurate numerical wave models are required for applied studies such as those focused on the estimation of exploitable wave power; and even more so in Central American region of the Pacific Ocean where existing numerical models simulations have so far relied on coarse resolution and limited validation field data. This work presents a high-resolution unstructured wave hindcast over the Central American Pacific region, implemented using the third-generation spectral wave model WAVEWATCH III over the period between 1979 and 2021. The results of the significant wave height have been bias-corrected on the basis of satellite information spanning 2005 to 2015, and further validation was performed using wave buoy and acoustic Doppler current profiler (ADCP) records located in the nearshore region of the Central America Pacific coast. After correction and validation of the wave hindcast, we employed the dataset for the evaluation and assessment of wave energy and its possible exploitation using different wave energy converters (WECs). This evaluation addressed the need to diverse the energy portfolio within the exclusive economic zones of Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, Panama, Colombia, and Ecuador in a sustainable manner. Moreover, a comprehensive analysis was carried out on the advantages of harnessing wave energy, juxtaposed with the imperative of regulatory frameworks and the current dearth of economic and environmental guidelines requisite for development within the region.
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1 INTRODUCTION
In recent years, oceans have captured global attention due to changes and threats affecting marine life and coastal socio-economic activities. The need for understanding these changes and the development of resilient measures have become the starting point for developing predictive models with increasingly novel techniques. In addition, the recent world geopolitical situation in terms of energy supply to societies (Boungou and Yatié, 2022; Wan et al., 2023) has had important impacts on the energy market, which has given priority to the exploration of diverse energy sources to enhance energy security and maximize the usage of the energy mix with special attention to renewable resources (Decastro et al., 2024; UN, 2022).
One of the most untapped sources of renewable energies, despite their high and renewable energetic content, are those related to the ocean, i.e., marine energies. There are different ways to take advantage of marine renewable energy (MRE): wave energy, tidal energy, salinity gradients, and ocean thermal conversion (Kumar et al., 2022). The exploitation of MRE depends on the geographical location and metocean conditions, as well as the regulations chiefly on marine spatial planning and environment policies (Freeman et al., 2024; Salvador and Ribeiro, 2023; Soukissian et al., 2023; Ferrari et al., 2020). Moreover, wave energy technologies, as the rest of MRE, are mostly at the stages of its development, seeking to refine such technologies, understand and quantify the uncertainties associated with implementing energy conversion devices, and project economically feasible maintenance and operational conditions for wave energy converters (WECs) (Vieira et al., 2024).
Waves contain a substantial amount of energy, conservatively 3–5 times higher than wind energy (Waters, 2008); specifically, the wind gravity wave component, characterized by periods between 5 and 20 s, presents the highest energetic content (Holthuijsen, 2010) with respect to other oscillatory phenomena present in the ocean. A significant advantage of the exploitation of wave energy, similar to other marine energies from currents, saline gradients, or wind and solar radiation, is that wave energy can be estimated using wave hindcast (for historical and hence statistical analysis) and forecast models (for operational conditions at the short term and long-period changes for climate projections, for example) (Lehmann et al., 2017; Tawn and Browell, 2022).
Additionally, wave energy assessment has been developed traditionally on the basis of numerical models at different scales; some researchers employed global simulations, which provide comprehensive analysis across the whole globe but with a relatively coarse resolution (Gunn and Stock-Williams, 2012; Cornett, 2008). On the other hand, in order to develop site-specific analysis, simulations should be carried out at a high resolution, either in space or time. These types of analyses are usually developed for regional areas, such as the Mediterranean Sea (Lavidas and Venugopal, 2017a; b; Dialyna and Tsoutsos, 2021; Amarouche et al., 2020; Foteinis, 2022; Rasool et al., 2022), the Baltic Sea (Soomere and Eelsalu, 2014), the Indian Sea (Kumar and Anoop, 2015; Amrutha and Kumar, 2019), the South Pacific Ocean (Liu et al., 2023; Medina et al., 2023), the South China Sea (Kamranzad and Lin, 2020), and the Pacific nearshore regions of the American continent (Gorr-Pozzi et al., 2021; Ventura et al., 2022; Mediavilla and Sepúlveda, 2016; Lucero et al., 2017; Contestabile et al., 2015; Mazzaretto et al., 2020; Rusu and Onea, 2017). Despite previous studies in America evaluating wave power, none of them have evaluated WEC performance in the Central American Pacific region.
Regional wave energy evaluations have been developed using the wave numerical models, which provide wave integral parameters useful for such assessments. Several wave numerical models exist for the Pacific nearshore regions of the American continent. Examples include the early wave databases generated along the Chilean coasts by Fournier et al. (2004) and later by Beyá et al. (2017), as well as the wave database produced a 10-year worldwide wave hindcast (Arinaga and Cheung, 2012), using the WAVEWATCH III model. In addition, global wave hindcast and forecast data are available, most of which are openly accessible over the Pacific Ocean and specifically in the Central America region (NWS-NOAA, 2021; CMEMS, 2021; Perez et al., 2017). The wave databases generated for these specific regions were validated with few wave records due to the scarcity of measured wave data. The wave hindcast databases developed for the Pacific region of the American continent are listed in Table 1.
TABLE 1 | Numerical wave models generated onto the Pacific coast of Central America.
[image: Table 1]Models such as those used by NWS-NOAA (2021) and CMEMS (2021) use data assimilation, which improves accuracy by integrating satellite data, compensating for the lack of in situ measurements and increasing the reliability of the models in remote areas, mainly in regions with poor observational coverage.
The analysis of wave energy assessments present in the literature suggests that lower potential wave energy is present in lower latitude regions (Rusu and Onea, 2017), wherein the wave energy extracted can be feasible if WECs are designed or adapted to such wave climates (Bozzi et al., 2018). In addition, the distribution of wave climates around the world has shown a high percentage of swells approaching the Pacific coasts of Central America, according to Mazzaretto and Menendez (2024). This is due to the predominant wind action in the high-latitude regions, and the wave propagates toward the lower latitudes.
