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The electrical grid of the Baja California peninsula, Mexico, operates separately from the National Interconnected System, with Baja California connected to the Western Electricity Coordinating Council of the USA; and Baja California Sur having an isolated, independent network. Based on the need for alternative renewable sources of electricity generation in the region, this work evaluates the wave energy power at specific locations on the Pacific coast of the peninsula, and identifies wave generation sites (WEGS). The WEGS were defined as rocky shore sites associated with a wave energy potential of over 10 kW/m (where the installation of oscillating water columns (OWC) is feasible) and the presence of coastal settlements that are less than 10 km from the shoreline. It was found that 370 km of the Pacific coast of the peninsula have characteristics suitable for the installation of OWC, and up to 1.4 million inhabitants could be benefited by this wave energy harvesting.




Keywords: coastal settlements, electricity generation, wave power, renewable energy, climate change



1 Introduction

The increase in size of touristic, residential, and industrial areas in the Baja California peninsula, Mexico, has increased the demand for electricity in the region. In addition, economic activities related to the tourist industry contribute to the Mexican gross domestic product (4.4% in 2019) (INEGI, Producto interno bruto por entidad federativa 2019, 2020), exacerbating the irregularity in the demand for electricity from this isolated system of electricity supply.

The Baja California peninsula is located in the northwest of Mexico and comprises two states: Baja California (BC) and Baja California Sur (BCS) (Figure 1A); and 5 municipalities each (Figure 1B). In this region, the electrical energy needs of urban areas (see Figure 1C) are supplied mainly by thermal and geothermal plants, highlighting the need for a climate change mitigation plan in the region. These plants are in the north of BC and along the coast of BCS, as shown in (Figure 1D) (INEGI, 2021). The electrical systems of the peninsula operate independently from the National Interconnected System of Mexico, with the BC system connected to the electricity network of the western region of the USA; and the BCS system, comprised of the BCS and Mulegé, isolated from other electricity networks and operating independently from each other (INEGI, Instituto Nacional de Estadística y Geografía (México)., 2017).




Figure 1 | (A) Location of the Mexican states of Baja California (BC) and Baja California Sur (BCS). (B) Municipalities and the most populated coastal settlements (>3 000 inhabitants): 1. Tijuana, 2. Santa Anita, 3. Coronel Esteban Cantú, 4. San Ramón, 5. El Rosario de Abajo, 6. Ejido Plutarco Elías Calles, and 7. Residencial Amalfid). (C) Urban areas (>800 inhabitants). (D) Electricity networks in the peninsula. Data from INEGI (2021).



According to the National Institute of Statistics and Geography (INEGI), from 2002 to 2017, more energy was produced than was consumed in both states (Figures 2A, B). Furthermore, an increase in consumption and generation was reported. However, in rural settlements of <800 inhabitants, less than 30% of the population had access to electricity in 2015 (Figure 2C). In this context, micro-generating plants could solve the electricity needs of small populations. Furthermore, in the case of small coastal settlements, the harvesting of ocean energy is a promising option (Hernández-Fontes et al., 2019) and is aligned with United Nations Sustainable Goals (UN-SG7, 9, 10, 11, and 13).




Figure 2 | Energy generated and consumed in (A) Baja California (BC) and (B) Baja California Sur (BCS) from 2002 - 2017. (C) Rural population with access to electricity in BC and BCS.



While several works have described the potential of ocean wave energy in Mexico (González-Ramírez et al., 2016; Hernández-Fontes et al., 2019; Hernández-Fontes et al., 2019; Alcérreca-Huerta et al., 2019), no devices have yet been installed due to the high cost of the devices and the lack of studies on the development of technology. Fairley et al. (2020) (Fairley et al., 2020) classified world coastlines by their wave energy, categorizing the Pacific coast of the Baja California peninsula as promising, with “moderate wave energy” available almost all the year, mainly in the northern part of the peninsular Pacific coast. They concluded that, in specific locations, deploying efficient devices with low but persistent energy is feasible. These studies did not assess the relationships between wave-energy generation at the ERA-5 nodes, the geomorphological characteristics of the coastline and the social conditions of coastal settlements here. As yet, these relationships have not been studied to any extent, and specifically, the influence of coastal settlement distribution and the geomorphological characteristics of the coastline on the spatial planning for wave energy extraction has not been evaluated in this area.

