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Abstract

:

The implementation of renewable energies represents a crucial step in meeting the sustainable development goal of the United Nations for affordable and clean energy. The Terminos Lagoon region in Campeche, the largest coastal lagoon in Mexico, offers potential for renewable energy sources such as wind, photovoltaic, and current energy. This study presents a renewable energy potential assessment for the main city at Terminos Lagoon, Ciudad del Carmen, which has the largest oil activity in Mexico and high electricity consumption. The outputs of high-resolution numerical models were analyzed to evaluate wind and photovoltaic resources and currents. A hybrid system consisting of 24 wind turbines, 5516 photovoltaic panels, and 32 hydrokinetic turbines could generate 521.33 GWh, which is 39.63% of the state’s energy demand and exceeds the energy consumption of Ciudad del Carmen by 10.24%. Wind and photovoltaic energy are the most significant contributors (517.15 GWh and 3.77 GWh, respectively), while hydrokinetic energy contribution is marginal (0.407 GWh) and requires further research and development. The results suggest that the region has the potential for clean and renewable energy technologies to reduce greenhouse gas emissions and contribute to the energy transition.
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1. Introduction


The use of fossil fuels has contributed to global warming due to the emission of greenhouse gasses [1]. In recent years, alternative energy sources have been explored to mitigate the environmental impact and to meet the growing energy demand due to anthropogenic development [2]. As a result, harnessing renewable energies has become a focus of research. These energies are regenerated naturally in a short time scale and include solar, wind, hydroelectric, biomass, geothermal, and tidal power. Renewable energies have gradually gained importance worldwide to replace the traditional energy system, since conventional energy generation contributes 80% of greenhouse gas emissions [3]. Many renewable energy technologies have matured and evolved in recent decades, increasing their reliability and profitability for various applications worldwide [4]. Policies that favor renewable energies over fossil fuels have contributed to their growth, as well as the climatic conditions and other factors that play a key role in global electricity production [5]. More recently, the United Nations Sustainable Development Goal for affordable and clean energy exerts a significant influence in promoting clean and renewable energies.



Due to its geographical location and territorial extension, Mexico has great potential in renewable energy resources [4,6]; however, it has not been sufficiently exploited. In particular, the Gulf of Mexico (GoM) coastal region is strongly influenced by trade winds and sea breezes [7,8], where several studies underscore the wind energy potential in the region [9,10]. Ref. [9] highlights the state of Campeche as a region with a significant wind potential, as it presents strong winds with an average of 7.47 ms−1, which during winter and spring have intensities just below those of Tamaulipas and the north and south of Veracruz; states with the largest wind resource in the GoM region. Studies by [6,11] indicate that Mexico has excellent solar potential throughout the year. Ref. [12] confirms that the state of Campeche has adequate irradiation for thermal and photovoltaic generation, exceeding 4 kWh m−2 day−1. While Mexico still lags behind several countries in installed solar capacity and growth, it has a significant advantage in solar radiation levels and a largely untapped market for solar energy development. Ref. [13] conducted a comparative analysis of the photovoltaic sector in Mexico and Germany, revealing that Mexico has significant potential to become a major player in the use of renewable energy. The authors noted that Mexico has substantial photovoltaic solar potential, and with appropriate policies and incentives, could position itself as an important producer of photovoltaic energy, akin to Germany, which has emerged among the top world leaders in photovoltaic technology generation and development. Refs. [9,14] indicate that Mexico’s wind and photovoltaic potential is favorable, and these energy sources complement each other for energy generation. Regarding tidal and ocean currents power, there are studies reporting the energy potential for areas in the Gulf of California and the Yucatan Current area, including the Cozumel Island Channel [15,16,17]. However, information on coastal lagoons is limited, despite the potential for narrow inlets to create high-speed currents suitable for power generation [18].



Considering the mismatch between energy demand and renewable energy production, hybrid renewable energy systems appear as an alternative that can improve efficiency and reliability, minimizing storage capacity [19]. Additionally, hybrid renewable energy systems provide an opportunity for developing countries to develop reliable and cost-effective off-grid power for communities [20]. As such, we present a study to evaluate the renewable energy potential to propose a hybrid renewable energy system for Ciudad del Carmen, Mexico, one of the most important cities in the state of Campeche and the country’s largest oil city. Ciudad del Carmen is located over the barrier island of the Terminos Lagoon (TL) in the southeast of Mexico. The Federal Electricity Commission’s report shows that in 2018, the state of Campeche consumed an average of 1315.61 GWh with 103.43 GWh consumed by May 2019. Meanwhile, Ciudad del Carmen consumed 472.9 GWh in 2018 and 37.1 GWh by May of the same year.



This study analyzes and characterizes the TL region’s natural physical processes and power resources to evaluate its energy potential. The study uses the Weather Research and Forecasting Model (WRF) data to characterize wind, determine wind potential, and assess the incident solar radiation and photovoltaic potential. Additionally, the oceanic model MARS3D of IFREMER, France, and tidal predictions from the MarV1.0 tool of the Scientific Research and Higher Education Center of Ensenada (CICESE) are used to characterize tidal currents and calculate energy potential.




2. Data and Methods


2.1. Study Area


The study area encompasses the region of the TL, located at 18°01′54″–19°13′33″ North and 92°32′33″–90°59′15″ West, in the coastal zone of the state of Campeche, Mexico (Figure 1). TL has borders with the Yucatan Peninsula at the east, the coastal floodplain of Tabasco at the west, and the GoM at the north. It is part of a lagoon system formed by nine satellite lagoons: Pom, Atasta; El Corte, Puerto Rico; Los Negros at the southwest, connected to the TL through the Atasta mouth; Sabancuy estuary to the northeast; Panlao lagoon in the southeast; and Balchacah and the East lagoons at the south. TL is Mexico’s largest coastal lagoon, stretching 75 km along the coast and reaching a maximum width of 26.3 km. It forms part of the country’s largest coastal ecosystem [21,22]. TL is separated from the GoM by two limestone-sand Holocene barrier islands [23,24]. Firstly, Isla del Carmen has 38 km in length and 2.5 km of width. Secondly, Isla Aguada has 40 km in length and 900 m in width. TL connects to the GoM through two natural inlets: the Puerto Real (PtR) northeast and the Ciudad del Carmen (CdC) northwest. PtR inlet has a width of 3.2 km and an average depth of 5 m, located between Isla Aguada and Puerto Real. CdC inlet is located between Ciudad del Carmen and Punta Zacatal with a minimum width of 3.9 km and an average depth of 6.4 m, the largest inlet in the lagoon system. Different authors report varying total area estimates for TL with some starting at 2500 km2 [21,25], while recent studies by [26] suggest a surface area of 1930 km2, including satellite lagoons (Figure 1).