Although several investigations have shown that marine regions at high latitudes offer greater wave energy potential averaged over time than the intertropical regions, the energy density cannot be extracted constantly throughout the year due to seasonality, and extreme events pose challenges in terms of survivability and durability of the wave energy conversion devices. These factors make inter tropical regions attractive, where the amount of wave energy potential is not high but is more constant over time and less destructive for the devices (milder extreme conditions) (Martinez and Iglesias, 2020; Portilla-Yandun and Guachamin-Acero, 2023).
The development of marine energy exploitation projects still lacks a detailed and sound analysis of the specific devices. In particular, for wave energy exploitation, there is no well-established technology that could be adopted worldwide because wave climate is significantly different across locations spread worldwide This shortcoming justifies the development of the present research dedicated to exploring and implementing a detailed wave energy assessment through high-resolution numerical models and the analysis of possible wave energy conversion in the Pacific Ocean of Central America compared to other regions of the world. Furthermore, the efficiency of wave energy converters depends on their sizes, location, and the PTO design, coupled with the metocean conditions of the specific sites (Aderinto and Li, 2019; Bozzi et al., 2014). In order to couple the information about the wave resource and different wave energy converters, several indices have been proposed. The development of different indices has been justified mainly because the different indicators have been developed taking into account different aspects related to the resource, the device, and a combination of the former two and economic aspects (Martinez and Iglesias, 2020; Lavidas, 2020). Research and development methodologies such as those described by Cruz et al. (2010), along with numerical models (Raghavan et al., 2024), are employed for the design of wave energy exploitation technologies, considering device dynamics and its interaction with the waves. Other approaches allow instead the evaluation of scaling through the Froude similarity law, adapting pre-existing converters to given wave conditions based on power matrices, for example, as performed by Lin et al. (2024) or Martić et al. (2024).
The present study aims to develop a detailed and reliable analysis of possible wave energy exploitation along the Pacific coast of Central America. The objective is intended to be achieved by the development and implementation of a new unstructured wave hindcast over the Pacific Ocean with a higher spatial resolution over the Pacific coast of Central America, reaching 1 km resolution in space along the shorelines and a time resolution of 1 h over the entire simulation period. The hindcast is then adjusted and optimized on the basis of satellite records over the Central American region. Hence, validation is performed using nearshore observation located along the Pacific coast of Central America. Wave climate obtained by this modeling approach is then employed for a pioneering evaluation of nine WECs located in 16 specific sites located near the coast of different countries in the target region. Analyses of the performances of the devices tailored for the specific wave climate of the different locations and cascade effects on possible environmental positive impacts (due to the substitution of energy sources, from non-renewable to renewable) are then presented.
The remainder of this paper is structured as follows: Section 2 presents the methodology used for the wave hindcast and wave energy assessment. Section 3 presents the main results and discussion, and finally, Section 4 presents the final remarks.
2 MATERIALS AND METHODS
A wave modeling optimization method has been developed for fulfilling the wave data requirements focused over the Central American Pacific Ocean. Simulations performed by a third-generation wave spectral model allow us to estimate the wave integral parameters and, subsequently, perform the model calibration, followed by a model correction procedure; finally, the model validation has been performed employing data from the nearshore region. Thereafter, a wave power potential assessment was performed, followed by the evaluation of nine floating body WECs over the studied region, based on the corrected and validated wave database generated in the previous step. These two stages of the methodology procedure are detailed in Sections 2.1, 2.2, respectively.
2.1 Wave hindcast
The spectral wave model WAVEWATCH III (hereinafter WWIII) version 6.07 (Björkqvist et al., 2020; Tolman et al., 2009) has been employed to implement a wide wave hindcast for the whole Pacific region, making use of an unstructured triangular mesh over the whole Pacific Ocean. The resolution of the mesh increases over the Central America Pacific region delimited by the latitudes −4° and 14° and longitudes between −92.7° and −76.6° (see Figure 1). Numerical modeling was conducted using an implicit numeric scheme, with previous tests evaluating mesh resolution and time steps. The mesh triangulation methodology employed in this study employed the Delaunay enhanced refinement technique presented by Engwirda (2014). The entire Pacific Ocean basin was considered in order to obtain the wave conditions developed in the Central American region boundary and used as initial conditions for the following time steps in the model.
[image: Figure 1]FIGURE 1 | Unstructured mesh over the Pacific Ocean domain. (A) Pacific ocean domain and (B) the focused region (Pacific of Central America) and the mesh spatial resolution.
The development of the computational grid must be a trade-off between the spatial resolution and computational cost as an increasing resolution close to the coastline requires a smaller time step in order to ensure stability (explicit methods) or accuracy (implicit methods). Based on this reasoning, a grid with 44,445 computational nodes was established, as shown in Figure 1, which allows the use of high-performance computers to obtain high-fidelity results within feasible computational times. The final mesh resolution ranges from 120 km in the open ocean progressively reducing to 1 km along the shorelines along the Central American Pacific coast.
The numerical model setup involved different tests, taking into account standard model configuration sets for source terms in WWIII. The parametrization families ST4 (Ardhuin et al., 2010; Rascle and Ardhuin, 2013) and ST6 (Rogers et al., 2012; Zieger et al., 2015) provide different sets of physics–mathematical tuning parameters. Both parametrization families mainly consider the effects of wave generation and dissipation, which are adjusted through parameters acting on the governing wave action equation.
The calibration of the model has been carried out by implementing 13 different parametrizations and evaluating both ST4 and ST6 parametrization families. The model parameters were tuned as follows: first, we started with the default values of the parameters proposed in the WWIII manual (WW3DG, 2019); subsequently, we adjusted the values of the parameters related mainly to wind input forcing, atmosphere–sea surface interaction, nearshore bottom friction, and wave energy dissipation through different mechanisms. The aspects mentioned above present parameters or coefficients that have a noticeable influence on the transformation of wave energy density.
