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Abstract

:

The Energetic Transition Law in Mexico has established that in the next years, the country has to produce at least 35% of its energy from clean sources in 2024. Based on this, a proposal in this study is the cogeneration between the principal thermal power plants along the Mexican states of the Gulf of Mexico with modeled wind farms near to these thermal plants with the objective to reduce peak electricity demand. These microscale models were done with hourly MERRA-2 data that included wind speed, wind direction, temperature, and atmospheric pressure with records from 1980–2018 and taking into account roughness, orography, and climatology of the site. Wind speed daily profile for each model was compared to electricity demand trajectory, and it was seen that wind speed has a peak at the same time. The amount of power delivered to the electric grid with this cogeneration in Rio Bravo and Altamira (Northeast region) is 2657.02 MW and for Tuxpan and Dos Bocas from the Eastern region is 3196.18 MW. This implies a reduction at the peak demand. In the Northeast region, the power demand at the peak is 8000 MW, and for Eastern region 7200 MW. If wind farms and thermal power plants work at the same time in Northeast and Eastern regions, the amount of power delivered by other sources of energy at this moment will be 5342.98 MW and 4003.82 MW, respectively.
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1. Introduction


One of the world’s biggest problems is that population always is increasing and some countries have over dependence on energy generation. In the world, primary energy consumption growth averaged 2.2% in 2017, up from 1.2% last year and the fastest since 2013. This compares with the 10-year average of 1.7% per year [1]. In 2016, generation from combustible fuels accounted for 67.3% of total world gross electricity production (of which: 65.1% from fossil fuels; 2.3% from biofuels and waste), hydroelectric plants (including pumped storage) provided 16.6%; nuclear plants 10.4%; geothermal, solar, wind, tide, and other sources 5.6%; and biofuels and waste made up the remaining 2.3% [2]. It is known that energy supply side and demand side is essential to the correct usage of energy [3], and this is important to nations because it depends on the effectiveness of its power systems and the availability of power supply at the load centers [4]. It is important to define the concepts of load and electricity demand, on the one hand to understanding load of an electric power distribution as the final stage of the system that converts electric energy in another form of energy; respecting electricity demand is known as the electric power related on a period of time, that uses load to work.



In Mexico, electricity demand is considered decisive in social and economic development and consequently in the improvement of the economic conditions. The maximum demand for electrical energy occurs mainly during the summer season, between May and September, when the heat is more severe in the north and southeast of the country. As a result, the use of ventilation equipment is increased to maintain the temperature at more comfortable levels and the values necessary for the proper functioning of certain appliances are regulated. In 2017, the energy independence index, which shows the relationship between production and national energy consumption, was equivalent to 0.76. This result implies that the amount of energy produced in the country was 24.0% less than that which was made available in the various consumer activities in the national territory. In the course of the last ten years, this indicator decreased in an average annual rate of 5.0% [5]. An alternative will be the use of renewable energy, the Transition Energetic Law establish a renewable energy minimal participation in electricity generation of 25%, 30% and 35% in 2018, 2021, and 2024, respectively [6]. In the energetic mix, renewable energies have a participation of 14%, the technologies most used are hydraulic, and wind energy contributed with 3% or 38.23 PJ in 2017 [7].



Peak electricity demand is a global policy concern which creates transmission constraints and congestion, and raises the cost of electricity for all end-users [8]. Also, a considerable investment is required to upgrade electricity distribution and transmission infrastructure, and build generation plants to provide power during peak demand periods [9]. This is important because usually service suppliers charge a higher price for services at peak-time than for off-peak time to compensate for the costly electricity generation at peak hours [10]. Thus, if peak demand is reduced, electric system will be benefited. In addition to these benefits a study done by the authors of Reference [11] determine that it can eliminate the need to install expensive extra generation capacity such as combustion turbines for peak hours which are less than a hundred hours a year. With this information regions will be considered where demand complies with the conditions to have the necessary hours. Another benefit is for consumers, because if they know the period of time of peak demand and decrease their consumption, they can avoid higher electricity prices. An option to reduce peak demand is installing peak plants but the economic benefit does not justify the investment. Usually these peak plants use fossil fuel and the result is more generation of greenhouse gases [12].



The use of wind energy to support the electric demand mainly during its peak period is an alternative to reduce fossil fuel combustion and greenhouse gas emissions. Wind is intermittent and uncertain, which represents a problem in power systems [13]. A study done by the authors of Reference [14] established that due to the unpredictable nature of wind energy and non-coincidence between wind units output power and demand peak load, wind units are deemed as an unreliable source of energy. In this study a stochastic mathematical model was developed for the optimal allocation of energy storage units in active distribution networks in order to reduce wind power spillage and load curtailment while managing congestion and voltage deviation.



In New York State the intraregional effects were illustrated by quantifying the net load, net load ramping, operating reserve, and regulation requirements, the study found out that only at wind capacities exceeding 100% of the average statewide load does the wind-generated electricity meet significant portions of the distant demands [15].



An improved energy hub system combined with cooling, heating, and power integrated with photovoltaic and wind turbine, demonstrated that operation cost and carbon emission were reduced by 3.9% and 2.26%, respectively [16]. In Canada a battery storage system to minimize the energy drawn from the public grid was proposed This storage system was charged from wind turbines and the energy stores were discharged to a park when the wind park power dropped below 0 kW and the storage system was able to offset 17.2 MWh but the financial gain was insufficient to offset the net energy losses in the storage system [17].