The region has three distinct seasons: the dry season (March–May), the rainy season (June–October), and the cold fronts (also known as “Nortes”) season (November–February), the latter characterized by winter storms or strong winds caused by high-pressure systems that descend from the central plains of the United States. Some authors consider the month of May as a transition month [27]. This region is strongly influenced by mesoscale atmospheric processes, such as the trade winds, which generate a parallel circulation along the coast in a southwest direction. These winds have a seasonal pattern and are more intense from November to February with an average intensity in October, March, and April, and a significant decrease from May to September. The occurrence of “Nortes” events causes a change in local circulation from September to April, generating a storm tide inside the TL due to the accumulation of water from the GoM entering the lagoon. When these weather phenomena are not present, the wind intensity decreases, and the water volume inside the TL is restored. Generally, the wind direction of these events is from the north-northwest with a duration of 2 to 10 days [28,29]. From April to May, the diurnal cycle of the sea breeze reaches its maximum due to the trade wind’s intensity reduction. The average breeze direction alternates from southeast to northwest [7,30]. During this period, the highest temperatures are recorded, the wind speed decreases for several hours between sea and land breeze transition, and the astronomical tide influences the circulation inside the TL [26].



During the seasons mentioned above, the hydrodynamic circulation varies due to the differences in the magnitude of forcing agents. These include river discharges, wind, circulation over the GoM continental shelf, and the astronomical tide. Refs. [31,32] describe the circulation in the Campeche Bank as characterized by an almost coast-parallel southwestward current, reversed to the northeast between September–November due to the seasonal weakening of the trade winds during summer. They also conclude that there is a semi-permanent southwestward circulation, where the preferential flow enters the TL through the PtR inlet and exits through the CdC [33]. These dynamics within the lagoon coincide with the deltas located at both inlets: one interior at PtR, mainly formed by marine material, and the other exterior at the CdC, mainly composed of river material [24]. Additionally, during “Nortes”, the internal circulation of the lagoon experiences a change in direction as a response to the external circulation forced by the winds.




2.2. Data


We used numerical simulations from the Weather Research and Forecasting (WRF) atmospheric model and the coastal hydrodynamical model MARS3D. The WRF simulation results were used to analyze wind patterns, assess the wind power potential, and quantify the incident solar radiation to determine the photovoltaic potential. The outputs from the MARS3D model were analyzed to characterize tidal currents and calculate their energy potential.



2.2.1. WRF Data


The WRF atmospheric model is a highly versatile model designed for weather forecasting and research, and has a wide range of applications, including idealized and real case simulations, air quality modeling, and ocean-atmosphere interaction studies through coupling with ocean models. WRF was developed by the National Center for Atmospheric Research (NCAR), National Oceanic and Atmospheric Administration (NOAA), National Center for Environmental Prediction (NCEP), Earth System Research Laboratory (ESRL), Air Force Weather Agency (AFWA), Naval Research Laboratory (NRL), Center for Analysis and Prediction Storms (CAPS), and the Federal Aviation Administration (FAA), and is a state of the art mesoscale numerical model aimed to enhance the understanding of atmospheric processes and improve weather prediction. The WRF database used in this work was provided by the Coastal Processes and Engineering Laboratorio from the Institute of Engineering of UNAM at Sisal, Yucatan [34]. The initial and boundary conditions for the numerical simulations were taken from the ERA-Interim atmospheric reanalysis provided by the European Center for Medium-Range Weather Forecast [35]. The numerical scheme configuration used in the simulations was based on the default of the operational forecast of the Institute of Climate Change and Atmospheric Sciences of UNAM [36], along with other standard parametrizations for tropical regions [37,38,39]. For more details on the WRF model, see ref. [40]. The simulation experiment consists of four nested computational domains, with data from the fourth domain used in this study. The fourth domain (D04) is centered on the southern coast of the GoM, approximately from Frontera, Tabasco, to Sabancuy, Campeche (Table 1). The WRF model variables used were u and v wind components (ms−1) at 10 m height and 1000 hPa, 10 m height wind direction (°), air surface temperature (°C), and shortwave radiation (SWDN) (Wm−²). The simulation period covered from 1 January 2015 at 00:00:00 to 31 December 2017 at 23:00:00 h, with hourly temporal resolution. The WRF outputs used to characterize wind and irradiance were validated in a previous study by [41], where the author compared measured data from a weather station in Ciudad del Carmen with the simulated time series of the same variables to ensure accuracy.




2.2.2. MARS3D Data


MARS3D is a hydrodynamic model developed by the Division of Environment and Coastal Planning of IFREMER, France [42] to describe and predict the movement of fluids and related variables (temperature, salinity, etc.) for a given environment, whether it be the ocean, the continental shelf, or an estuary [43,44,45,46]. It belongs to the “3D hydrodynamic models in sigma coordinates” class, capable of simulating the transport and mixing of water masses on time scales ranging from one hour to one day. It was designed to represent the behavior of non-steady three-dimensional ocean flows, enabling the three-dimensional modeling of ocean circulation and the dispersion and transport of pollutants in the marine environment from the coastal zone to a few hundred kilometers offshore. The model is well suited for simulating sea level variations and ocean currents on a range of time scales. The MARS3D model variables used were u and v current components (ms−1) at all sigma levels to perform a velocity profile analysis (Table 1). The simulation period covered 11 months from 1 October 2019 at 00:00:00 to 30 August 2017 at 15:00:00 h, with hourly temporal resolution. The MARS3D outputs were used to characterize the currents in the area. The model validation is found in [26], where to ensure accuracy, the simulated time series were compared to measured data from a network of sensors placed along the TL.





2.3. Analysis


In this section, we describe the statistical analyses carried out, according to the type of energy, to evaluate the available resources and the procedure for generating the proposal for the hybrid system in the interest area. The availability and distribution of wind, irradiance, and currents were evaluated by characterizing their variability in different temporal scales. The periods of largest resource utilization were then identified. Finally, the study proposes a hybrid-renewable energy system design based on the availability and characteristics of the wind, solar and current resources in the study area. PtR and CdC were proposed as emplacement points with different characteristics according to the type of energy generation and the existing infrastructure (Figure 2). Time series for wind, solar radiation, and tidal currents were extracted from the closest grid points of the WRF and MARS3D models to the proposed emplacement points. The climatology for the entire study period and the hourly, daily, and monthly averages were obtained from these time series.