These parametrization families allow the WWIII users to calibrate the modeled data to any recorded wave data. Moreover, wind input field databases from ERA-5 (Hersbach et al., 2020), CFSR (Saha et al., 2010), and CFSRv2 (Saha et al., 2014) were employed as forcing conditions. The Unresolved Obstacles Source Term (UOST) WWIII source term package (Mentaschi et al., 2019; 2018; 2015) has been employed to take into account subgrid obstacles, such as small islands. Additional details on the model setup are provided in Table 2.
TABLE 2 | Input data considered in the proposed numerical wave model.
[image: Table 2]The WWIII model uses four different time steps to resolve the global, spatial, intra-spectral, and minimum source term time steps, respectively. The evaluated time steps, employed parametrizations, and the wave input data are presented in Tables 3, 4, in which 13 different model parametrizations were evaluated. In particular, ERA5 wind data were used as wind forcing of the WWIII model in 12 of the 13 numerical simulation tests, while the remaining test used the linked databases CFSR and CFSRv2.
TABLE 3 | Configuration of the evaluated ST4 source package. The setup parameter names are in accordance with the nomenclature in the WWIII manual (WW3DG, 2019).
[image: Table 3]TABLE 4 | Configuration of the evaluated ST6 source package. The setup parameter names are in accordance with the nomenclature in the WWIII manual (WW3DG, 2019).
[image: Table 4]The results obtained using the different model setups for the zeroth-order moment wave height (or [image: image]) have been corrected (i.e., bias adjusted) on the basis of satellite data recollected in the Pacific region of Central America (see Figure 1B). The satellite data have been retrieved from the GlobWave project (Busswell et al., 2010), specifically from the Jason-2, CryoSat, and SARAL satellite missions. The first step involved correcting multiple [image: image] bins by applying linear regressions between the satellite and modeled [image: image] values inside each bin, over the increasing ordered distribution of [image: image]. The number of bins was defined by an iterative process to maximize the correlation coefficient of the linear regressions of each bin while ensuring that each bin contained at least three points. The second step of the [image: image] correction considered both the wave direction of each sea state and the wave energy density distribution in relation to integral parameters belonging to wave spectral partitions, as presented by Albuquerque et al. (2018). The wave-recorded data by satellites and the modeled data are split into wave spectral partitions and wave directions, which were subsequently introduced into a multi-linear regression adjustment. The multi-linear regression between the satellite-recorded and simulated data was performed using Equation 1:
[image: image]
where the subscript [image: image] indicates the wave direction bin (width of each bin is 22.5°) and [image: image] indicates the number of the three swell partitions provided by the model. The wave spectral energy density is mostly distributed over the sea and the first three swell partitions (De Leo et al., 2024); consequently, these three swell partitions were considered in the [image: image] correction. If both sea and swell partitions are considered in the correction process, it is called a partitioned correction; instead, if only bulk [image: image] was considered in the correction expression, it is then called a bulk correction.
Then, several commonly used statistics of fit, such as the Pearson correlation coefficient [image: image] (see Equation 2), were employed to evaluate the correction procedure:
[image: image]
where [image: image] represents the simulated data and [image: image] represents the observations, summed over all i data entries until the total data length n is reached. Likewise, the standard deviation [image: image] and root mean square error [image: image] are calculated as shown in Equations 3, 4, respectively:
[image: image]
where [image: image] corresponds to the error between the simulated and observed data and [image: image] represents the mean value of such errors; the [image: image] is defined in Equation 4:
[image: image]
The three statistics mentioned earlier are linked through the so-called Taylor diagram (Taylor, 2001). A water depth criterion has also been evaluated as part of model optimization, which is based on the ratio between the water depth [image: image] and the mean wavelength [image: image]; then, the model nodes are grouped into deep waters [image: image] and shallow waters [image: image]. Furthermore, the statistical parameter [image: image] corresponds to the ratio of the standard deviation of each test’s [image: image] simulated dataset to the standard deviation of [image: image] of the wave records (reference data). Such standard deviation [image: image] is estimated as presented in Equation 5:
[image: image]
where [image: image] represents each entry in the evaluated database, [image: image] is the total number of observations, [image: image] is the mean of the dataset, [image: image] is the standard deviation, [image: image] represents the variance, and [image: image] corresponds to the Pearson correlation coefficient.
The last stage of the model optimization involved verifying the validity of the wave numerical modeling. Useful wave measurement campaigns from different time windows were gathered from in situ wave measurements in the marine regions of El Salvador, Costa Rica, Colombia, and Ecuador, which were compared with the modeled and satellite-based corrected [image: image]. The details of the wave measurements are listed in Table 5.
TABLE 5 | Wave measurements employed in the model validation.
[image: Table 5]Most of the wave records were logged using the acoustic Doppler current profiler (ADCP), as in El Salvador and Costa Rica, and through wave buoys, as in Colombia and Ecuador (see Table 5). The statistics, including [image: image], normalized bias [image: image], and scatter index [image: image], were employed to assess the performance of [image: image] matching in the validation step. The formulas of [image: image] and [image: image] are shown in Equations 6, 7, respectively:
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[image: image]
Finally, the parametrization that generated the best adjustment based on the Taylor diagrams described above is then selected and is verified by the model validation. Furthermore, such chosen parametrization was employed to produce the hindcast database employed for the subsequent wave energy resource and WEC assessments.
2.2 Wave energy conversion
Hourly wave data from a period between [image: image] January 2005 and [image: image] November 2021 were chosen for the wave energy assessment and WEC performance evaluation. Spectral wave parameters such as [image: image], wave peak period [image: image], and wavelength [image: image] were estimated and used for computing the wave power (Pw) through the Equation 8:
[image: image]
where [image: image] is the water depth, [image: image] corresponds to a sea water density of 1,025 [image: image], [image: image] corresponds to the gravitational acceleration (9.81 [image: image]), [image: image] corresponds to the wave number, and [image: image] is the angular wave frequency. The [image: image] term with a value of 1 is employed for intermediate and shallow waters, while [image: image] with a value of 0.5 is employed for deep waters (Dean and Dalrymple, 1991). The monthly variation in [image: image] was determined in the evaluated region, which is estimated by the Equation 9:
[image: image]
where [image: image] is the month presenting the lowest monthly mean [image: image], [image: image] corresponds to the highest monthly mean [image: image], and [image: image] is the annual average wave power.