About cogeneration, in China Reference [18] established the relationship between a wind farm and a thermal power plant, in this study the difference between wind power profits and thermal power is only analyzed in terms of cost differences, and no comparison of other data is involved. According to this, the specific example of Gansu Province not only shows the difference in earnings before and after the peak-to-peak adjustment of wind power, but also indicates that the large-scale auxiliary adjustment of wind power can ensure that thermal power generators can participate in deep-peaking with reasonable returns; Reference [19] analyses and compares several existing kinds of distributed energy storage for improving wind power integration. Then considering a mass of cogeneration units in north China, control strategy for wind power integration is proposed to reduce the peak regulation capacity for wind power integration. As a result, the peak–valley load difference can be equivalently reduced to relieve peaking pressure for wind power integration.



In Northern China a proposal were made suggesting that if the energy carrier for part of the end users space heating is switched from heating water to electricity (e.g., electric heat pumps can provide space heating in the domestic sector), the ratio of electricity to heating water load should be adjusted to optimize the power dispatch between cogeneration units and wind turbines, resulting in fuel conservation, they found out that with the existing infrastructures are made full use of, and no additional ones are required [20]. Bexten et al. [21] investigate a system configuration, which incorporates a heat-driven industrial gas turbine interacting with a wind farm providing volatile renewable power generation. The study quantifies the impact of selected system design parameters on the quality of local wind power system integration that can be achieved with a specific set of parameters. Results show that the investigated system configuration has the ability to significantly increase the level of local wind power integration.



In this study a methodology is proposed, which consists in locating thermal power plants along the five states of the Gulf of Mexico (Tamaulipas, Veracruz, Tabasco, Campeche, and Yucatan) and evaluating wind resources next to these plants with the objective to determine the power output generated and their contribution to reduce the peak electricity demand. For the geographic position of Mexican states along the Gulf of Mexico, see Figure 1.




2. Material and Methods


2.1. Data


Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) provides re-analysis data such as: wind speed and wind direction at 50 m height, temperature at 2 m and 10 m, and atmospheric pressure with records from 1980–2018. The resolution of every point downloaded is 50 km covering all the Mexican states along the Gulf of Mexico including offshore points, which can all be observed in Figure 2. Several studies have used MERRA-2 to determine wind characteristics, as did Reference [22] in the Central Californian Coast, assessing offshore conditions. A study about wind and rainfall areas of tropical cyclones making landfall over South Korea was examined for the period 1998–2013 using MERRA-2 data. It was determined that composite analyses of the cases of strong and weak vertical wind shear confirm that the increase of rainfall area is related to the asymmetric convection (rising/sinking motion in the downshear-left/upshear-right side) induced by the vertical wind shear [23]. An investigation on prediction of wind power because of climate change was made using MERRA-2 among other re-analysis data [24]. As can be seen, MERRA-2 data have been used with excellent results on wind assessment.



In total, 142 MERRA-2 points, 61 in Tamaulipas, 31 in Veracruz, 9 in Tabasco, 24 in Campeche and 17 in Yucatan.




2.2. Thermal Power Plants


There are 22 thermal power plants in Mexico that generate electricity. These plants work on a combined cycle with gas turbines. This generation contributes 55.6% of all electricity in the country [25]. Along the Gulf of Mexico, the most important plants are located as follows: two in the state of Veracruz, one called Adolfo Lopez Mateos with capacity of 2263 MW and Dos Bocas with capacity 350 MW. In the state of Tamaulipas there are two, Rio Bravo and Altamira, with capacity of 800 MW and 1039 MW respectively [26]. Figure 3 shows the geographic position of these thermal power plants. Unfortunately, there are no thermal plants located in the states of Tabasco, Campeche, and Yucatan.




2.3. Wind Assessment


Wind characterization is essential to determine its power at a given site. Its assessment depends mainly on the orography, roughness, and generalized climatology.



Statistically it can be characterized as a probability density function (PDF) that can be interpreted as the probability that the random variable x lies in a differential range, dx, about a value x is f(x)dx. More specific statements about the probability that the unsteady variable x, lies in a particular range a ≤ x ≥ b, this expression is given by Equation (1).


P=(a≤x≤b)=∫abf(x)dx,



(1)







Another PDF used in wind assessment is the Weibull distribution for the wind speed (u) that has two parameters: shape parameter (k) and scale parameter (c). This is expressed in Equation (2):


f(u)=kc(uc)k−1e−(uc)k,



(2)







The power in the wind is the product of mass flow rate through turbine blades ρUA, and the kinetic energy per unit mass in the wind, U2/2. The average power in the incoming wind is presented in Equation (3) [27].


P=12ρAU3CP,



(3)




where ρ is the density of air, CP is the power coefficient, A is the rotor swept area, U is the wind speed and P is the wind turbine power output.




2.4. Peak Electrical Demand


In Mexico the National Energy Control Center (NECC) divided the country in seven regions. This division is called National Interconnected System [28], and is based in two electric regions: Northeast and Eastern [29]. These regions can be seen in Figure 4.



NECC shows information about demand forecasting, net demand, and total demand. It uses three methodologies to calculate demand forecasting: moving average that is optimal for random or leveled demand patterns where the impact of historical irregular elements is to be eliminated through an approach of periods of up to 7 days previously. This methodology is the most used by NECC and is given by Equation (4)


X^t=∑i=1nxt−1n,



(4)




where X^t is the energy demand average in period t; Xt−1 is the real demand for the periods prior to t and the number of observations n.



The second method is weighted moving average, a variation of moving average. While in moving average all data has the same weight, in weighted moving average each data is assigned with a specific weight, always considering that total sum will be 100% and is expressed as Equation (5):


X^t=∑i=1ncixt−1,



(5)




where X^t is the energy demand average in period t; ci weighted factor; xt−1 is the real demand for the periods prior to t and the number of observations n.