This paper aims to analyse the wave power characteristics off the Pacific coast of the Baja California peninsula and identify possible sites on rocky shore sites for wave energy harvesting. Based on the work of (Rangel Carboney, 2018), the Oscillating Water Column (OWC) technology was chosen over other WECs because of its advantages on rocky shores.



2 Materials and Methods

In order to choose the most suitable sites for wave energy harvesting (wave energy generation sites, WEGS), variables and indicators, such as wave power, geomorphology and social aspects, were jointly analysed. In relation to the wave regime, the variables analysed were: mean, 90, 95 and 99 percentiles of wave power; duration, time elapsed between storms, mean significant wave height, maximum wave height, peak period, mean wave direction, mean wave power, and wave directional spectral width; and wave energy projections based on a climate change scenario. In relation to geomorphological characteristics, the Topographic Position Index was selected as an indicator. For demographic conditions, the total population and population density were analysed (Evans and Antonio, 2012).


2.1 Historical Wave Energy Data

To characterize the historical wave climate, wave parameters from the reanalysis dataset ERA-5 (Evans and Antonio, 2012) were used, with a grid of 0.5°, hourly resolution, and temporal coverage from 1979 to 2018. The wave power (kW/m) was calculated for irregular waves using equation 1 (Evans and Antonio, 2012).





where Hs (m) is the significant wave height of combined wind waves and swell, and Te is the energy period (s); where α=1.08 (Webb and Fox-Kemper, 2011) and T01 (s) is the mean wave period.

Long-term statistical analysis of sea states was carried out by computing the mean and some representative percentiles (90%, 95%, and 99%) of the Pw. The mean value reflects the average power that we can obtain from waves, while the percentiles reflect the maximum wave power that could be extracted a certain percentage of the time without taking into account the extreme meteorological events associated with wave energy. These statistics were correlated with the geomorphological characteristics and settlements in the coastal zone of the study area.

As extreme meteorological events can put at risk an OWC device, these became an important part of this paper because the devices would be faced with maximum wave power during extreme meteorological events. Therefore, the devices must be designed to withstand these conditions or to stop working for the duration of them.

Storms induced by extreme events were defined following (Martell et al., 2020), with an extreme event having a significant wave height that exceeds the percentile 90th (Hs90) or the percentile 99th (Hs99) [according to (Bromirski et al., 2013; Martell et al., 2020)], and the minimum time interval between two events being 12 hours. The following parameters of storm-generated waves were analysed, duration (hr), time intervals of storm clusters (IN, defined as the time elapsed between storms in days), mean significant wave height (Hs), maximum significant wave height (Hsmax), peak period (2021), mean wave direction (Dirm), mean wave power (PwE), and wave directional spectral width (Sw).

In order to evaluate long-term variability, the dataset of (Odériz et al., 2020a) was used, which consists of correlation coefficients between wave power and climate indexes. This dataset includes three climate patterns El-Niño Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Atlantic Multi-decadal Oscillation (AMO). For each climate pattern, the ONI (Oceanic Niño Index), PDO index, and AMO index, from NOAA were respectively used to compute the correlation coefficients.



2.2 Wave Energy Projections Based on a Climate Change Scenario

The wave energy was evaluated for the high-emissions scenario Representative Concentration Pathway (RCP) 8.5, and the wave climate projection dataset (Shimura and Mori, 2020) was used. The wave propagation was modelled with WAVEWATCHIII, and forced with atmospheric wind conditions, using ensembles from the Japanese Meteorological Research Institute-Atmospheric GCM (MRI-AGCM3.2H), and the COBE SST and CMIP5 for sea ice concentrations. The dataset has a 0.5° spatial and hourly temporal resolution over the globe, but this study focuses on the monthly average of wave power (equation 1). The time range is 25 years, 1979 - 2003, for the baseline conditions, and 2075 - 2099 for the RCP8.5 scenario. Although the validation process is not presented here, the monthly significant wave height of baseline conditions was validated with altimetry data, using GlobWave for 1992-2003. This showed a good performance with an annual bias of ~ -0.1.