Regarding the evaluation of WECs, this study considered the evaluation of one WEC unit per assessed type and not a WEC array. The total energy produced by a WEC, [image: image], is estimated, as shown in Equation 10, where [image: image] corresponds to the experimental joint frequency of occurrence between [image: image] and [image: image] for the total dataset and [image: image] is the power matrix for a specific converter device:
[image: image]
where [image: image] corresponds to the wave energy period, i.e., the ratio of the −1 order moment of the wave energy density spectrum over the zeroth-order moment of such a spectrum. The previous [image: image] estimation, which is given in Watts per hour, gathers the wave energy that any converter could extract. Additionally, WEC information, such as power matrices for the nine converters, was gathered from several sources: F2HB was obtained from Babarit et al. (2012); Pelamis, SeaPower, Pontoon, AWS, OE Buoy, AquaBuOY, and Langlee features were obtained from Bozzi et al. (2018); and Spar Buoy information was obtained from Rinaldi et al. (2018).
Different indexes expressing the performances of the devices have been employed in order to implement a potential exploitation analysis taking into account several aspects. The capacity factor [image: image] represents the theoretical maximum power value, commonly given as a percentage, that the converter can extract over all the hours of 1 year [image: image], as indicated in Equation 11. The [image: image] term, or nominal rated power, corresponds to the maximum power of a given WEC, i.e., the maximum wave energy that can be extracted by the optimal combination of [image: image] and [image: image] offered by the WEC power matrix.
[image: image]
The assessment of the performance of a WEC using [image: image] does not distinguish between the mean wave regime and extreme wave conditions. Therefore, metrics such as the wave energy development index [image: image] (Lavidas et al., 2017) and the Selection Index for Wave Energy Deployments [image: image] (Lavidas, 2020) were designed precisely to depict these kind of matters. In first instance, [image: image], calculated by Equation 12, considers the ratio of the annual average wave power over the maximum wave power [image: image]:
[image: image]
where [image: image] is calculated as the maximum of the [image: image] series along the time. [image: image] does not consider the energy conversion devices in it; conversely, [image: image] considers the [image: image]:
[image: image]
[image: image] considers the WEC survivability, given the presence of extreme event evaluation on it (Lavidas, 2020). Indeed, [image: image] in Equation 13 is the maximum wave height, and [image: image] corresponds to the height obtained from the extreme value analysis (EVA) methodology, where the EVA considers a probability of occurrence related to a return period (denoted as [image: image]) of 30 years. The exponential term in Equation 13 describes the coefficient of variation for [image: image] (i.e., [image: image]): as wave height variability increases, the [image: image] decreases, and when the extreme wave height projected for a given device lifetime is less than the maximum value of the significant heights, the [image: image] value decreases. For the purposes of this study, since a return period of 30 years is considered, the nomenclature of this indicator changes from [image: image] to [image: image].
The environmental impact of decarbonization [image: image] was also estimated by considering the reduction in carbon dioxide emissions when non-renewable sources, in particular natural gas and flared oil, are substituted by wave energy. It is then possible to estimate the amount of avoided tons of carbon dioxide by adopting the relationship presented in Equation 14:
[image: image]
where EF corresponds to the emission factor of 532 g [image: image] for natural gas-fired power plant, whereas an EF factor of 762 g [image: image] is proposed for oil-fired power plant (WG, 2013; Bastos et al., 2023) and [image: image] considers the potential wave power of each assessed year, produced by an effective converter width of 1 m, over the total number of hours per 1 year, i.e., 8,760 h.
2.3 Scaling of wave energy converters
The energy extraction capacities of the different WECs are modified by the variation in the WEC dimensions. The development of an analysis of possible exploitation depending on the size of the conversion device implies some assumption in the ‘scaling’ process. Among these assumptions, one of the most important is the use of power matrices for assessing possible WEC energy production. Such WEC power matrices have been resized based on the Froude similarity law. This consideration ensures that the flow regime is indeed turbulent and that the potential energy extracted by the converter being scaled falls within an acceptable range of accuracy (Lin et al., 2024). Additionally, Falcão and Henriques (2014) derived the scaling rules (based on Froude similarity) through dimensional analysis. Sheng et al. (2014) conducted a similar study and concluded that this type of scaling is appropriate but the validity for high Reynolds numbers, an assumption that is taken as true in this evaluation, needs careful consideration. A WEC design must consider not only the production of the power matrix but also the tailored design to be made for specific wave conditions and power production curves, given the respective converter type and mechanical damping characteristics (Cruz et al., 2010). In agreement with previous studies as the one presented by Schmitt and Elsäßer (2017), WECs can scale their geometry but taking into account that power take-off (PTO) scaling is based on device forces and velocities (as opposed to device characteristic length and current velocity for Froude similarity), indicating that the two subsystems do not scale according to the same similarity law.
Adapting the sizes of the WECs allows for more efficient exploitation of the wave climate at a location that could be completely different from the wave climate, for which the specific device has been developed. From a theoretical point of view, this approach requires to adopt a so-called ‘similarity’. In the case of sea waves, we employed the [image: image] similarity, equating the [image: image] of the prototype to the [image: image] of the scaled device (Corrales-Gonzalez et al., 2023). Hence, the length scale of the converter is defined as [image: image], the time is scaled by a factor of [image: image], and the power varies by a factor of [image: image] (Windt et al., 2021; Martić et al., 2024). Thus, the captured power by each WEC is scaled based on the aforementioned factor, i.e., all entries of [image: image] are multiplied by [image: image]. Subsequently, the scaled terms [image: image] and [image: image] produced the scaled [image: image]. The [image: image]-dependent parameters will also be updated with the scaled values. It is worth pointing out that the adjoint occurrence of the wave dataset matrix in the [image: image] term, using Equation 10, is not scaled because the wave characteristics over time remain the same and are not affected by the scaling process. Certainly, when a given WEC is scaled, the wave conditions that the WEC interacts with do not necessarily coincide with the highest WEC performance. Therefore, the aim is to precisely adjust the device to its highest efficiency point according to the wave conditions at each studied location. The length reduction scale [image: image] values employed in the present analysis range from 0.2 to 2, with a step of 0.1.
