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Abstract

:

Wind energy production mainly depends on atmospheric conditions. The atmospheric stability can be described through different parameters, such as wind shear, turbulence intensity, bulk Richardson number, and the Monin–Obukhov length. Although they are frequently used in micrometeorology and the wind industry, there is no standard comparison method. This study describes the atmospheric stability of a coastal region of Yucatan, Mexico, using these four parameters. They are calculated using six-month data from a meteorological mast and a marine buoy to determine atmospheric stability conditions and compare their results. The unstable atmospheric condition was predominant at the site, with an 80% occurrence during the measurement period, followed by 12% in neutral and 6% in stable conditions. Wind speed estimations were performed for each atmospheric stability scenario, and the variation in the energy produced was derived for each case. Unstable atmospheric conditions deliver up to 8% more power than stable conditions, while neutral conditions deliver up to 9% more energy than stable conditions. Therefore, considering a neutral state may lead to a considerably biased energy production estimation. Finally, an example calculation indicates that atmospheric stability is a crucial parameter in estimating wind energy production more accurately.
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1. Introduction


Primary challenges related to sustainable development, namely, energy security, climate change, and access to energy, make a compelling case for using renewables on a large scale. World energy demand in 2020 fell by 4.5%. In addition, there was a collapse in demand for oil and gas, generating declines of 9.3% and 7% [1], respectively. Despite this abnormal behavior, the penetration of renewable energies in the energy market continued, and there were no setbacks. Moreover, renewable energies were the only source of electricity that maintained constant growth. In 2020, solar and wind energy increased 238 GW of installed power capacity, representing the most significant increase [1]. The growth of these two energy sources has been rapid, substantial, and continuous. This growth represented almost 10% of the total installed capacity, 2839 GW, at the end of the year. In this way, renewable energy (RE) sources represent approximately 29% of the world’s total final energy consumption.



This increase is expected to continue due to RE’s competitiveness compared to conventional generation sources in terms of decreasing operating costs. Over the past ten years, the average levelized cost of utility-scale solar PV decreased by 85%, while onshore wind costs decreased by 56%, leaving the levelized cost of electricity at 0.05 USD/kWh for solar PV and 0.039 USD/kWh for wind power [2]. This is due to the need for smart grids and decarbonization policies in many countries, prioritizing RE to mitigate climate change and reduce greenhouse gas emissions [3].



Despite all the mobility restrictions emanating from COVID-19, the wind energy market had one of its best years. The growth obtained during 2020 set a record since 93 GW was added to the installed capacity, representing an increase of 14%, reaching 743 GW [4], compared to 2019.



Wind power is a strong competitor to fossil fuel generation due to its rapid decrease in costs per kWh and its ability to supply a significant portion of electric demand, as it already does in several countries. Globally, operating wind power capacity represented approximately more than 6% of total electricity generation in 2020. For the 12th consecutive year, China led the top five countries with the highest increase in installed wind capacity, followed by the United States, Brazil, the Netherlands, and Spain. In Latin America, wind energy has become the fastest-growing RE source, with about 34 GW distributed in 26 countries in the region [3]. Despite Mexico’s regulatory policy changes in the last four years, the country added 0.6 MW to its installed capacity. Additionally, regions such as Baja California, Veracruz, Oaxaca, and Yucatan have attractive wind potential, and some have established large wind farms [5]. Specifically, the Yucatan Peninsula has a potential capacity of 6125 MW and an expected annual energy production of 14,802 GWh [6]. As of 2019, three wind farms have been operated in the region with an installed capacity of 244.7 MW [7,8,9].



Even though the installation of wind farms is becoming more frequent, there are essential factors to consider for their successful development. One of these factors is an adequate wind resource assessment to quantify the energy availability at a potential site. Wind speed is the most important factor since wind power depends on it. The best way to evaluate wind power is by analyzing meteorological measurements for each proposed turbine location. Unfortunately, this activity requires long-term measurement campaigns and substantial financial resources. For this reason, when wind data are unavailable, statistical analysis has been used to estimate wind speed values. The Weibull probability density function is the distribution widely used to describe wind speed statistics [10]. This information makes it possible to know some critical parameters, such as the maximum wind speed, the most probable wind speed, and the wind speed with the highest energy delivery, among others found on the site [11].