2.3 Coastal Geomorphology

Coastline characteristics are one of the most important parameters in defining potential sites for Oscillating Water Column (OWC) (Nezhad et al., 2018). Rocky shores are the most feasible type, as they offer a stable and hard substrate onto which an onshore device can be anchored.

Rocky shores were identified by computing the Topographic Position Index (TPI) (Weiss, 2000; Spijker, 2013; Jasiewicz and Stepinski, 2013), using the ASTER Digital Elevation Model (DEM) at 30 m spatial resolution (NASA., 2019). The TPI is the difference between the elevation of a specific location and the average elevation of neighbouring locations within a radius of 100 m. Positive TPI is peaks or hills, while negative TPI are valleys or depressions. The average elevation of neighbouring locations was computed using a zonal statistic tool, from the ArcMap Toolbox. Once the TPI values where computed, rocky shore sites were identified as locations on the coastline where the relative elevation is higher than the surrounding TPI values. These sites were identified as either natural, or as having infrastructure. These were then validated and a consensus reached, using the dataset of Cruz et al. (2019).



2.4 Social Characteristics

The total population and population density of the coastal settlements on the peninsula were the parameters used. The data was obtained from (Cruz et al., 2019), as these were the only variables available for all the coastal settlements along the Baja California Pacific coast. Also, in urban settlements, generally, energy consumption directly relates to the total population and population density

The total population and population density for the coastal settlements also include the data from Population Density v4.11, for the year 2020 (Warszawski et al., 2017). The analysis of this data includes extraction by mask, summary statistics and tabulate intersection; all those processes developed using ArcMap 10.4.



2.5 Wave Energy Generation Sites (WEGS) Identification

Each rocky shore site was associated with one of the ERA-5 nodes. Since detailed bathymetry is not available for most of the marine area of the Baja California peninsula, the wave values at the ERA-5 nodes were considered to be representative of the wave values that would be found in rocky coastal areas. While some of the wave energy may be lost from the nodes, where the information was taken, to the coast, due to friction effects, the seabed configuration near the cliffs concentrates the energy through refraction and diffraction, so that the wave power values could actually be slightly higher at the coast than at the node. As sites with wave power of less than 10 kW/m, low-consuming electrical grids are needed for energy extraction, therefore the wave energy threshold selected was 10 kW/m.

Regarding the coastal settlements that could be benefited from wave energy harvesting, those located up to 10 km inland from the coastline were selected, in order guarantee the economic feasibility by selecting half the distance reported by (Hernández-Fontes et al., 2020).

These variables, in conjunction with rocky shore sites suitable for OWC deployment, lead to the definition of the WEGS (sites where wave energy is over 10 kW/m, and there are human settlements within 10 km of the rocky shores).




3 Results


3.1 Potential Wave Energy

The predominant wave climate in Baja California is extratropical, with a subtropical wave climate in summer, mainly in the southern part of the peninsula. This condition influences the persistence of the wave power and the values it can reach.

The average annual wave power on the peninsula (Figure 3A) is less than 20 kW/m, 20% of the region analysed is less than 10 kW/m, and 80% exceeds this threshold.




Figure 3 | Wave Power: (A) Annual average, (B) annual average of percentile 90%, (C) annual average of percentile 95%, and (D) annual average of percentile 99%.



As expected, from analysis of the 90th, 95th and 99th percentiles (Figures 3B-D), it was seen that the wave power increases with the percentile rank. Secondly, the differences in wave power between the percentile ranks are greater in the north of the peninsula, in BC, where there is the highest number of possible ERA-5 nodes with a wave power potential over 50 kW/m. On the BCS area, the ERA-5 nodes with the lowest values of wave power are found, and only three nodes have wave power of over 50 kW/m; in both annual average and the percentiles analysed.