2.4 Sites for wave energy exploitation
The sites for the potential wave energy exploitation analysis were selected based on several aspects, such as their proximity to coastal cities in different countries along the region, the water depth, and the location of the nodes in the mesh of the wave model. The existence of the limit of the continental shelf in the Pacific seaboard has been taken into account in order to limit the costs for installation; the limit has been defined as where the seabed sinks from shallower depths of approximately 300 m to deeper depths of the order of thousands of meters (Lemenkova, 2019). Target locations are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Wave energy converter assessment studied sites and locations of the employed buoys in the model validation. Red lines correspond to the 300-m-depth isolines.
The selected locations for evaluating the wave power exploitation are sited in nearshore regions, and considering that the wave hindcast used was built for a wide domain, the chosen model is well-suited for both applications: WWIII strikes a balance between large-scale oceanic and nearshore wave modeling due to its spectral resolution and capabilities over unstructured grids, allowing for detailed simulations in complex coastal regions. Likewise, WWIII integrates nearshore processes such as refraction, diffraction, and bottom friction with upgraded data processing and handling computational packages.
3 RESULTS AND DISCUSSION
The present section presents the results obtained during the development of the wave hindcast and discusses the wave exploitation analysis.
3.1 Wave hindcast
The implementation of the hindcast dataset has included the realization of model calibration and tuning at first glance, employing different settings for the evaluation of the so-called ‘source terms’ in WWIII; in the second step, the best-performing setting of the model has been compared against the observation in the Pacific coastal zone of Central America using ADCP data for the wave height and wave period. The comparison has been implemented on the bias-adjusted dataset, as illustrated in Section 2.1.
3.1.1 Hindcast calibration
Regarding model test performance, it has been noted that the most promising setting corresponds to the use of the ST4 source terms (setting run test number 10 reported in Table 3). As mentioned in Section 2, the variation in the parameters in the source term packages sought to adjust the coefficients involved in the wave energy transformation processes.
The adjustment between the significant wave height logged by satellite missions and the modeled [image: image] was further distinguished according to the deep and shallow water criteria. The averaged [image: image], [image: image], and [image: image], according to the relations described in Equations 2–4, are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Performances of different model setups without calibration and with calibration (bulk and partitioned) for different sets of grid nodes depending on the water depth.
Specifically, it was observed that the test run number 10 matches better with the satellite records for both bulk and partition-based corrections. In the case of the bulk-based correction, [image: image] values of less than 0.30 m were achieved in most test runs, while for the partition-based correction, the [image: image] values were greater than 0.30 m and the [image: image] values are less than 0.7, which leaves out the partitioned correction. Then, it was decided to continue the analysis with the [image: image] bulk correction.
According to the results presented in rows 2 and 4 of the subplots in Figure 3, it was observed that the bulk correction yielded better fits than the spectral partition-based correction for deep water, shallow water, and all nodes collectively. Additionally, a comparative evaluation with respect to the configurations referred to as [image: image] and [image: image] by Ardhuin et al. (2010) was done in this study, identified as run 2 and run 8, respectively. These applied parameterizations did not demonstrate a relevant improvement in the adjustment between the modeled and calibrated [image: image] and the satellite data.
In terms of water depths at model nodes’ locations, the configuration defined in the test run number 10 produces more accurate [image: image] according to the averaged statistics for all deep water nodes, whereas run 4 produces the best fit for intermediate and shallow waters. According to the [image: image] correction methodology, there is a not-significant variation between the bulk and partitioned corrections because long period swells approaching from distant southern hemisphere regions (Zheng et al., 2022) are mostly concentrated in a few directional bins, coinciding with the wave directions from which the wind–sea partitions also originate. However, the wave direction discretization into 16 bins, each 22.5°wide, was able to capture more than one bin for the swell events and more than three bins in cases where wind–wave local events dominated. The setup of the model chosen for the development of the study corresponds to the test run 10.
The turbulent Reynolds numbers present in the ST4 source term package were also evaluated by varying the swell parameter dissipation processes ([image: image], according to the WWIII manual (WW3DG, 2019)). However, this evaluation does not substantially increase the accuracy, according to the results shown in Figure 3.
This choice is based on the fact that although the test runs 9 and 10 are the best-performing setups, test run 10 presents a more efficient correction based on bulk parameters rather than test run 9, which requires the partitioned correction.
Figure 4 reports a summary of the performances for the chosen set-up of the model (run 10 considering bulk correction) before and after the bulk correction. The values of the error indicators reveal that the model performs better in deep waters than in shallow waters (as already depicted in Figure 3).
[image: Figure 4]FIGURE 4 | Goodness-of-fit statistics at the computational nodes by employing the optimized model (test run 10, bulk correction): (A) [image: image] before correction, (B) [image: image] before correction, (C) [image: image] before correction, (D) [image: image] after correction, (E) [image: image] after correction, and (F) [image: image] after correction.