2.3.1. Wind Analysis


We considered various factors to identify the optimal location for wind harnessing, including navigation and infrastructure, proximity to the coast, and the characteristics of the potential sites. Due to high-volume shipping and limited navigation at the CdC inlet and road infrastructure along the coast at the PtR inlet, we propose emplacement points for onshore–offshore wind turbines between the coastline and the 10 m isobath (Figure 2a). Such location ensures easy access to the electric grid and connection to the hybrid system. The table in Figure 2a shows the geographic coordinates of the proposed emplacement points. The wind analysis, including hourly, daily, and monthly averages, was performed at those locations, characterizing the wind speed variability at 10 m and 100 m above ground from 1 January 2015 to 31 December 2017. The data at 100 m was extrapolated from the data at the first pressure level (1000 hPa, equivalent to 111 m in height). A Weibull probability distribution analysis was performed (Equation (1)) to determine the frequency at which the highest wind speed occurs. The scale factor c determines the average wind speed, while the shape factor k characterizes the asymmetry of the distribution and provides information on the dispersion of wind speeds.


   V  =   d F   d V   =  k c  ·      V c      k − 1   ·  e    −      V c     k              k > 0 ,   V > 0 ,   c > 1    



(1)







The cumulative frequency distribution of wind speed was obtained to determine the number of hours a given wind speed can be exceeded. Wind roses were generated to characterize the wind further and analyze its frequency, magnitude, intensity, and direction.



The maximum energy that can be extracted from the wind if all the kinetic energy is converted into useful energy, known as wind energy potential, depends on various factors such as the wind turbine, air density, rotor area, and wind speed. Wind turbines convert the wind’s kinetic energy into mechanical energy by the aerodynamic rotor. These factors influence the energy transferred to the rotor, with a maximum of 59% of the available energy being extractable due to the Betz limit [47]. The wind potential of an area is sensitive to the turbine’s height and the type of turbine used (IDAE, 2006 in [48]). To assess wind energy, we conducted a temporal characterization, which allows an understanding of the typical wind behavior at different periods. The Weibull probability density calculation is one method that fits the wind characteristics in most cases [6,9,48,49,50,51].



As the wind signal is amplified in the GoM region [7,50], we assessed diurnal and monthly variations in wind patterns throughout the year. The power density (Wm−²) was calculated using Equation (2) and wind data at 10 and 100 m above ground, allowing us to compare the difference in wind potential at different heights and identify the hours and months with the minimum and maximum power density. The percentage of occurrence was then determined.


   P A  =  1 2  ρ  V 3   



(2)




where V is the wind speed magnitude (ms−1) calculated from its meridional and zonal components, with   V =      u   2  +    v   2      and its direction with   θ = t a  n  − 1    v u   . The air density (ρ in kgm−3) was obtained based on the temperature values with Equation (3):


  ρ = 1.225     288   t + 273      e      − h   8485        



(3)




where t is the temperature (°C) at 1000 hPa converted to 100 m using the standard vertical thermal gradient (0.65 °C/100 m) and h the height (m).



The mean power density   P d   per unit area A (Equation (4)), which provides a more accurate estimate of the wind energy potential, was calculated by incorporating the energy pattern factor Ke (as described in Equation (5)) into the analysis. The Ke factor [52] accounts for the variations in wind speed, allowing for a more reliable representation of the mean power density. The methodology for determining the mean power density (Equation (6)) was based on research by [53,54].


      P d  ¯   A  =  1 2  ρ   V _  3   K e   



(4)






   K e  =  1  N   V _  3      ∑   i = 1  N   V i 3   



(5)




where N is the number of hours in the evaluated period, typically one year (8760 h).   V _   is the mean wind speed, calculated using the equation:    V _  =  1 N    ∑   i = 1  N   V i    and    V i    represents the instantaneous or hourly wind speed.




2.3.2. Irradiance Analysis


We determined five potential sites at a disused vehicle bridge over PtR, and three along the active vehicle bridge at CdC to assess the photovoltaic potential (Figure 2b). Due to the current use of the bridge at CdC, there is limited space for photovoltaic cell installation. The table in Figure 2b shows the geographic coordinates of the proposed emplacement points. To characterize the irradiance variability, we used Surface Solar Radiation (ShortWaveDowN) data since they can be considered as the Global Solar Irradiance (GSI), according to [55]. We analyzed the irradiance occurrence and temporality to assess the diurnal and monthly dynamics of the GSI pattern. From the SWDN data and the diurnal cycle results, the Peak Solar Hours (PSH) were obtained (Equation (6)). The PSH is a key parameter for evaluating global solar radiation and represents the number of hours that one square meter of horizontal surface requires to receive 1000 Wm−2 of irradiance in a day [56,57,58,59].


  PSH =   G S  I d     I i     



(6)




where   G S  I d    is the daily global solar irradiance (Wm−2 h), total irradiance of the diurnal cycle average and    I i    the incident irradiance (1000 Wm−2).




2.3.3. Tidal Currents Analysis


To assess tidal energy potential, we establish 12 emplacement points (6 at each inlet). According to [26,41], the inlets have a deeper channel at the east (~13 m in PtR and ~15 m in CdC). Therefore, emplacement points closest to the deep zone were chosen in both PtR and CdC (Figure 2c), considering that generators cannot be placed in the center of the inlets due to navigation reasons. According to our literature survey [15,60,61], many submerged electrical generators have diameters ranging from 4 m to 16 m; therefore, depths greater than these should be sought. The embedded table in Figure 2c shows the geographic coordinates of the proposed emplacement points.



To analyze tidal currents variability, u and v components of the current velocity were transformed into “z” levels at each emplacement point. These data were interpolated at every 0.5 m depth, up to 10 m, to determine the magnitude and direction of the currents at each depth level. The potential energy of the currents was calculated using the interpolated velocity at different depth levels, therefore the power density was calculated using Equation (2), where the fluid density corresponds to seawater (ρ = 1027 kgm−3). Additionally, the diurnal and monthly patterns of the tidal currents were analyzed to understand their variability throughout the year, considering their vertical variability and the appropriate depth for harnessing energy. This was achieved by calculating the hourly and monthly averages for each depth and characterizing them to determine that the optimal depth meets both technical conditions for the generators and the available power at different time scales.



An analysis of tidal amplitude was performed to determine the peak hours for tidal energy usage. The tidal amplitude, the difference between maximum and minimum levels, can vary greatly depending on location and range from a few centimeters to meters. In this zone of the GoM, the tidal currents are significantly influenced by the vertical and horizontal movements of the water mass, which affect the speed and direction of the currents. We used the tidal predictions of the Center for Scientific Research and Higher Education of Ensenada (CICESE) to obtain the tidal amplitude for the study area. Two periods were selected for analysis: a spring tide period from 3–7 November 2009, and a neap tide period from 24–27 November 2009.