The third method is called multiple linear regression, where both independent and dependent variables working with the independent variable variation to forecasting the dependent variable. Multiple linear regression is given by Equation (6):


DF=β0+β1x1+⋯+βnxn+ε,



(6)




where DF is Demand Forecasted; x1, …xn independent variables; β0…βn coefficients which are calculated by least squares; n number of data and ε is a random error term.



Several studies about peak demand where demand consumers participate have established two typical types of programs. The first one is an incentive-based program the end users are encouraged by the incentive payments to reduce their load demands, and thus to help improve the feasibility and stability of the power system [30]. This program usually includes direct load control and demand bidding [31]. The second one is price-based, and in this case final consumers are encouraged to configure their energy usage patterns according to electricity demand curve. These price-based programs consist in observing critical peaking pricing, time of use pricing, and time pricing [32,33].



Figure 5 presents two demand curves, each one by region. These demand curves have been developed with the aim to estimate the current hourly electricity demand profiles with a temporal resolution of 1 h based in 2018.



As seen in Figure 5, the behavior of electric demand varies among regions, Figure 5a at Northeast the peak appears in range of 16:00–18:00 h and has another peak during 22:00–24:00 h. This is because the consumption increases in the first peak due to domestic use and the second electricity peak is due to industrial sector and in Figure 5b the Eastern region presents a peak demand during 21:00–23:00 h, mainly for industrial activities.



These demand curves will be used and compared to wind daily profile to consider it as wind power.





3. Results and Discussion


Along the Gulf of Mexico 142 MERRA-2 points have been assessed with wind speed information. 4 sites around thermal power plants have been chosen and the amount of power output generated has been calculated to reduce peak electricity demand.



3.1. Wind Resource Assessment


Wind has been converted as resource along the Gulf of Mexico; this means that mainly both roughness and orography have been taken into account.



3.1.1. Rio Bravo, Altamira, Tuxpan, and Dos Bocas


Four MERRA-2 points were located near thermal power plants, their geographic information is presented in Table 1.



In Appendix A Table A1, Table A2, Table A3 and Table A4 hourly mean wind speed are presented by month for MERRA-2 points. In each one of them wind speed behavior can be appreciated.



A typical wind year can be compared to electricity demand to identify its trajectory, so that it could be seen if in the peak demand there existed a peak wind. To probe it, Figure 6 and Figure 7 represent both electricity demand and wind speed of Rio Bravo, Altamira, Tuxpan, and Dos Bocas respectively.



As can be observed in Figure 6, wind speed trajectory has an increase in the last hours as the electricity demand does as follows: Figure 6a 6.8 m/s to 7.6 m/s and Figure 6b 5 m/s to 6.5 m/s both during 21:00 h to 24:00 h. Although Figure 6b does not follow the entire trajectory, at the end of the day the last 4 h (21:00–24:00) when the demand begins to grow, wind also does. In Figure 7a 4.5 m/s to 6.5 m/s and Figure 7b 5 m/s to 6 m/s both between 20:00 h to 24:00 h. This could be considered to model a potential source of power.



Determining wind speed features correctly means that the model that will be designed will have more accuracy. In Table 2, statistical information at the points studied is presented.




3.1.2. Microscale Model


One of the critical criteria to place wind turbines is to assess wind resource and determine if the site have features as transmission lines, substations, and roads, among others.



A microscale model has been done on WAsP software including roughness and orography features. In Figure 8 and Figure 9 the four sites are shown microscale modeled. Each one has an array of seven wind turbines placed to avoid wake effect. Wind turbines generators (WTG) are selected according to wind features at the site.



Modeled areas show different types of wind resource, and the resolution is 10 km. The areas of high wind energy potential are better identified. An advantage of microscale modelling is to extrapolate onsite measurements to the prospective turbine sites to modify the background atmospheric conditions and account for topographic induced speedups, turbulence, and wind shear [34]. The x and y axes are represented in UTM scale, in Figure 8a the zone presents a wind power density between 261 W/m2 to 286 W/m2, WTG type GEWind 77 were placed to avoid wake effects; Figure 8b presents a zone with 170 W/m2, level curves show hills in this area and were harnessed to place WTG type BONUS 600 kW along it. In Figure 9a, this zone is in front of the sea, an area with 142 W/m2, wind turbines VESTAS V82-1650 kW were used; Figure 9b. In Dos Bocas there is a wind power density of 144 W/m2. Seven WTC type BONUS 600 kW were placed at the top of the hills.




3.1.3. Power Output Generation and Electricity Peak Demand


In the northeast region, peak demand occurs twice per day, the first period at 17:00 h and the second one at 24:00 h. These peaks represent a higher price of electricity by consumers. Wind speed at Rio Bravo behaves similarly to electricity demand curve, wind daily profile has two peaks, and these at the same time. Meanwhile, wind speed profile in Altamira only has one peak at the end of the day, even so power can be extracted from the wind. The power contribution by two wind farms placed in Rio Bravo and Altamira in the state of Tamaulipas, respectively, is shown in Table 3.



In the state of Veracruz located at the eastern electricity region, wind has been analyzed near two thermal power plants. In this region, electricity demand has a peak that occurs at 22:00 h in both Tuxpan and Dos Bocas, and wind speed trajectory shows that it can contribute delivering electricity to the grid at the same time that peak demand occurs. Table 4 presents the power output generated of two wind farms at the state of Veracruz.



If the period of time and the wind speed are taken into account when peak demand is increasing, it will be able to calculate how much energy could be extracted in each point, see Table 5.



As shown in Table 5, electric power generated by each wind farm could contribute to reduce peak demand. The electric power generated by region indicate an amount of 2657.02 MW for Northeast and 3196.18 MW for Eastern. This is the power delivered to the electric grid.