3.1.1 Storms Waves

Analysis of storm data shows that the highest significant wave heights are found in the north part of the BCS Pacific coast (Figure 4A), while maximum values for peak periods are in the southern part of the peninsula (Figure 4B). The storm wave direction for ERA-5 nodes in BC is over 270° from the north (Figure 4C); while in BCS the storm wave direction for the ERA-5 nodes lies in the three identified ranges (<180°, 180° - 270° and > 270°), with only one ERA-5 node, in the south of the peninsula, having a value of less than 180° (163°).




Figure 4 | Annual averages of storm wave parameters: (A) Significant wave height, (B) Peak period; (C) Mean direction; (D) Wave energy power.



Analysis of wave power related to storm occurrence on this coast (Figure 4D), shows high energy, values of over 20 kW/m, suitable for electricity generation in the great majority of sites. Wave power of over 40 kW/m is found mostly along the BC coast, with some parts having values of over 50 kW/m.

This is important when comparing the range of movement of a floating WEC device, as well as for an onshore OWC, as it defines the relative orientation of the incidence wave to the converter and the feasibility of harnessing the wave energy.



3.1.2 Natural Variability

Natural variability must be taken into account for long-term wave energy assessment, as it modifies wave power, and, consequently, the electricity generated. It has been demonstrated that natural variability impacts the wave power in the region studied [(Barnard et al., 2017; Reguero et al., 2019; Odériz et al., 2020a; Odériz et al., 2020b; Odériz et al., 2021)].

The correlation between wave power and climate index (Figure 5) is positive, indicating that increasing the climate index value will increase the wave power in the study area. There is a clear difference in the influence of climate index on the Pacific coast of the peninsula, with ONI driving the wave power in the north and PDO and AMO driving the wave power in the south. The variations in the central part of the peninsula depend on the climate index analysed.




Figure 5 | Correlation coefficients, R, for wave power and (A) ONI, (B) PDO, (C) AMO climate indices. Points indicate 95% confidence level.



Therefore, coastal settlements near Tijuana and north of Ensenada will be affected by ONI, while the coastal settlements along the municipalities included at the BCS state will be affected by PDO and AMO, and this will affect any future decisions on electricity generation from wave power.



3.1.3 Wave Climate Projections for the RCP 8.5 Scenario

The likelihood of stronger and more frequent extreme wave conditions in the future has been broadly demonstrated [(Morim et al., 2019; Meucci et al., 2020; Lobeto et al., 2021; Odériz et al., 2021)]. It is therefore wise to analyse warming scenarios to understand what to expect in relation to wave power.

Figure 6 shows the RCP 8.5 scenario (2075 - 2099) (Figure 6A) and baseline conditions (1979-2003) for winter (Figure 6B), spring (Figure 6C), summer (Figure 6D), and autumn (Figure 6E). Summer is the only season where differences greater than 1 kW/m are observed (Figure 6D), all of them off the BCS coast. However, in summer, a decrease in power was detected (-0.1 kW/m) in the southern area of BC. In winter (Figure 6B), a small range of difference is seen at only one node of ERA-5. In spring (Figure 6C) and autumn (Figure 6E), the lowest range of difference was at the same location as the WEGS with the summertime lowest values, meaning that these two nodes of ERA-5 maintain the wave conditions in comparison to the RCP 8.5 scenario, all year round.




Figure 6 | Differences between RCP 8.5 scenario and the baseline conditions: (A) annual significant wave height change (percentage) in the North Pacific; seasonal differences in wave power in Baja California during (B) winter, (C) spring, (D) summer, and (E) autumn.



The greatest differences are off BCS for spring and autumn, while for winter, the greatest number of nodes with high values is found off BC. This could be associated with the cold fronts, which pass over the region in winter, affecting BC more than BCS. Meanwhile, the higher summer differences off BCS could be associated with the increase in hurricane frequency due to climate change.