3. Results and Discussion


3.1. Wind Assessment


The wind speed frequency distribution and the Weibull distribution analysis were performed at 10 m and 100 m heights at the CdC and PtR inlets. At 10 m height, a high probability for wind speeds between 5 ms−1 and 7 ms−1 is observed with a relative frequency of approximately 18.75%. The Weibull distribution fit shows a symmetrical curve with a maximum frequency at 5.9 ms−1 for CdC and 5.8 ms−1 for PtR; these values are classified as a medium speed for wind turbine emplacement [59]. The wind speed frequency distribution increases with height, and at 100 m height, the maximum relative frequencies are observed between 6 ms−1 and 8 ms−1, representing 57.19% for CdC and 54.36% for PtR (Figure 3). For CdC, the maximum frequency of 20.47% is centered on 7.28 ms−1, and for PtR, the maximum frequency of 19.92% occurs at 6.43 ms−1. Additionally, a wind speed of 7.6 ms−1 for PtR has a frequency of 19.91%. These two classes account for a significant portion of the total data, up to 39.83%.



By comparing the wind speed frequency distribution at 10 and 100 m height, we observed, as expected, that wind speed increases with height. The increase in speed results from a reduced frictional drag far above the ground [6,10,50]. For our study area, this is significant, as the minimum wind speed required to consider wind turbine installation is 5.8 ms−1 [62]. The high wind speeds observed at both inlets of the lagoon at 100 m height make the area suitable for wind energy generation. Table 2 presents the average wind speed magnitude for the six emplacement points, with an average magnitude of 6.94 ms−1 obtained for the CdC inlet and 6.85 ms−1 for PtR.



The wind rose analysis for the six proposed emplacement points showed no significant differences in direction, frequency, and wind speed magnitude for CdC and PtR inlets. Figure 4 presents the wind roses for CdC (a) and PtR (b) considering the averaged wind speed and direction of three of the proposed emplacement points in each inlet. The wind has a predominantly north-northeast direction reaching maximum speeds in the range of 13.3 ms−1 < Ws < 15.9 ms−1. Both inlets exhibit a similar occurrence percentage with maximum wind speeds occurring approximately 24% of the time at CdC and 21% at PtR. The wind roses indicate two predominant wind directions, similar in both locations, as the region of TL is strongly influenced by the trade winds [26]. These two dominant directions are likely due to the influence of the trade winds blowing from the north-northeast direction and the intense effect of the breezes blowing from the east-southeast direction. These wind patterns have a seasonal variation with an increase in strength from May to September when the breeze’s diurnal cycle reaches its peak intensity [7].



Considering that wind power density is one of the most critical factors in evaluating wind [9], we calculated wind power density at 10 m and 100 m above surface for the diurnal and monthly cycles. Results show an evident change in wind power density between the two heights with a maximum of 400 Wm−2 for the diurnal cycle at 100 m height and 371 Wm−2 for the monthly cycle (Figure 5b,d). On the other hand, the maximum wind power density at 10 m height was 250 Wm−2 for the diurnal cycle and less for the monthly cycle (Figure 5a,c). The maximum wind power density was observed at 21:00 h, and the minimum power density at 12:00 h for both the diurnal cycle at 10 m and 100 m heights (Figure 5a,b). This confirms the strong wind influence of the breeze on the area, as [7] demonstrated, finding a similar hour of the day for the maximum wind speeds. The minimum wind power density was observed in June at 10 m height and in September at 100 m height, while the maximum wind power density was observed in January at both heights (Figure 5c,d). The largest power density range was observed at 100 m in PtR with a difference of 273 Wm−2 between the minimum and maximum power density. A similar trend is seen in CdC with a range of 240 Wm−2.



A mean power density of 260.52 Wm−2 was calculated for the six emplacement points by incorporating the Ke energy pattern factor (Equation (5)) into the mean power density equation (Equation (6)) based on the methodology of [53]. The average Ke factor for both inlets was 1.35, which is below the range between 1.45 to 4.4 proposed by [52]. Still, the Weibull k shape parameter obtained with the method of [52] is close to three for both inlets. This k value indicates the presence of constant winds in the area and a long period with winds above average, according to [9]. Additionally, [52] suggests that determining the shape parameter k and evaluating the power density yields more satisfactory results compared to other methods used in previous studies. Given the study area’s average power density of 260.52 Wm−2, which falls within the desirable range [53], we selected the optimal wind turbine. After considering the hub height of 100 m, we selected three wind turbine options: two three-blade and one two-blade turbine. However, it is important to note that losses due to maintenance and extreme weather events were not considered in these calculations.



We evaluated the generated power in the study area between the three wind turbine models (Aerodyn, Vestas, and Enercon, see Table 3), obtained from the 100 m height wind velocity time series from the WRF model. On average, Aerodyn and Vestas showed similar daily yield, higher than Enercon, which was approximately 1–2 MW below the other brands due to its smaller swept area. The maximum power value was 4.91 MW (Aerodyn), and the minimum was 1.16 MW (Enercon) in CdC. In PtR, the maximum power was 5.15 MW (Aerodyn), and the minimum was 1.0 MW (Enercon).



These results align with the findings from the power density assessment. The maximum and minimum power values in a daily cycle occurred at 21:00 and 12:00 h, respectively. In contrast, in a monthly cycle, the maximum was observed in January and the minimum in September. The Annual Energy Produced (AEP) was determined by combining the Weibull distribution of wind speeds and each wind turbine’s Power Curve (PC). The Vestas wind turbine was the most productive, yielding 27.15 GWh and 26.72 GWh per year for CdC and PtR, respectively (Table 3). This highlights the significance of wind turbine characteristics in determining the usable power, as the PC considers the wind turbine’s efficiency. The three-blade design of the Vestas wind turbine also offers advantages, such as better distribution of forces, higher starting torque, and improved orientation stability. Furthermore, the Load Factor (LF) or plant factor was found to be 33% on average, surpassing the average value of 25% (onshore) or 30% (offshore) reported by [63]. The results demonstrate that the Vestas wind turbine produces the most energy, achieves the best LF, and has the highest potential for energy production with an estimated average annual energy production of 26.94 GWh. However, it is important to remember that these results do not consider factors affecting the actual energy production, such as maintenance and transmission losses and other operational inefficiencies. These factors can reduce energy production by as much as 15% to 20%. It is essential to consider these losses to estimate the achievable energy production from the wind turbine accurately.




3.2. Irradiance Assessment


This section presents the shortwave irradiance time series (SWDN) from 1 January 2015 to 31 December 2017, including the hourly and monthly average. It also presents the analysis of the temporal distribution and occurrence of solar irradiance, the Photovoltaic Energy Generated (PEG) by a photovoltaic panel, and the Annual Energy Produced (AEP). Figure 6a shows the solar irradiance occurrence between 0 to 100 Wm−2, 60% of the time, with relative frequencies ranging between 2.5% to 6% in the interval between 100 to 900 Wm−2. The bins between 700 to 900 Wm−2 have the highest irradiance at 6% of occurrence. The temporal variation in solar irradiance is depicted in Figure 6c, which demonstrates that the months with the highest levels of irradiance are from April to July with a peak in May and a minimum in December. This pattern aligns with the findings of [6], who reported the highest levels of solar irradiance during spring and summer, and the lowest during fall and winter.