Wind resource assessment is fundamental to determine the site where wind can be used to generated electric power. Another variable that can be considered is the place, which is important taking into account electricity required, as mentioned in Reference [9]. In this work, wind farms were modeled near to thermal power plants and used their electric infrastructure. It was found the hours at day were both electricity demand and wind speed have their peaks, whit this information could benefit end-users as studied [12] that establish if consumers know the period of time were peak demand occurs could avoid higher electricity prices. This work presents a methodology to assess wind speed and calculate the power delivered to the grid, but is important to mention that if only wind speed is assessed and other variables such as roughness, orography, and climatology are not considered, wind cannot be considered as an unreliable source, as did Reference [15]. To avoid this problem, a proposal of cogeneration with thermal power plants has been made, in comparison with Reference [18] where a cost analysis was its main objective, we have analyzed wind data trajectory to reduce peak demand.



The proposal of connection to the power grid is based on the thermal power plant of Dos Bocas. The same connection is considered for the other thermal plants. In this case, the nominal power, that is, 350 MW, and the wind farm nominal power of 10.5 MW, is equivalent to 3% of the total substation capacity which indicates that the connection is possible. For Rio Bravo 800 MW, the connection will represent 1.3%, Altamira 1039 MW will be 1%, and Tuxpan 2263 MW. This connection represents 0.4% of the substation capacity.



Regarding the impact of new wind farms on power grids, Reference [35] established that power losses in distribution systems vary with numerous factors depending on the system configuration, such as level of losses through transmission and distribution lines, transformers, capacitors, and insulator, among others. In the case of this study, all the power losses were calculated in the original design. Appendix B shows a single line diagram where the transmission lines and the node modified with the connected wind farm can be seen.






4. Conclusions


The microscale model increased the accuracy of wind assessment to place wind farms. This is because when running the microscale model, several variables are taken into account such as roughness, orography, and climatology. In this study, four sites were assessed to model wind farms using MERRA-2 data, wind speed, wind direction, temperature, and atmospheric pressure, with records from 1980–2018.



The electricity that wind farms generate is delivered over transmission and distribution power lines. High-voltage transmission lines carry electricity over long distances to where consumers need it. More distance means more losses. The amount of power produced by each wind farm could contribute to the power produced by a thermal plant. In total for Northeast region they can deliver to the grid 2657.02 MW at peak demand. If there is 8000 MW demanded at this moment, the reduction will be at 5342.98 MW. At the Eastern region, the thermal power plant called Tuxpan is the biggest one in Mexico, so the amount of power in both wind farms and thermal plants is higher than Northeast. In this case, the total production is 3196.18 MW, and peak demand power delivered is 7200 MW if wind farms and thermal power plants work at the same time. The amount of power at this moment will be 4003.82 MW. There could be several techniques to contribute to decreased peak demand, energy storage technologies, and faster response times, but the most important is to nurture future generations.



The impact of the thermal power plants, once they have the contribution of wind energy, can be considered as follows: the efficiency for Rio Bravo and Altamira could be 31% and for Tuxpan and Dos Bocas 47%; the capacity factor, 36% and 56% respectively, however, the volatility and availability of wind in the entire year must be considered.



Mexico’s main objective is to reach 35% of its electricity generated by clean sources in 2024. Employing this type of generation is important to contemplate both the trajectory of electricity demand and wind speed and to avoid a duck-curve that represents several renewable sources being contributed during the day but not at night, as solar or when wind does not has enough potential, e.g., Northeast curve has two peaks during the day, the first one peak is at 17:00 h and the second one is at 24:00 h, at this hour solar energy cannot be consider and if at this time does not flow the wind, the peak demand will increase and the prices will also do it.
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Table A1. Hourly mean wind speed in Rio Bravo Mexico.






Table A1. Hourly mean wind speed in Rio Bravo Mexico.





	
Hour

	
Wind Speed [m/s]