3.2 Geomorphological Analysis

The exploitation of wave energy using WECs could be on the coastline, mainly at rocky shore sites. Therefore, the identification of rocky shore is an important aspect to deciding where to locate an OWC device to extract energy from waves at the coastline.

The implementation of the TPI resulted 41,606 rocky shore sites which geomorphological characteristics would permit the installation of an onshore OWC, which is 56% of all the possible sites along the Pacific coastline of the peninsula. In general, these locations are rocky shore sites, with or without infrastructure.



3.3 Social Characteristics

Analysis of the social characteristics of coastal settlements in BC shows that most settlements are in the north, with only isolated settlements in the south (Figure 7A). In BCS (Figure 7B), settlements are distributed more equally along the coast. The coastal settlements with the highest populations and highest population densities are found in the northern and southern extremes of the peninsula, while in the central part of the Pacific coast, settlements are mainly small, isolated towns.




Figure 7 | Main coastal settlements along the coastline of (A) Baja California and (B) Baja California Sur. Settlements mentioned in the text below are numbered.



The settlements with the highest total population and population density are shown in Table 1. Five of these settlements are in BC. The largest city is Tijuana, with over 1 million inhabitants, followed by Santa Anita. Tijuana is also the city with the greatest area, although it does not have the highest density. In fact, Residencial Amalfi, in BCS, with 7815 inhabitants/km2, and only 369 inhabitants, has the highest population density.


Table 1 | Main demographic characteristics of coastal settlements.





3.4 Spatial Relationship of Analysed Variables: WEGS Identification

Figure 8A shows the human settlements with and without grid connection, the location of rocky shore sites, and the ERA-5 nodes with wave power above 5 kW/m and 10 kW/m. For analysis purposes, the peninsula was divided in three regions: North (Figure 8B), Central (Figure 8C) and South (Figure 8D). It can easily be seen that in the northern region on all the rocky shores there is a mean wave potential of over 10 kW/m, while the central zone has more lengths of rocky shore associated with nodes with a mean wave potential of less than 10 kW/m. About 10% of the rocky shores on the coast in the south are associated with nodes with an average potential less than 10 kW/m.




Figure 8 | Spatial conjunction of selected variables with potential interest for decision makers. (A) for all the peninsula, (B) for the northern, (C) the central, and (D) the southern part of the peninsula.



The clustering of the WEGS (coastal human settlements with power values greater than 10 kW/m that coincide with a rocky coastline within a radius of 10 km) is shown in Figure 9A. In the north of the peninsula (Figure 9B) near to the United States border, and including the settlements of Tijuana, Santa Anita and Coronel Estaban Cantú. The second region is in the middle of the BC state, and includes the settlement of San Ramón (Figure 9C). Finally, the southern part of the peninsula, in BCS state, and including the settlements of Ejido Plutarco Elías Calles and Residencial Amalfi (Figure 9D) is also promising.




Figure 9 | Spatial distribution of WEGS along the Pacific coast of the peninsula. (A) all the peninsula, (B) the northern part, (C) central, and (D) southern part of the peninsula.



Table 2 shows the total length defined as rocky shore sites associated to mean wave power of over 5 kW/m and 10 kW/m. It also shows the population, number of settlements and the population density within 10 km from the shoreline, both connected, and unconnected, to the electrical power grid. The table also shows the total length covered by the WEGS identified, and the population (connected and unconnected to the grid) found within them.


Table 2 | Main characteristics of coastal sites and the identified WEGS.



For the WEGS that are unconnected to the electrical power grid, harnessing wave energy would have to include the creation of the electrical infrastructure or electrical micro grids. This point is interesting for decision makers and governors when deciding which regions to prioritize for investment in electrical infrastructure.




4 Discussion

The present analysis shows the annual average wave power along the Pacific coast of the Baja California peninsula is over 10 kW/m at 80% of the ERA-5 nodes, demonstrating that it is viable to generate electricity from wave energy along this side of the peninsula. These figures rise when the 90, 95, and 99 percentiles of the dataset are analysed.