Figure 7a shows the diurnal cycle of solar irradiance, represented by the hourly average. It is observed that from 19:00 to 06:00 h, the solar irradiance is 0 Wm−2 as it corresponds to nighttime. From 07:00 h, the solar radiation increases, reaching its peak of 895 Wm−2 at 13:00 h. The solar irradiance intensity decreases to 47 Wm−2 at 18:00 h and 0 Wm−2 at 19:00 h, thus completing the daily cycle. Peak Solar Hours (PSH) were obtained during a diurnal cycle. For the monthly cycle in Figure 6b, December has the lowest irradiance of 184 Wm−2, and May has the highest irradiance of 311 Wm−2 with a difference of 127 Wm−2. In January, the irradiance increases, reaching the maximum in May, and slightly decreases in August to 289 Wm−2, before rapidly decreasing to November with 198 Wm−2 reaching the minimum in December. The difference in solar irradiance between May to August and August to December is shown in Figure 7b. During spring and summer, a difference of 22 Wm−2 was obtained, while a difference of 91 Wm−2 was observed in the fall and winter. The highest irradiance was observed during spring and summer and the lowest during fall and winter, which aligns with the findings of [12]. An average irradiance of 6.14 KWhm−2 day−1 was also obtained, which according to [12] complies with the requirement of more than 4 KWhm−2 day−1 for grid-connected photovoltaic installations. In addition, the authors suggest that the solar radiation levels in the coastal zone of the GoM are suitable for developing solar thermal and photovoltaic power plants. They highlight that among the states in the region, Campeche and Tamaulipas have the highest solar potential.



To determine the Generated Photovoltaic Energy (GPE), we considered a SUNPOWER Maxeon 3 photovoltaic panel with a Peak power (Pp) of 390 Wp and obtained 6 h PSH. Table 4 summarizes the photovoltaic energy potential, including the Global Solar Irradiance (GSI), the estimated GPE, and the Annual Energy Produced (AEP) that a photovoltaic panel can generate in optimal conditions over a year.




3.3. Currents Assessment


The results in this section present the tidal currents analysis, including the daily and monthly average, covering the period from 1 January 2009 at 00:00 h to 30 August 2010 at 15:00 h. The current energy potential is characterized by analyzing currents’ velocity and predominant direction throughout the water column to determine the optimal depth for energy harvesting equipment installation. This information helps to identify the areas with the highest energy potential and optimizes the design and deployment of current energy systems. Based on the results obtained from the interpolation of current velocities at different depth levels (Figure 8), we found that the deepest areas in CdC are occupied by emplacements 7 (Figure 8g) and 8 (Figure 8h) with emplacement 7 having a maximum depth of 14.16 m, and emplacement 9 (Figure 8i) being the shallowest at 3.5 m. The deepest emplacement in PtR is situated east of the inlet, adjacent to Isla Aguada, with a 9.2 m, while the shallowest depth is observed at emplacement 5 (Figure 8e) with 4.7 m. Unlike at CdC the slope change in PtR is more gradual due to the current circulation; however, both inlets exhibit the largest depth in their eastern areas. The diurnal average vertical velocity time series at each emplacement point indicates that the highest speeds occur at the surface. Velocities exceeding 0.6 ms−1 are observed at all emplacements except for emplacements 1, 6, and 7 (Figure 8a,f,g) that range between 0.4 ms−1 and a maximum of 0.55 ms−1. The monthly variability speeds are similar at all locations and tend to decrease with increasing depth. The maximum velocities are between 0.6 and 0.7 ms−1 at a depth of 0.5 m at emplacements 2 to 5 (Figure 8b–e) and 8 to 12 (Figure 8h–l), while the minimum velocities were found near the bottom between 0.15 ms−1 and 0.2 ms−1 at emplacements 1 (Figure 8a) and 6 (Figure 8f). Emplacements in PtR (Figure 8a–f) showed larger variability along the vertical velocity profile during the diurnal cycle, while emplacements in CdC (Figure 8g–l) were the lowest. Although the speeds found in the 12 emplacements exceed 0.5 ms−1, emplacements 3 to 6 (Figure 8c–f) in PtR and 9 to 12 (Figure 8h–l) in CdC have low depths, ranging between 4.5 m and 6.5 m, which may not be suitable for the standard diameter of some hydrokinetic generators. Emplacements 1 (Figure 8a) and 2 (Figure 8b) in PtR and 7 (Figure 8g) and 8 (Figure 8h) in CdC have the highest depth, however emplacements 2 and 8 have maximum speeds above 0.6 ms−1, so we used them to represent each inlet for the power density calculation.



The tidal currents frequency distribution and the Weibull distribution analysis were performed at 4 m depth at the PtR and CdC inlets, as shown in Figure 9. For PtR, the maximum frequencies are observed between 0.4 ms−1 and 1 ms−1, representing 58.4%, while for CdC the maximum frequencies are observed between 0.2 ms−1 and 0.6 ms−1, representing 54.3%. The Weibull distribution fit shows a symmetrical curve with a maximum frequency at 0.5 ms−1 for PtR and 0.4 ms−1 for CdC.



Figure 10 presents the current direction roses at both inlets, showing two predominant directions. Figure 10a shows that the northwest direction is the most frequent, accounting for more than 50% of the total current direction which coincides with the tidal flow. The other direction, to the southeast, occurs less frequently with a presence of 30% during the ebb tide but more intense. For PtR (Figure 10b), the predominant current direction is west, with a high occurrence rate of approximately 60%. Additionally, a secondary current direction with a lesser occurrence rate of 30% is observed in the southeast direction, corresponding to the flood flow; the highest speeds are observed in both directions. These results demonstrate the strong influence of the flood flow and ebb phenomenon on the current directions [21,24,26].



The analysis of the tidal amplitude in both PtR and CdC revealed an average tidal range of 0.8 m. The predominant tide in the area is diurnal mixed on the ocean side, which becomes diurnal within the lagoon due to friction. The tidal distribution in both inlets fluctuates between −0.2 m and 0.2 m with speeds reaching 1.2 ms−1. Despite PtR having a maximum current speed of 1.6 ms−1 and CdC of 1.2 ms−1, the tidal speeds are small, ranging from 0 to 0.15 ms−1, and therefore, not significant [64]. The results indicate that wind is the primary driver of the circulation patterns in the TL, as reported by previous studies [64,65], and not the astronomical tides. To verify this, we computed the correlation between current speed, power density, current magnitude, tidal amplitude, and wind, using lag intervals of 6 h and 12 h. The highest correlations were found between wind and tidal amplitude with PtR showing a positive correlation of 0.9 and CdC of 0.8 with no lag for either inlet. This high correlation with wind can be attributed to the width of both inlets (approximately 3 km), which does not constrain the astronomical tidal flow, resulting in speeds of less than 0.5 ms−1.