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
0:00

	
7.1

	
7.7

	
8.4

	
8.5

	
8.6

	
8.6

	
8.8

	
8.2

	
7.1

	
7.3

	
7.2

	
6.9




	
1:00

	
7.2

	
7.8

	
8.3

	
8.3

	
8.3

	
8.3

	
8.4

	
7.8

	
7.0

	
7.3

	
7.3

	
7.0




	
2:00

	
7.1

	
7.6

	
8.0

	
7.9

	
7.8

	
7.8

	
7.8

	
7.3

	
6.6

	
7.0

	
7.1

	
6.9




	
3:00

	
6.9

	
7.3

	
7.7

	
7.6

	
7.4

	
7.4

	
7.4

	
6.9

	
6.3

	
6.7

	
6.9

	
6.8




	
4:00

	
6.8

	
7.1

	
7.4

	
7.3

	
7.2

	
7.1

	
7.1

	
6.5

	
5.9

	
6.4

	
6.8

	
6.7




	
5:00

	
6.6

	
7.0

	
7.2

	
7.2

	
7.1

	
6.8

	
6.8

	
6.2

	
5.6

	
6.2

	
6.6

	
6.6




	
6:00

	
6.6

	
7.0

	
7.1

	
7.1

	
7.0

	
6.6

	
6.6

	
5.9

	
5.3

	
6.0

	
6.5

	
6.5




	
7:00

	
6.5

	
6.9

	
7.1

	
7.1

	
6.9

	
6.4

	
6.4

	
5.6

	
5.1

	
5.9

	
6.5

	
6.5




	
8:00

	
6.5

	
6.9

	
7.1

	
7.0

	
6.9

	
6.3

	
6.2

	
5.3

	
4.9

	
5.8

	
6.5

	
6.4




	
9:00

	
6.5

	
6.9

	
7.1

	
7.0

	
6.8

	
6.1

	
6.0

	
5.1

	
4.8

	
5.7

	
6.5

	
6.5




	
10:00

	
6.6

	
6.9

	
7.1

	
7.0

	
6.8

	
6.0

	
5.8

	
5.0

	
4.8

	
5.6

	
6.5

	
6.5




	
11:00

	
6.6

	
6.9

	
7.1

	
7.0

	
6.8

	
5.9

	
5.7

	
4.9

	
4.7

	
5.6

	
6.4

	
6.5




	
12:00

	
6.6

	
6.9

	
7.1

	
6.9

	
6.6

	
5.7

	
5.5

	
4.7

	
4.7

	
5.6

	
6.4

	
6.4




	
13:00

	
6.5

	
6.7

	
6.8

	
7.1

	
7.3

	
6.6

	
6.4

	
5.2

	
4.5

	
5.3

	
6.3

	
6.4




	
14:00

	
6.1

	
6.7

	
7.6

	
7.8

	
7.8

	
6.9

	
7.1

	
5.9

	
5.1

	
5.6

	
6.0

	
5.9




	
15:00

	
6.6

	
7.4

	
8.0

	
7.9

	
7.8

	
6.9

	
7.1

	
5.9

	
5.3

	
6.2

	
6.8

	
6.5




	
16:00

	
7.0

	
7.4

	
7.9

	
7.7

	
7.6

	
6.7

	
7.1

	
5.9

	
5.4

	
6.2

	
7.0

	
7.0




	
17:00

	
7.0

	
7.2

	
7.7

	
7.5

	
7.4

	
6.7

	
7.1

	
5.9

	
5.4

	
6.1

	
6.9

	
6.9




	
18:00

	
6.8

	
7.0

	
7.5

	
7.3

	
7.3

	
6.8

	
7.2

	
6.1

	
5.6

	
6.1

	
6.7

	
6.7




	
19:00

	
6.7

	
6.9

	
7.4

	
7.3

	
7.3

	
7.1

	
7.5

	
6.5

	
5.8

	
6.1

	
6.5

	
6.5




	
20:00

	
6.6

	
6.8

	
7.4

	
7.4

	
7.5

	
7.4

	
7.9

	
6.9

	
6.1

	
6.3

	
6.5

	
6.4




	
21:00

	
6.5

	
6.9

	
7.5

	
7.6

	
7.8

	
7.8

	
8.3

	
7.3

	
6.4

	
6.5

	
6.5

	
6.4




	
22:00

	
6.5

	
7.1

	
7.8

	
7.9

	
8.1

	
8.2

	
8.6

	
7.8

	
6.7

	
6.8

	
6.6

	
6.3




	
23:00

	
6.7

	
7.4

	
8.1

	
8.3

	
8.5

	
8.5

	
8.8

	
8.1

	
6.9

	
7.0

	
6.8

	
6.5
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Table A2. Hourly mean wind speed in Altamira Mexico.






Table A2. Hourly mean wind speed in Altamira Mexico.





	
Hour

	
Wind Speed [m/s]