It was noted that the correlation tends to be lower in deep water rather than in the coastal regions, as shown by the statistics in panels (D), (E), and (F) of Figure 4. Run 10 produced the highest [image: image] of 0.7729 for all nodes, and [image: image] equals to 0.7971 for the deep water nodes. Likewise, run 10 produces the highest [image: image] value of 0.7556 for the shallow waters nodes. Additionally, a lower accuracy in the adjustments is noted in the northeast region of the Galapagos Islands and shallow waters regions such as the Southern nearshore region of Nicaragua, the Gulf of Chiriqui, and the Gulf of Panama, as well as the Southern nearshore region of Colombia. Improvements in the adjustments were achieved with the bulk correction of the deep water nodes (Figure 4E), compared to the shallow water nodes or all nodes together; however, the absolute difference in [image: image] between the fit of run 10, as shown in Figures 4D, E, is 0.06 m. Run 10 produced the highest mean [image: image] of 0.7729 by considering all nodes, while a mean [image: image] of 0.7971 was achieved when deep water nodes were considered in such an averaged value. Concerning the spatial adjustments, charts (A) and (D) of Figure 4 show that the mean [image: image] values increased particularly in nearshore regions, increasing from mean values of less than 0.2 to new values greater than 0.6 in many regions. Specifically, in the nearshore region of the Gulf of Panama, the mean [image: image] values do not exceed 0.6 even if the error statistics improved substantially with respect to the values prior to the correction. Deep water nodes have improved their spatial goodness-of-fit statistics, with mean [image: image] values increasing from 0.80 to over 0.90 (see Figure 4).
3.1.2 Model validation
Once the [image: image] correction has been developed based on satellite data, the validation of the model reliability has been performed against in -situ wave measurements, as mentioned in Section 2.1 and detailed in Table 5. Field observations were available at five specific locations for different time windows and have been employed to compare the modeled wave integral quantities against the observed ones. Among the five locations, only two have continuous recordings (Acajutla and Salinas), while the other three had some gaps due to interruptions in the monitoring activities (maintenance and breakdowns). Figure 5 presents the comparison of the calibrated modeled data and the wave measurements using scatter plots for integral quantities: [image: image], [image: image], and [image: image]. The results show that modeled [image: image] data approximate the measured records with higher precision in the medium regime than in extreme regimes. Indeed, Nicoya and Salinas locations have shown the largest [image: image] underestimation bias. Statistics demonstrated the acceptable agreement for [image: image] at the evaluated locations, providing [image: image] values above 0.70 for most of the locations, except the value of 0.49 in [image: image]. In case of [image: image], more dispersion appeared over the whole range of the data with respect to [image: image]. WWIII computes [image: image] based on a wave spectrum function that discretizes it into period bins selected during the model setup. Lower values of [image: image] were observed for periods with respect to [image: image], with the highest value of this parameter (0.51) recorded at the Acajutla location. More dispersed scatter points, i.e., those lying farther from the diagonal bisector, were observed at Cocos Island, [image: image], and Salinas than at the rest of the locations. It was observed that the coastal location Salinas presented the highest mismatch of [image: image], with some observations between 12 and 16 s being overestimated by the model, reaching values over 20 s. Regarding [image: image], [image: image] correlations lower than 0.6 appeared over all the validation locations. However, low dispersion occurred based on the [image: image] indexes. Most of the validation locations are located in the nearshore of the American continent, except for the Cocos Island, where there is more variability in the wave direction observations. However, the predominant wave direction over the Pacific of Central America (south–southwest) is acceptably estimated, yielding scatter points surrounding the diagonal bisector in the plots in column 3 of Figure 5. In this case, the worst adjustment was found at the Cocos island buoy, where the [image: image] value is 22.20° wherein high wave directional spreading occurs. Furthermore, the lowest [image: image] was found in Acajutla with a value of 7.90°. [image: image] values between 13.2° and 18.9° were found in the rest of the locations. In summary, comparisons between the observations and the model showed that the scattered point cloud is concentrated along the diagonal bisector (indicating perfect correlation); however, such scattered points tend to lose accuracy depending on the validation location.
[image: Figure 5]FIGURE 5 | Model vs. observation frequency for [image: image] (left column), [image: image] (central column), and [image: image] (right column). The [image: image] value in the lower right corner of the graphs indicates the number of samples considered.
3.2 Wave energy exploitation
3.2.1 Wave energy assessment
A preliminary insight into the availability of the wave energy resource can be derived from the spatial distribution of the wave energy flux across all grid points in the numerical domain for the Central American Pacific zone.
Figure 6 presents the mean annual [image: image] and its monthly variability. Notable spatial variability in [image: image] was observed over the studied region, with deep water locations showing the mean and maximum values of 21.7 and 25.1 kW/m, respectively. In nearshore regions, mean values range from 4.3 to 11.4 kW/m. The above-mentioned magnitudes classify this region as having a medium energy potential at a global level (Foteinis, 2022). However, these values vary in time and are influenced mainly by the metocean events occurring at large scales in the Pacific Ocean, as well as the regional and local storms. Regarding the seasonality, it is worth noting that in inter-tropical regions, there is no clear distinction between the months presenting high extreme events/low energy periods and their maximum/minimum peak values, unlike the clear seasonality identified at higher latitudes. The regions exhibiting the highest variability in seasonal and monthly metrics (SV and MV, respectively) include the shallow waters near the Galapagos Islands, the area adjacent to the southern coast of Colombia, the eastern Gulf of Panama, and the vicinity of the Gulf of Fonseca in southern Honduras, with values ranging between 1.5 and 2. Previous research in the Pacific Ocean has identified seasonal influences such as low atmospheric pressure systems, polar wind fronts from mid-latitudes, and oceanic currents, some of which have caused natural disasters in the region (Zhao et al., 2020; Portilla-Yandún et al., 2020). These studies suggest patterns in wave energy behavior over time. However, these patterns are not consistent across the Pacific of Central America, where regional or local atmospheric events also play a significant role. Although the total energy potential of ocean waves is impossible to extract, the computed wave power data allow us to corroborate the potential energy content in the region and also provide a spatial and temporal description of the variation in wave energy potential.
[image: Figure 6]FIGURE 6 | Annual mean wave power (A) and monthly variability [image: image] (B).