Even though astronomical tides influence current circulation patterns in the area, rainfall discharge and oceanic and atmospheric circulation create flows that enter the lagoon through PtR and exit through CdC. From August to September, this flow is reversed by the transit of a trapped wave to the coast [33]. The current direction aligns with the coastline, which corresponds to the channel resulting from the recirculation of currents and sediment transport. The direction change happens within a 2-to-3 h interval, suggesting that the hydrogenerator installed should be able to accommodate bidirectional flow or requires adjusting its orientation as the current direction shifts. The maximum flow velocity was observed between 01:00 and 06:00 h and between 13:00 and 18:00 h with higher speeds in PtR compared to CdC. The currents variability in both PtR (Figure 11c) and CdC (Figure 11f) show surface speeds, which range from 0.27 ms−1 to 0.86 ms−1 (Figure 11a) and 0.35 ms−1 to 0.63 ms−1 (Figure 11d), respectively. As a result, the power density in PtR ranges from 10 to 340 Wm−2 (Figure 11b), whereas for CdC it ranges from 20 to 130 Wm−2 (Figure 11e). The power density decreases with increasing depth, reaching values between 10 and 40 Wm−2 at the maximum depth. At a depth of 4 m, a change in slope of the vertical profiles of both velocity and power density is observed with the slope decreasing and velocity and power density increasing as it approaches the surface. The results indicate that the power density of the currents is 99.74 Wm−2 with an energy pattern factor Ke of 1.87 in PtR and 114.22 Wm−2 with a factor Ke of 1.96 in CdC. Table 5 shows the power density according to the time of the day when the currents reach their maximum and minimum speed.




3.4. Hybrid System Proposal


We designed the hybrid system, including wind, photovoltaic, and tidal current harnessing (Figure 12), to integrate into the National Electric System (NES) network to supply power to the area. The next section presents a synopsis of the available resources and its components, as well as its relative importance in terms of the local grid power consumption.



3.4.1. Wind


Given the high efficiency and performance of commercial horizontal axis wind turbines (HAWT), we carried out a comparison between three different wind turbines (Table 6). As a result, we considered the Vestas V164-8.0 in the proposed system to allow for an averaged EAP of 26.94 GWh of energy and an average LF of 38.4%. On the side of CdC, large vessels, mainly from the oil sector, navigate in the area, and on the side of PtR, only smaller fishing vessels. As such, we proposed to install wind turbines along the coastal strip of Isla del Carmen. The park effect is critical in minimizing the wake effect of wind turbines on each other in a wind farm. The wake effect is the reduced wind speed downstream, resulting in a slow and turbulent flow. In a wind farm, this effect comprises the wakes from multiple turbines interacting and overlapping, leading to decreased energy production, increased turbulence, and potential damage to the turbines [6,50,66]. Wind loss and turbulence intensity are two factors associated with wind turbine placement [67]. The park effect, which involves the optimal spacing and distribution of turbines, is crucial to mitigate these impacts. Recommended minimum distances between turbines vary with turbine diameter (D) and prevailing wind conditions, ranging from 3D to 5D perpendicular to the prevailing wind and 5D to 9D in the direction of the prevailing wind, as reported in various studies [6,50,59,66,67,68]. Consequently, the selected locations were between the 10 m isobath and the coastline and 1.5 km offshore, which is more than the 9D value recommended for the wind park effect in the wind direction. We propose a parallel to the coastline distribution of wind turbines separated by 4D perpendicular to the predominant wind direction (Figure 12 and Table 7). A total of 12 wind turbines are considered on each side of Isla del Carmen with a total of 24 wind turbines and an installed power of 192 MW. In CdC, 325.8 GWh of annual production can be obtained, and in PtR, 320.64 GWh, so the 24 wind turbines installed could achieve a generation of 646.44 GWh.




3.4.2. Solar


The selection of photovoltaic panels is critical in determining the efficiency and performance of a photovoltaic system. To this end, it is important to consider factors such as the material used in the panel (monocrystalline or polycrystalline), the peak power, and efficiency of the panel. Notably, polycrystalline panels have been reported to exhibit reduced efficiency in high temperature environments when compared to monocrystalline panels [57,69,70]. The connection and number of panels used, as well as whether they are arranged in series or parallel, are also crucial. Additionally, it is imperative to evaluate the supporting components of the system, such as the inverter, controller, storage system, and monitoring system, to obtain a comprehensive photovoltaic solution. Here we selected a monocrystalline panel type from the Sun Power brand, specifically the Maxeon 3 model 390 Wp, which operates at a maximum temperature of 85 °C and has a temperature coefficient of −0.29% per °C. The panel has a voltage (Vmpp) of 64.5 V, a nominal current of 6.05 A, and an efficiency of 22.1%. The manufacturer also indicates a lifetime of 25 years with a 92% drop in production, corresponding to an annual degradation of 0.25%. The proposed photovoltaic system consists of 7 × 2 panels connected in series and parallel with 4 m separation between each arrangement along and across the disused vehicular bridge at the PtR inlet (as shown in Figure 12 and Table 8). This configuration results in 394 arrangements, comprising 5516 panels with an installed power of 2.15 MW and an estimated annual production (EAP) of 4.71 GWh, assuming 6 h of solar peak. This amount of energy generation is equivalent to 1% of the energy consumption of the municipality of Carmen and 0.36% of the state of Campeche. However, accounting for the 20% system losses, the system is expected to generate energy equivalent to 0.8% of the municipality’s consumption and 0.29% of the state’s consumption.



There are various tools and platforms available to gather data on irradiance, irradiation, and the number of peak solar hours in a specific area. For example, the National Renewable Energy Laboratory’s REexplorer and the Prediction of Worldwide Energy Resource (POWER) tool, can provide valuable information based on climatological analysis. The POWER platform also evaluates incident irradiance horizontally and with different inclination angles based on latitude. The Photovoltaic Geographical Information System (PVGIS) by the European Commission is another platform that provides irradiance and irradiation data [56]. Based on the information gathered from these sources and the results obtained in this study, the recommended orientation of the photovoltaic panels is to the south with an inclination angle equal to the area’s latitude. This configuration minimizes the shadow effect between panels and allows space for power lines and maintenance personnel circulation. For the system, it is suggested to use INGECON Sun Power Series U B (1800 kW/1500 V) inverters, an INGECON Plant Controller, and a monitoring system.