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
0:00

	
6.7

	
7.1

	
8.0

	
8.0

	
7.2

	
6.3

	
5.7

	
5.4

	
5.7

	
6.1

	
6.3

	
6.5




	
1:00

	
6.7

	
7.1

	
7.7

	
7.6

	
7.0

	
6.2

	
5.7

	
5.4

	
5.6

	
6.1

	
6.3

	
6.5




	
2:00

	
6.5

	
6.8

	
7.2

	
7.1

	
6.7

	
6.1

	
5.5

	
5.2

	
5.5

	
5.9

	
6.2

	
6.4




	
3:00

	
6.1

	
6.3

	
6.6

	
6.5

	
6.3

	
5.8

	
5.3

	
5.0

	
5.1

	
5.6

	
5.9

	
6.1




	
4:00

	
5.7

	
5.8

	
6.0

	
5.8

	
5.7

	
5.5

	
5.1

	
4.7

	
4.7

	
5.3

	
5.5

	
5.7




	
5:00

	
5.3

	
5.3

	
5.4

	
5.2

	
5.1

	
5.1

	
4.8

	
4.3

	
4.3

	
4.9

	
5.2

	
5.3




	
6:00

	
5.0

	
4.9

	
4.9

	
4.7

	
4.6

	
4.7

	
4.4

	
3.9

	
4.0

	
4.6

	
4.9

	
5.0




	
7:00

	
4.8

	
4.6

	
4.6

	
4.3

	
4.2

	
4.2

	
4.0

	
3.5

	
3.7

	
4.3

	
4.7

	
4.9




	
8:00

	
4.7

	
4.4

	
4.3

	
4.1

	
3.9

	
3.8

	
3.6

	
3.2

	
3.5

	
4.2

	
4.6

	
4.8




	
9:00

	
4.7

	
4.4

	
4.1

	
3.9

	
3.7

	
3.5

	
3.3

	
2.9

	
3.5

	
4.1

	
4.5

	
4.8




	
10:00

	
4.7

	
4.4

	
4.1

	
3.9

	
3.6

	
3.3

	
3.1

	
2.8

	
3.5

	
4.1

	
4.5

	
4.8




	
11:00

	
4.8

	
4.4

	
4.1

	
3.9

	
3.5

	
3.2

	
3.0

	
2.7

	
3.5

	
4.1

	
4.6

	
4.8




	
12:00

	
4.8

	
4.5

	
4.1

	
3.9

	
3.5

	
3.1

	
2.9

	
2.7

	
3.6

	
4.2

	
4.6

	
4.8




	
13:00

	
4.9

	
4.5

	
4.2

	
3.9

	
3.6

	
3.1

	
2.8

	
2.6

	
3.5

	
4.2

	
4.7

	
4.8




	
14:00

	
4.8

	
4.6

	
4.3

	
4.1

	
3.8

	
3.2

	
2.9

	
2.7

	
3.5

	
4.1

	
4.6

	
4.8




	
15:00

	
4.8

	
4.7

	
4.5

	
4.2

	
3.9

	
3.3

	
3.0

	
2.7

	
3.5

	
4.1

	
4.6

	
4.7




	
16:00

	
4.8

	
4.7

	
4.6

	
4.4

	
4.1

	
3.4

	
3.1

	
2.8

	
3.6

	
4.1

	
4.7

	
4.7




	
17:00

	
4.8

	
4.7

	
4.8

	
4.6

	
4.4

	
3.7

	
3.4

	
2.9

	
3.7

	
4.1

	
4.6

	
4.7




	
18:00

	
4.8

	
4.8

	
5.0

	
5.1

	
4.9

	
4.1

	
3.7

	
3.3

	
3.9

	
4.3

	
4.6

	
4.6




	
19:00

	
4.8

	
5.1

	
5.5

	
5.6

	
5.3

	
4.5

	
4.2

	
3.7

	
4.3

	
4.5

	
4.7

	
4.7




	
20:00

	
5.1

	
5.5

	
6.1

	
6.3

	
5.9

	
5.0

	
4.7

	
4.2

	
4.7

	
4.8

	
5.0

	
4.9




	
21:00

	
5.5

	
6.1

	
6.9

	
7.1

	
6.4

	
5.5

	
5.2

	
4.7

	
5.1

	
5.2

	
5.4

	
5.3




	
22:00

	
6.1

	
6.7

	
7.6

	
7.7

	
6.9

	
5.9

	
5.5

	
5.1

	
5.4

	
5.6

	
5.8

	
5.8




	
23:00

	
6.4

	
7.1

	
8.0

	
8.1

	
7.1

	
6.2

	
5.7

	
5.3

	
5.6

	
5.9

	
6.1

	
6.1
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Table A3. Hourly mean wind speed in Tuxpan Mexico.
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Hour

	
Wind Speed [m/s]