3.2.2 Performance of wave energy converters
A preliminary analysis of WEC performances has been implemented on the basis of different indices commonly employed in the literature for this type of assessment. Figure 7 shows the main findings of the wave energy assessment analysis and the potential exploitation of the energy potential. In particular, the potential energy production [image: image] for the different devices at different locations is shown in the top panel. The results suggest that, for a single device, the most productive options are Pontoon, SeaPower, OE Buoy, and AWS. It should be noted that some devices (like the point absorbers) could produce low output for a single device but are usually installed in arrays; in other words, the effective production of a device farm could be significant even if the nominal production of a single device is small.
[image: Figure 7]FIGURE 7 | WEC performance indexes: [image: image], device potential energy production; [image: image], capacity factor; [image: image], wave energy deployment index; and [image: image], selection index for wave energy development.
At first glance, the results clearly show that for all the indexes taken into account, location 12 is not promising at all for a possible wave energy exploitation project because it presents low values of [image: image], [image: image], and [image: image]. The results also show that WEC units SeaPower, Pontoon, and OE Buoy are able to produce more than 30 MWh at almost all the locations (except for location 12).
In order to understand the potentiality of possible wave energy harvesting in the target area, we can refer to socio-economic statistics of the region (WorldBank, 2014), which indicate that the electricity consumption per capita, in the area between Guatemala and Ecuador (i.e., Central America region), ranges between values of approximately 500 and 2,100 kWh. Thus, even if wave energy exploitation cannot completely substitute non-renewable energy source of the coastal area of the region, it could anyway represent a valid ingredient of the energy mix for the countries of the Central America region if properly optimized and designed.
We explored the information provided by [image: image] and [image: image] indexes, as reported in the respective panels of Figure 7. These indexes take into account the frequency and intensity of extreme events. [image: image] does not consider the specific WEC deployment, relying just on the variability of the wave energy between the extreme values and the average regime. On the other hand, [image: image] takes into account the extreme events over a time horizon that is usually defined by the operator on the basis of possible extension of the lifetime of the wave energy exploitation project. This approach allows to take into account the survivability and operability of the WECs.
In addition, [image: image] does not provide an overall view of the amount of energy supplied during a given period, but it just provides the ‘efficiency’ of the selected WEC, while [image: image] gives an estimate of the maximum possible energy exploitation that can be attained in a specific location. For the evaluation of [image: image], we considered a ‘cut-off’ mechanism for the devices in order to take into account the downtime periods when metocean conditions exceed operational conditions for the different WECs (i.e., values of [image: image] and [image: image] fall out of the range provided by the [image: image]).
Moreover, the inefficiency of the [image: image] term to evaluate converters and its inability to compare with [image: image] is highlighted. For example, discrepancies of such parameters between F2HB and AquaBuOY were found for the same location. Both converters offer the highest [image: image] among all WECs at location 1, and both correspond to the most feasible options at this location, whereas [image: image] makes no distinction between converters. This fact implicitly indicates which converters are less vulnerable to downtime due to storm events.
A further evaluation was conducted seeking a higher performance on the WEC extraction, such as through WEC scaling. Figure 8 presents the amount of increase in the capacity factor with respect to the prototype value for the 9 assessed converters at all 16 locations. It is interesting to note that location 12 is the most affected in terms of [image: image] by the optimization of the device scale, with the scaled [image: image] increasing up to more than six times when the AWS converter is employed. Still, in the case of location 12, WEC downsizing produced a [image: image] competitive with others achieved in other locations, as shown in the CF trends in Figure 7.
[image: Figure 8]FIGURE 8 | [image: image] ratios of the scaled WECs over the prototype ones ([image: image] = 1) at the studied sites.
An interesting finding is related to the Langlee converter: unlike the other WECs, Langlee requires an upsizing of its dimensions to improve the [image: image], with scales [image: image] varying between 1.1 and 1.2. Then, its [image: image] is increased by up to about 30%. Pelamis, SeaPower, and AWS converters would be the most feasible scaled WECs from the technical point of view along this region. In particular, the AWS converter is positively impacted by scaling it down, reaching more than 56% of its [image: image] for all locations and even reaching 6.54 time more than the prototype [image: image] at location 12, if the device is scaled at a [image: image] value equal to 0.7.
SeaPower reaches similar values as the previous one, an increase of 35% in the [image: image] at all locations, and the highest [image: image] corresponds to 6.45 times more than the [image: image] prototype at location 12. The distinct behavior in location 12 based on the performance indexes, i.e., the lowest [image: image] and [image: image] among the all locations, is due to specific morphology of that location being in the shadow region produced by the De la Plata island: wave energy potential is, hence, limited by the specific interaction between the incoming waves and the presence of obstacles and the specific bathymetry.
Finally, the WEC-producing higher [image: image] corresponds to the AWS when scaled with a [image: image] value equal to 0.7 at location 12 and a [image: image] value equal to 0.8 from locations 1 to 11 and from 13 to 16. However, because the classification of the best option for the choice of a possible wave energy converter in a specific location also depends on the economic assessment, an evaluation of just the capacity factor it is not enough and not exhaustive for the development of an exploitation project (Guo et al., 2023; Vanegas-Cantarero et al., 2022).
The scaling procedure allowed us to estimate new results for the [image: image] index. We developed the evaluation of [image: image] at all the locations for all the devices, taking into account the value of [image: image] that maximizes the value of the [image: image] in order to have an insight into the effect of scaling on the [image: image]. Figure 9 presents the resulting [image: image] when WEC scaling was done. Pelamis was the most benefited converter from the scaling for all the sites studied although the AWS also increased its efficiency. The Pelamis converter’s harvesting capabilities depend on its longitudinal placement parallel to the predominant wave direction, implying that energy production is closely related to the typical wave periods, which, in the case of the evaluated region, based on the results obtained, prove to be beneficial for this type of converter.
[image: Figure 9]FIGURE 9 | [image: image] for scaled WECs with [image: image] maximizing the capacity factor [image: image].
It was evident that for all converters, the SIWED magnitudes were significantly increased when scaling is performed. The Langlee converter, whose [image: image] was increased by upsizing the WEC in the majority of locations (see Figure 8), significantly increased the magnitude of [image: image]; however, such WECs are found to be the least efficient among the rest at all the sites.