3.4.3. Currents


For the study area, we propose a design with a turbine rotor diameter between 3–6 m integrated according to the depth of the area. Characteristic turbine speeds, such as the starting speed, nominal speed, and cut-off speed, are suitable for the site’s velocities (less than 1 ms−1), and the nominal power is adjusted accordingly. The turbine would have to be adapted to 6 m in diameter, and a depth of 4 m is necessary to install the rotor hub or shaft, which is permissible according to the site’s depth. To increase flow intensity in areas with low speeds, a casing using the Venturi effect is proposed. OpenCentre turbines with a diameter of 3–4 m, rotor depth, and optimized operating speeds are recommended in shallow sites with small vessel navigation. However, this proposal is only for significant emplacements 1 and 2 in PtR and 7 and 8 in CdC using SeaGen turbines. Up to 32 turbines are proposed, 16 in each inlet. For installation, it is suggested that two turbines are mounted on a single arm and in turn to the bridge pile, which will contain the mechanism to lower it to the depth of the site and raise it for maintenance. The turbines will have a separation of 8 m on the single arm, measured between the extremes of the diameter of each turbine. The separation between groups of turbines would be 40 m with one pile containing a turbine and the next without a turbine (Figure 12 and Table 9). We propose using submerged horizontal axis turbines with the apex of the blades located at least 1 m below sea level and 1 m away from the bottom. Since these turbines’ PCs are still unavailable, we assumed that the average efficiency of hydrokinetic turbines is 30%. Based on the current velocity analysis and the proposed turbine placement, an EAP of 237.16 MWh for PtR and 271.59 MWh for CdC can be obtained through tidal currents.




3.4.4. Hybrid Configuration


We estimate an AEP of 651.66 GWh, of which wind would contribute 646.44 GWh, solar radiation 4.71 GWh, and tidal currents 0.509 GWh. However, these values are not definitive, as they need to account for each system’s efficiency, cavitation, or thrust coefficient in the case of currents. These values will be lower under a more precise assessment considering efficiencies and losses; therefore, production will decrease. Assuming a 20% decrease due to efficiencies and various losses, an annual energy of 521.33 GWh is feasible, which is still enough produced energy. In the state of Campeche, during 2018, there was an energy consumption of 1315.61 GWh and of 472.9 GWh in the Carmen Municipality. Table 10 shows the energy contribution the hybrid system could contribute to the energy supply. The location of the hybrid system is viable since the potential generation of 521.33 GWh represents 39.61% of the state’s consumption or 10.21% higher than the consumption of the Carmen municipality.



The hybrid power system increases reliability due to the complementary nature of the power generation systems from renewable sources, reducing the variability between their sources [4,9,14,71,72]. This proposal highlights the significance of implementing a hybrid system, as the three evaluated systems complement each other, consistent with the findings of [14,72]. The wind system generates more energy at night when demand is higher. In contrast, the photovoltaic system generates more electricity during the day when wind speeds are lower due to breezes. The proposed hybrid system would be connected to the grid, largely avoiding the generation of electricity with fossil fuels and reusing existing infrastructure. Furthermore, it minimizes the impact on fauna. To resolve the intermittency caused by the absence of radiation or wind, a storage system could be added to the hybrid system in order to allow for a constant supply of generated energy. In addition, the proposed inverters and controllers are compatible with an energy storage system, which could be incorporated into the plant. Although, out of the scope of this study, it should be mentioned that hybrid systems can be optimized using specialized software, which can yield the optimal configuration of the system [73].






4. Conclusions


This work proposes a hybrid power system for the Terminos Lagoon region, combining wind, solar, and tidal energy sources. The proposed system would allow for substituting a significant part of the energy demand with renewables, preventing GHG emissions during the project’s lifetime. Additionally, hybrid systems improve reliability. Our analysis of numerical simulations using the WRF and MARS3D models has identified a high potential for wind and solar energy, while tidal currents’ contribution may be too small to be viable. In any case, tidal energy requires further research and development.



Our study evaluated the area’s wind, photovoltaic, and tidal current resources. We found that the Vestas wind turbine was the most suitable for the hybrid system with an estimated AEP of 517.15 GWh. The photovoltaic potential of the area was moderate with a power density of 268.45 Wm−2 for six peak solar hours, but implementation on the CdC bridge may be costly. The tidal current potential was limited due to shallow depths and low velocities, and further technical analysis is required to implement this component. Overall, the wind and photovoltaic components of the proposed system have the highest energy contribution, while the current section requires further research.



Our results indicate that the proposed hybrid system has significant energy potential in wind and irradiance. Although the contribution of currents is not considerable (0.509 GWh), the influence of the tide is predictable and has a dynamic effect throughout the day in the ebb or flow direction. Furthermore, our findings have important implications for the region’s energy needs. In 2018, the municipality of Carmen consumed 472.9 GWh out of the total energy consumption of 1315.61 GWh in the state of Campeche. Our proposed hybrid system, located in a viable location, could generate 521.33 GWh, representing 39.63% of the state’s consumption or 10.24% greater than the consumption of the municipality of Carmen. Various analyses, such as economic, environmental impact, technical justification, life cycle, and greenhouse gas mitigation analyses are necessary to assess the project’s viability, including a more detailed study of the hybrid system components and options (such as energy storage). However, our study provides a promising foundation for developing a renewable energy system that could significantly reduce the region’s dependence on non-renewable energy sources.
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Figure 1. Location of the Lagoon System, Terminos Lagoon, Campeche, México. 
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Figure 2. Location of the proposed emplacement points for (a) wind, (b) photovoltaic, and (c) tide. Emplacements 3 and 4 in (b,c) are not shown due to space constraints; they are located sequentially in each array. 
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Figure 3. Wind speed histogram at 100 m height for CdC (right) and PtR (left) inlets, showing the corresponding Weibull distribution (red curve). 
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Figure 4. Rose diagrams of wind speed magnitude (ms−1), direction (°), and frequency (%) at (a) CdC and (b) PtR. 
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Figure 5. The power density variability at each emplacement points at 10 and 100 m height is shown. (a,b) show the hourly average, while (c,d) show the monthly average. (e) Indicates the location of each emplacement point (color crosses). 
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Figure 6. (a) Irradiance occurrence analysis, the bars represent the percentage of time that each irradiance range is observed. The colors of the bars correspond to each of the emplacement locations. (b) Shows the location of the emplacement points. (c) Shortwave radiation surface (SWDN) time series. 
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Figure 7. Variability of the solar irradiance: (a) hourly average irradiance, (b) monthly average, and (c) location of the emplacement sites. The colored crosses indicate the location of each emplacement point. 






Figure 7. Variability of the solar irradiance: (a) hourly average irradiance, (b) monthly average, and (c) location of the emplacement sites. The colored crosses indicate the location of each emplacement point.