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
0:00

	
6.0

	
6.5

	
7.0

	
7.2

	
7.2

	
6.6

	
6.0

	
5.6

	
5.5

	
5.8

	
5.9

	
5.9




	
1:00

	
5.8

	
6.2

	
6.5

	
6.7

	
6.8

	
6.4

	
5.9

	
5.5

	
5.5

	
5.7

	
5.8

	
5.7




	
2:00

	
5.4

	
5.7

	
5.9

	
6.1

	
6.2

	
5.9

	
5.6

	
5.2

	
5.3

	
5.5

	
5.6

	
5.5




	
3:00

	
5.1

	
5.2

	
5.4

	
5.5

	
5.7

	
5.5

	
5.3

	
4.9

	
4.9

	
5.2

	
5.3

	
5.2




	
4:00

	
4.9

	
4.9

	
5.1

	
5.1

	
5.2

	
5.0

	
4.9

	
4.4

	
4.5

	
4.8

	
5.0

	
5.0




	
5:00

	
4.9

	
4.8

	
4.9

	
4.9

	
4.8

	
4.5

	
4.5

	
3.9

	
4.2

	
4.6

	
4.9

	
5.0




	
6:00

	
4.9

	
4.7

	
4.8

	
4.7

	
4.5

	
4.1

	
4.1

	
3.6

	
4.0

	
4.5

	
4.8

	
4.9




	
7:00

	
4.9

	
4.7

	
4.6

	
4.5

	
4.3

	
3.8

	
3.8

	
3.4

	
3.9

	
4.5

	
4.8

	
4.9




	
8:00

	
4.9

	
4.7

	
4.6

	
4.4

	
4.2

	
3.6

	
3.6

	
3.2

	
3.9

	
4.5

	
4.8

	
4.9




	
9:00

	
4.9

	
4.7

	
4.6

	
4.4

	
4.1

	
3.4

	
3.4

	
3.1

	
4.0

	
4.6

	
4.8

	
4.9




	
10:00

	
4.9

	
4.7

	
4.6

	
4.4

	
4.0

	
3.3

	
3.2

	
3.0

	
4.0

	
4.6

	
4.8

	
4.9




	
11:00

	
4.9

	
4.7

	
4.5

	
4.3

	
3.9

	
3.2

	
3.1

	
3.0

	
4.0

	
4.7

	
4.8

	
4.9




	
12:00

	
4.9

	
4.7

	
4.5

	
4.2

	
3.7

	
3.1

	
3.0

	
3.0

	
4.0

	
4.6

	
4.8

	
4.9




	
13:00

	
4.9

	
4.5

	
4.3

	
4.1

	
3.7

	
3.1

	
3.0

	
2.9

	
3.9

	
4.5

	
4.7

	
4.8




	
14:00

	
4.7

	
4.5

	
4.4

	
4.1

	
3.7

	
3.2

	
3.1

	
2.9

	
3.8

	
4.3

	
4.6

	
4.7




	
15:00

	
4.7

	
4.6

	
4.4

	
4.1

	
3.7

	
3.2

	
3.1

	
2.8

	
3.7

	
4.3

	
4.6

	
4.7




	
16:00

	
4.8

	
4.7

	
4.6

	
4.3

	
3.8

	
3.4

	
3.3

	
2.9

	
3.8

	
4.3

	
4.6

	
4.7




	
17:00

	
4.8

	
4.8

	
4.8

	
4.7

	
4.2

	
3.8

	
3.6

	
3.2

	
3.9

	
4.4

	
4.7

	
4.7




	
18:00

	
4.9

	
5.0

	
5.2

	
5.1

	
4.8

	
4.4

	
4.1

	
3.6

	
4.1

	
4.5

	
4.8

	
4.8




	
19:00

	
5.1

	
5.4

	
5.7

	
5.7

	
5.4

	
5.1

	
4.6

	
4.1

	
4.4

	
4.7

	
4.9

	
4.9




	
20:00

	
5.3

	
5.7

	
6.2

	
6.3

	
6.0

	
5.7

	
5.2

	
4.6

	
4.7

	
4.9

	
5.1

	
5.1




	
21:00

	
5.6

	
6.0

	
6.7

	
6.8

	
6.5

	
6.2

	
5.6

	
5.0

	
5.1

	
5.2

	
5.3

	
5.3




	
22:00

	
5.8

	
6.4

	
7.0

	
7.2

	
6.9

	
6.5

	
5.9

	
5.4

	
5.4

	
5.5

	
5.6

	
5.5




	
23:00

	
5.9

	
6.5

	
7.2

	
7.3

	
7.2

	
6.7

	
6.0

	
5.5

	
5.5

	
5.6

	
5.7

	
5.7
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Table A4. Hourly mean wind speed in Dos Bocas Mexico.
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Hour

	
Wind Speed [m/s]




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
0:00

	
6.3

	
6.5

	
6.8

	
6.7

	
6.3

	
5.4

	
4.4

	
4.4

	
5.1

	
6.0

	
6.1

	
6.1




	
1:00

	
5.8

	
5.8

	
5.9

	
5.8

	
5.7

	
5.1

	
4.3

	
4.4

	
5.1

	
5.9

	
5.9

	
5.8




	
2:00

	
5.2

	
5.0

	
4.9

	
4.8

	
4.7

	
4.7

	
4.1

	
4.1

	
5.0

	
5.7

	
5.6

	
5.3




	
3:00

	
4.7

	
4.4

	
4.1

	
3.9

	
3.9

	
4.2

	
3.8

	
3.8

	
4.7

	
5.4

	
5.2

	
4.8




	
4:00

	
4.4

	
4.1

	
3.7

	
3.4

	
3.2

	
3.7

	
3.4

	
3.4

	
4.4

	
5.1

	
4.9

	
4.6




	
5:00

	
4.3

	
4.0

	
3.6

	
3.2

	
2.9

	
3.3

	
3.1

	
3.1

	
4.1

	
4.8

	
4.7

	
4.4




	
6:00

	
4.3

	
4.0

	
3.6

	
3.2

	
2.8

	
3.1

	
3.1

	
3.1

	
3.9

	
4.7

	
4.6

	
4.4




	
7:00

	
4.4

	
4.1

	
3.8

	
3.3

	
2.8

	
3.1

	
3.2

	
3.1

	
3.9

	
4.7

	
4.7

	
4.5




	
8:00

	
4.5

	
4.2

	
4.0

	
3.4

	
2.9

	
3.1

	
3.4

	
3.3

	
3.8

	
4.7

	
4.7

	
4.5




	
9:00

	
4.6

	
4.3

	
4.1

	
3.6

	
3.0

	
3.1

	
3.5

	
3.4

	
3.9

	
4.7

	
4.8

	
4.6




	
10:00

	
4.6

	
4.4

	
4.1

	
3.7

	
3.0

	
3.1

	
3.6

	
3.5

	
3.9

	
4.7

	
4.8

	
4.6




	
11:00

	
4.6

	
4.4

	
4.1

	
3.7

	
3.1

	
3.1

	
3.7

	
3.6

	
3.9

	
4.7

	
4.8

	
4.6




	
12:00

	
4.6

	
4.4

	
4.1

	
3.7

	
3.1

	
3.1

	
3.7

	
3.7

	
3.9

	
4.7

	
4.8

	
4.6




	
13:00

	
4.5

	
4.3

	
4.0

	
3.7

	
3.1

	
2.9

	
3.2

	
3.4

	
3.8

	
4.6

	
4.7

	
4.6




	
14:00

	
4.3

	
4.4

	
4.2

	
4.0

	
3.3

	
2.8

	
2.6

	
2.8

	
3.5

	
4.5

	
4.6

	
4.3




	
15:00

	
4.6

	
4.7

	
4.5

	
4.2

	
3.6

	
3.0

	
2.5

	
2.6

	
3.5

	
4.7

	
4.8

	
4.5




	
16:00

	
4.8

	
5.0

	
4.8

	
4.6

	
4.0

	
3.3

	
2.6

	
2.7

	
3.7

	
4.9

	
5.0

	
4.7




	
17:00

	
5.1

	
5.2

	
5.1

	
5.0

	
4.4

	
3.6

	
2.9

	
2.9

	
3.9

	
5.1

	
5.2

	
4.9




	
18:00

	
5.4

	
5.5

	
5.6

	
5.5

	
5.0

	
4.1

	
3.3

	
3.3

	
4.3

	
5.3

	
5.4

	
5.1




	
19:00

	
5.7

	
5.9

	
6.1

	
6.1

	
5.5

	
4.5

	
3.7

	
3.6

	
4.6

	
5.6

	
5.7

	
5.4




	
20:00

	
6.0

	
6.3

	
6.6

	
6.6

	
6.0

	
4.9

	
4.0

	
3.9

	
4.9

	
5.8

	
5.9

	
5.6




	
21:00

	
6.3

	
6.6

	
7.0

	
7.0

	
6.3

	
5.2

	
4.2

	
4.2

	
5.1

	
6.0

	
6.1

	
5.9




	
22:00

	
6.5

	
6.8

	
7.1

	
7.1

	
6.5

	
5.4

	
4.4

	
4.4

	
5.3

	
6.0

	
6.2

	
6.0




	
23:00

	
6.5

	
6.8

	
7.1

	
7.1

	
6.5

	
5.4

	
4.4

	
4.4

	
5.2

	
5.9

	
6.1

	
6.1
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Figure A1. Single line diagram. 