The fact that the highest values of wave power are on BC coast indicates that the influence of seasonal variability over wave power behaviour is smaller and the effect of winds over wave characteristics is more important at BC coast than BCS coast. Thus, the storm characteristics are seen to directly affect the wave power along this coast, with wave power values higher in BC than BCS under storm conditions. The effect of storms on wave power is important when determining the characteristics of the OWC needed for each site. In addition, wave characteristics in the storm will determine the structural design of the devices to be deployed.

Analysis of the wave climate-related with climate drivers and projected scenarios of Representative Concentration Pathways (RCP) shows that ONI drives the wave power at the northern part of the peninsula, and PDO and AMO drive the wave power at the southern part of the peninsula. This is important because the choice of devices for energy harvesting should consider the effects of these drivers when estimating energy variation in the long term, as wave-energy availability changes with changes to wave characteristics. The changes predicted for the RCP are expected to be greater in summer and winter, mainly related to the increase in the incidence of winter storms and hurricanes in the study area. The greatest changes in winter are expected in BC, and in summer, in BCS. Since an OWC should be expected to have a useful lifetime of over 30 years, variations in wave climate and wave power associated with global climate drivers in the Pacific coast of the Baja California peninsula must be taken into account.

As the spatial resolution of the wave reanalysis ERA-5 dataset is coarse (0.5°, around 50 km) for the analysis near to the coastal settlements, geomorphological analysis is necessary to determine the best locations for wave energy extraction. From these results, a model can be run, and waves propagated into shallow waters at the best locations mentioned earlier.

The analysis of the spatial relationships of the variables shows only three regions (North, Central and South) where wave energy, settlements, the rocky shore and the electrical infrastructure make energy extraction possible in the near future. These regions are irregularly distributed along the Pacific coastline of the peninsula (see Figures 8 and 9), so the supply of energy to the other settlements would need infrastructure development. This is a very important issue for decision makers and governors in the region.

Another interesting feature is the marked difference between the number of settlements/total population with and without electricity in all zones (Table 2), both overall, and for the population living in the first 10 km from the coastline. In this regard, it is striking that in the central zone there are far fewer settlements than in the other zones, half of that in the southern zone and almost six times that in the northern zone. In the case of settlements without electricity, in the central zone there is only one, while in the south there are 11 and in the north, 26. Similarly, the population density is much higher in the northern and southern zones compared to the central zone, although there is not much difference, the southern zone having the highest population density, for settlements, both with, and without, electricity. This is extremely important because it shows that, even though the number of settlements in the southern zone is lower than that in the northern zone, there is higher density. The results of these analyses are key for decision-makers. They show the areas where harnessing wave energy would have greatest impact, both in supplying electricity to settlements that do not have this service at present, and in supplying extra electricity to settlements where population whose growth means they require a more.



5 Conclusions

On the Pacific coast of the Baja California peninsula, the mean value of wave power was below 20 kW/m from 1979 to 2018. However, on 370 km it would be viable to install onshore wave energy converters (OWC) to produce electricity for nearby settlements, many of which are not connected to the electrical power grid, potentially benefiting around 1.4 million habitants. The highest wave power values are in the north of the peninsula. There are some wave-energy generation sites with interesting power values in the south. The lowest wave power values are in sites associated with river mouths and bays in the coastline configuration.

It is expected that future wave power availability in the region will vary according to the scenario of Representative Concentration Pathway and the influence of global climate drivers such as ONI, PDO, and AMO. The greatest influence of these scenarios and drivers is expected in summer and winter and will be different depending on the location along the coast of the peninsula.

Further site analyses in areas near coastal settlements, including a wave propagation model, are needed to provide data on local-scale wave power and potentials for the installation of wave energy converters. In addition, a study of the availability of electrical energy in coastal settlements is also recommended to prioritize sites where electricity generation from wave power is most required.

Electricity generated from waves would reduce Mexico´s dependency on fossil fuels and cut CO2 emissions, as well as lessening our dependency on the US for electricity connection. Additionally, the generation of electricity from waves would help Mexico to meet its international commitments regarding renewable energy generation.
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