[image: Energies 16 03972 g007]







[image: Energies 16 03972 g008 550] 





Figure 8. Hourly vertical profile currents average velocity with emplacement points (a–f) representing PtR and (g–l) representing CdC. 
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Figure 9. Currents speed histogram at 4 m depth for CdC (right) and PtR (left) inlets, showing the corresponding Weibull distribution (red curve). 
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Figure 10. Rose diagrams of current speed magnitude (ms−1), direction (°), and frequency (%) at (a) CdC and (b) PtR. 
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Figure 11. Daily average of current velocity and power density for PtR (a–c) and CdC (d–f). The vertical profile of current velocity is depicted in (a,d), while the vertical profile of power density is shown in (b,e). The geographical location of emplacement point 2 is shown in (c) and emplacement point 8 in (f). Each day’s hourly data is indicated by a different color line. 
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Figure 12. Hybrid system distribution map showing the placement of each device in its respective locations with accurate scale representation. The map also includes the relevant details and specifications of each device. 
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Table 1. Input parameters of the WRF and MARS3D model simulations.
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WRF

	
MARS3D






	
Spatial resolution




	
93°17’32.64″ W

	
19°41’3.48″ N

	
92°12′48.24″ W

	
18°57′33.84″ N




	
90°43’55.56″ W

	
18°11’28.67″ N

	
91°13′44.04″ W

	
18°23′57.12″ N




	
Dx = 790 m

	
Dy = 790 m

	
Dx = 0.0027° (~300.3 m)

	
Dy = 0.0025° (~296.1 m)




	
Vertical resolution




	
30 levels

	
20 levels




	
Temporal resolution




	
1 h

	
1 h
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Table 2. The average wind speed magnitude at each emplacement points at 100 m height.
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Wind Speed (ms−1)






	
E1

	
E2

	
E3

	
Es4

	
E5

	
E6




	
6.97

	
6.93

	
6.91

	
6.85

	
6.86

	
6.85
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Table 3. Wind turbine models characteristics, the Annual Energy Produced (AEP), and the minimum and maximum Daily Energy Produced (DEP) for each inlet.
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Brand

	
Model

	
Diameter

(m)

	
Power

(MW)

	
CdC

	
PtR




	
AEP

(GWh)

	
DEP

(MWh)

	
AEP

(GWh)

	
DEP

(MWh)




	
Total

	
Min

	
Max

	
Total

	
Min

	
Max






	
Aerodyn

	
SCD 8.0/168

	
84

	
8

	
23.29

	
2.04

	
4.91

	
22.94

	
1.75

	
5.15




	
Vestas

	
V164-8.0

	
82

	
8

	
27.15

	
1.94

	
4.68

	
26.72

	
1.67

	
4.91




	
Enercon

	
E-126

	
63.5

	
7.58

	
26.72

	
1.16

	
2.81

	
18.87

	
1.0

	
2.94
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Table 4. Average solar irradiance and annual energy produced for a photovoltaic panel.
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Photovoltaic Energy




	
GSI

(Wm−2)

	
Irradiance

(kWhm−2)

	
Pp

(Wp)

	
PSH

(h)

	
GPE

(kWh)

	
AEP

(kWh)






	
268.45

	
6.14

	
390

	
6

	
2.34

	
854.1
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Table 5. Maximum and minimum current velocity (CV; ms−1) and power density (P/A; Wm−2) at 0.5 m and 4 m depth.






Table 5. Maximum and minimum current velocity (CV; ms−1) and power density (P/A; Wm−2) at 0.5 m and 4 m depth.





	

	
CdC

	
PtR




	
Period

(hrs)

	
01:00–06:00

	
13:00–18:00

	
01:00–06:00

	
13:00–18:00




	
Depth

(m)

	
CV

	
P/A

	
CV

	
P/A

	
CV

	
P/A

	
CV

	
P/A






	
0.5

	
0.54–0.6

	
79.49–109.85

	
0.54–0.62

	
83.32–121.84

	
0.74–0.82

	
212.37–283.01

	
0.74–0.83

	
207.81–291.59




	
4.0

	
0.5–0.56

	
63.72–90.87

	
0.5–0.58

	
62.9–100.11

	
0.62–0.69

	
125.07–172.24

	
0.63–0.72

	
129.6–189.08
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Table 6. Wind turbines comparison according to their efficiency and performance (HAWT). The estimated annual production (EAP) of each model for each of the mouths is also shown.
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Trademark

	
Model

	
Diameter

(m)

	
Power

(MW)

	
EAP

(GWh)




	
CdC

	
PtR






	
Aerodyn

	
SCD 8.0/168

	
84

	
8

	
23.29

	
22.94




	
Vestas

	
V164-8.0

	
82

	
8

	
27.15

	
26.72




	
Enercon

	
E-126

	
63.5

	
7.58

	
19.17

	
18.87
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Table 7. Characteristics of the wind turbine arrangement for the proposed photovoltaic system.






Table 7. Characteristics of the wind turbine arrangement for the proposed photovoltaic system.





	
Wind Power Plant






	
Model

	
Vestas V164-8.0




	
Diameter

	
164 m




	
Rated Power

	
8 MW




	
Offshore distance

	
1.5 km




	
Max depth

	
10 m




	
Rotor height

	
100 m (MSL)




	
Diameters separation

	
4D




	
Number of emplacements

	
24




	
Installed potency

	
192 MW
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Table 8. Characteristics of the solar panel arrangement for the proposed photovoltaic system.
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Photovoltaic Power Plant






	
Model

	
Maxeon 3




	
Peak power

	
390 Wp




	
Number of panels

	
5516




	
Arrangement

	
7 × 2




	
Arrangements separation

	
4 m




	
Installed potency

	
2.15 MW
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Table 9. Characteristics of the current turbine arrangement for the proposed photovoltaic system.
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Tidal Currents Power Plant






	
Diameter

	
6 m




	
Rotor depth

	
4 m




	
Turbine arrangement

	
2 on each pile




	
Separation between turbines

	
8 m




	
Separation between arrays

	
40 m




	
Power density in CdC

	
114.22 Wm−2




	
Power density in PtR

	
99.74 Wm−2




	
Total turbines

	
32
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Table 10. Annual Energy Produced (AEP) by the hybrid system and its contribution from each of the evaluated systems, concerning the energy consumption of the Carmen municipality and the state of Campeche for the year 2018.
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AEP GWh




	

	
Relationship by Consumption in:




	
System

	
AEP GWh

	
AEP GWh

−20% (Losses)

	
Carmen Municipality

(%)

	
Campeche State

(%)






	
Wind

	
646.44

	
517.15

	
>9.36

	
39.30




	
Photovoltaic

	
4.71

	
3.77

	
0.8

	
0.29




	
Tidal currents

	
0.509

	
0.407

	
0.086

	
0.03




	
Hybrid

	
651.66

	
521.33

	
>10.25

	
39.62
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