Figure A1. Single line diagram.
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Figure 1. Mexican states along the Gulf of Mexico. 
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Figure 2. Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) data position. 






Figure 2. Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) data position.



[image: Energies 12 02330 g002]







[image: Energies 12 02330 g003 550]





Figure 3. Thermal power plants. 
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Figure 4. Regions analyzed. 
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Figure 5. (a) Northeast electricity demand and (b) Eastern electricity demand. 
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Figure 6. (a) Northeast demand compared to wind speed at Rio Bravo and (b) Northeast demand compared to wind speed at Altamira. 
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Figure 7. (a) Eastern electricity demand compared to wind speed at Tuxpan and (b) Eastern electricity demand compared to wind speed at Dos Bocas. 
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Figure 8. (a) Rio Bravo and (b) Altamira. 
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Figure 9. (a) Tuxpan and (b) Dos Bocas. 
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Table 1. Geographic information for Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) and thermal power plants.
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	Thermal Plant
	Lat [N]
	Lon [W]
	MERRA-2
	Lat [N]
	Lon [W]





	Rio Bravo
	26.0033°
	98.1335°
	Tam15
	26°
	98.125°



	Altamira
	22.4945°
	97.9029°
	Tam56
	22.5°
	98°



	Tuxpan
	21.0199°
	97.3448°
	Ver
	21°
	97.5°



	Dos Bocas
	19.0840°
	96.1491°
	Ver19
	19°
	96.25°










[image: Table]





Table 2. Wind resource statistics.






Table 2. Wind resource statistics.





	

	
Variable

	
Mean

	
Min

	
Max






	
Rio Bravo

	
Air density [kg/m3]

	
1.172

	
1.169

	
1.172




	
Mean speed [m/s]

	
6.79

	
6.76

	
6.94




	
Power density [W/m2]

	
265

	
261

	
286




	
Weibull-c [m/s]

	
7.6

	
7.6

	
7.8




	
Weibull-k

	
2.84

	
2.78

	
2.87




	
Altamira

	
Air density [kg/m3]

	
1.170

	
1.160

	
1.171




	
Mean speed [m/s]

	
4.99

	
4.78

	
5.46




	
Power density [W/m2]

	
130

	
114

	
170




	
Weibull-c [m/s]

	
5.6

	
5.4

	
6.2




	
Weibull-k

	
2.15

	
2.09

	
2.21




	
Tuxpan

	
Air density [kg/m3]

	
1.175

	
1.173

	
1.175




	
Mean speed [m/s]

	
5.06

	
4.75

	
5.34




	
Power density [W/m2]

	
139

	
116

	
161




	
Weibull-c [m/s]

	
5.7

	
5.4

	
6.0




	
Weibull-k

	
2.09

	
2.03

	
2.14




	
Dos Bocas

	
Air density [kg/m3]

	
1.166

	
1.163

	
1.168




	
Mean speed [m/s]

	
4.95

	
4.8

	
5.19




	
Power density [W/m2]

	
126

	
114

	
144




	
Weibull-c [m/s]

	
5.6

	
5.4

	
5.9




	
Weibull-k

	
2.16

	
2.12

	
2.2
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Table 3. Wind farms power generation along the state of Tamaulipas.






Table 3. Wind farms power generation along the state of Tamaulipas.





	
Site

	
Variable

	
Total

	
Mean

	
Min

	
Max






	
Rio Bravo

	
Power output generated [MW]

	
9322.9

	
405.3

	
0

	
630




	
Total net AEP [GWh]

	
37.9

	
5.4

	
5.4

	
5.5




	
Power density [W/m2]

	
-

	
385

	
381

	
389




	
Altamira

	
Power output generated [MW]

	
3684.6

	
150.1

	
0

	
243.1




	
Total net AEP [GWh]

	
6514.2

	
930.6

	
880.5

	
972.8




	
Power density [W/m2]

	
-

	
189

	
179

	
198
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Table 4. Wind farms power generation along the state of Veracruz.






Table 4. Wind farms power generation along the state of Veracruz.





	
Site

	
Variable

	
Total

	
Mean

	
Min

	
Max






	
Tuxpan

	
Power output generated [MW]

	
7589.8

	
361.4

	
0

	
693




	
Total net AEP [GWh]

	
17.6

	
2.5

	
2.26

	
2.63




	
Power density [W/m2]

	
-

	
145

	
133

	
152




	
Dos Bocas

	
Power output generated [MW]

	
3178.7

	
143

	
0

	
241.9




	
Total net AEP [GWh]

	
6016.76

	
859.50

	
847.93

	
871.05




	
Power density [W/m2]

	
-

	
175

	
172

	
179
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Table 5. Total power generation at peak demand.






Table 5. Total power generation at peak demand.





	
Site

	
Hour@peak Demand

	
Wind Speed [m/s] @ Peak Demand

	
Power Generated [MW]

	
Subtotal [MW]

	
Thermal Power [MW]

	
Total






	
Rio Bravo

	
15:00

	
6.5

	
131.72

	
719.48

	

	




	
16:00

	
6.9

	
232.07

	
800

	
1519.48




	
17:00

	
7

	
355.69

	

	




	
Altamira

	
22:00

	
5

	
18.29

	
98.54

	

	




	
23:00

	
6

	
31.27

	
1039

	
1137.54




	
24:00

	
7

	
48.98

	

	




	
Tuxpan

	
21:00

	
5.5

	
78.35

	
481.71

	

	




	
22:00

	
5.9

	
154.76

	
2263

	
2744.71




	
23:00

	
6.3

	
248.60

	

	




	
Dos Bocas

	
21:00

	
5.6

	
25.26

	
101.47

	

	




	
22:00

	
6

	
33.63

	
350

	
451.47




	
23:00

	
6.4

	
42.58
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