Finally, we also analyzed the possible impacts on the environmental side, developing a preliminary estimation of the savings in fossil fuel consumption for energy production if wave energy exploitation were to be developed in the Pacific coastal zone of Central America. Based on the average values for all locations shown in Figure 10, approximately up to 3,977.0 tons of [image: image] by substituting natural gas or approximately 5,696.4 tons of [image: image] potentially produced by oil-fired combustion, could be avoided if these combustible energy sources are replaced by wave energy.
[image: Figure 10]FIGURE 10 | Avoided [image: image] emissions by substituting fossil fuel energy sources with wave energy at the studied sites. Vertical axes indicate tons.
Location 9 corresponds to the place where the equivalent avoided [image: image] would be the highest along the region, with annual average values of 8,964.5 tons of [image: image] (by substituting oil fired) and 6,303.7 tons of [image: image] (by substituting natural gas). When comparing these values with the average annual [image: image] emissions of Nicaragua, the lowest [image: image] emitter in 2020 in the studied region (WorldBank, 2023, 4,582,000.00 tons of [image: image]), we can state that the actual figures should be analyzed in a more detailed way through specific wave exploitation projects in order to obtain more accurate estimates and aim for a reasonable percentage reduction in [image: image] emissions for energy production.
Nevertheless, no legal framework was established regarding the WEC implementation along the studied region, given the lag in the issue of marine energy deployment, thus hindering a proper socio-economic assessment of wave energy converters. Thus, it makes it difficult to define the optimal number of WECs needed in a farm to meet a specific electrical energy demand, whether using prototypes or scaled up versions. Nowadays, there are policies such as guidelines dictated by the International Organization for Standardization (ISO) guidelines for the life cycle assessment of converters (Zhai et al., 2021) that can be adopted and adapted to this region.
Furthermore, the marine ecological agreement between countries in this region could be taken as a starting point for the discussion and delimitation of marine energy exploitation areas. Although in recent years, first investigations on marine energy conversion were encouraged through conferences and incentives for countries in this part of the world (Shadman et al., 2023), there is still a long way to go. Further exploration on the subject will definitely contribute to achieving sustainable development goals and advancing the use of clean energy in the coming years.
4 CONCLUSION
The first part of this study describes the generation of a new wave hindcast, its optimization, and its validation over the Central American Pacific region with high spatial and time resolution from 1980 to 2021. Then, several tests of the WWIII model configuration have been assessed, including the evaluation of two source terms packages. It is concluded that the ST4 terms package (Ardhuin et al., 2010; Rascle and Ardhuin, 2013) provides the best model performance compared to satellite data for [image: image] using ERA5 wind forcing (Hersbach et al., 2020).
In addition, bias adjustment for the wave significant height has been implemented using a two-step [image: image] correction process, i.e., a bias adjustment followed by the multi-linear regression of [image: image] (Albuquerque et al., 2018). Once the hindcast has been calibrated and optimized using the two-step bias adjustment approach, its reliability has been assessed through validation against field measurements located in the coastal region of Pacific Central America. The findings allowed us to identify the best setup of the model, as shown in Table 3, that has been employed for the wave energy potential exploitation assessment.
The validated hindcast database can be used for various ocean and coastal applications such as the design of structures and/or for climatic and wave analysis due to its high resolution in space and time (hourly resolution for the entire period). The hindcast comprises integral quantities ([image: image], [image: image], [image: image], and [image: image]) and quantities of spectral partitions related to wind waves and three swell components. Furthermore, wind components at 10-m height are provided over the nodes of the unstructured grid of a high spatial resolution. This alleviates one of the limitations of many atmospheric models, such as a low spatial resolution for coastal applications, providing more reliable and accurate wind data to feed the wave model. However, there may be local wind events that the low resolution of global atmospheric numerical models fails to capture and would lead to additional validation of the downscaled wind data, which is not part of the present study.
The results of the wave energy assessment suggested that the Pacific region of Central America presents a medium wave energy potential with respect to global wave energy potential. However, the wave energy exploitation could be promising due to the low variable wave conditions throughout the year, as shown by the monthly variability analysis. In addition, resizing and adapting the energy converters to the average wave conditions in such a region can lead to an increase in the performances of the exploitation through significant increases of the target indexes employed in the study ([image: image], [image: image], and [image: image]). The assumptions considered for the WEC scaling conditioned the validation of the similarities between the scaled model and the prototype in terms of the interaction of wave action and device, which are beyond the scope of this study.
In terms of WEC performance assessment, the feasibility of the [image: image] indicator is verified to define the technical performance of the deployment of wave converter at any world latitude combining all resource, power production, and extreme information into an unbiased approach. By doing so, it is possible to compare the energy extraction from waves by various converters if they are installed in locations with different wave climate characteristics (different regions of the world, for example).
In conclusion, the best converter, in terms of WEC efficiency over time, for all locations corresponds to Pelamis, based on the [image: image] and [image: image] indexes, although the F2HB converter also presented a significant efficiency, both at reduced scales. The presence of swells reaching the Central American Pacific region turned out to be favorable for converters such as Pelamis, whose energy transformation mechanism works because its placement is related to the direction of wave propagation and its wavelengths. The WEC evaluation using indexes returns some key insights: the performance indexes of converters should take into account economic evaluations of the affordability of the possible exploitation projects, both in terms of capital expenditures and operational expenditure for the lifetime of the devices.
It was demonstrated that the abandoning non-renewable energies produced from natural gas and oil (fossil fuels) contributes to the achievement of the goal 7 of the 2030 Agenda, which focuses on universal access to affordable, reliable, and modern sustainable energy for all.
The present study achieves the two fundamental research objectives: first, the development of optimized wave hindcasting data over the Pacific Ocean with high space and time resolution in the Central American zone and, second, the evaluation of potential wave energy exploitation using technical indexes, representing a pioneering evaluation throughout the assessed region.
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