The parameters estimated by the Weibull distribution are essential to quantify the energy production of a wind turbine, which depends mainly on the wind speed frequency distribution [12]. On the other hand, the power generation of a wind turbine is influenced by the wind profile at hub height and turbulence intensity. High values of turbulence intensity decrease energy availability. Due to this, the most suitable sites for the exploitation of wind resources are those where the wind speed is high, and the level of turbulence intensity is moderate.



The amount of turbulence can be correlated with atmospheric stability, which is defined as the ability of the atmosphere to react to small disturbances (mitigating or promoting turbulence) in the vertical movements of an air parcel [13].



In terms of atmospheric stability, it is possible to have three primary states: stable, neutral, or unstable. In a stable atmosphere, there is a slight mixing between the layers of the atmosphere, producing a more significant vertical gradient of temperature and velocity. Limited mixing occurs in the neutral atmosphere, which keeps the vertical wind speed gradient constant. Finally, intense air mixing in an unstable atmosphere reduces velocity and temperature gradients in the vertical direction. Several parameters have been used to quantify atmospheric stability. These parameters include wind shear, turbulence intensity, gradient Richardson number, bulk Richardson number, Monin–Obukhov length, and turbulent kinetic energy [14].



According to the IEC standard [15], estimating the wind speed at different heights is possible using the Hellmann exponential or logarithmic profiles [12,16]. However, these models do not consider conditions that affect wind estimates, such as atmospheric stability, roughness, turbulence intensity, and shear. All these factors are characteristics of the atmospheric surface layer.



In these profiles, a neutral atmosphere is usually assumed, causing biases in wind speed forecasts that, in turn, affect energy production. Several studies have demonstrated that, when atmospheric stability is considered, there have been differences in power obtained through statistical analysis tools such as the Weibull distribution [17,18,19,20]. For example, at a particular wind speed, higher generation was obtained in stable conditions and lower in unstable conditions of high convection, with a difference of 15% in the average energy production of one wind turbine [21].



In his research study [22], St. Martin analyzed 2.5-month data, concluding that greater power was obtained at low speeds with high turbulence values than at lower turbulence conditions. The opposite happens for medium speeds (10–14 m/s); high turbulence leads to less power. When the power curves were analyzed with the parameters of turbulence intensity and Richardson number, statistically significant differences were found between them. However, there were not statistically significant differences in the power curves when analyzing other parameters such as turbulent kinetic energy, wind shear, or wind veer, possibly due to the stable conditions that prevail at the site. Finally, there was high annual energy production when atmospheric factors were not considered, leading to financial risks for operators and manufacturers.



Bardal [23] analyzed the effects of wind shear and turbulence in a wind turbine with data obtained from a LIDAR (light detection and ranging) station. They found differences of more than 1.2% in average annual energy production, which can lead to a significant bias in the economic revenue of a large wind farm.



In another study, the difference between annual energy production under unstable and neutral conditions was approximately 4% [24]. The authors also analyzed the impact of turbulence intensity   ( T I )  , concluding that there can be differences of up to 3% between low and high   T I  .



Specifically, several studies have been carried out on the open sea to understand the effects of atmospheric stability on energy production. In [25], the authors concluded that wind speeds are overestimated since the height of the mixed atmospheric layer is also overestimated under neutral and unstable atmospheric conditions. Therefore, the authors developed a model to estimate the wind profile above sea level, considering atmospheric stability conditions.



On the other hand, Bahamonde [26] proposed a method to estimate the average speed at a certain height in open sea conditions, considering variations in atmospheric stability. After testing the method on a wind turbine, favorable results were obtained with slight deviations (1–2.5%) between measured and predicted results under unstable stratification.



Moreover, several studies have been carried out for coastal areas to determine atmospheric stability [27,28,29,30]. An additional research study aims to determine the impact that atmospheric conditions could have on the power extracted from the wind turbine. It was found that there is a lower performance during the day (−10%/−8%) and in unstable conditions (−11%/−3%), while during night hours (23%/23%) and in stable conditions (33%/37%), the yield is higher [31].



As can be seen from the literature review, there is evidence of a direct relationship between the atmospheric stability level and the number of periods of high energy production in wind farms. However, the above-mentioned studies are not conclusive about the effects of atmospheric conditions on energy production since, in some places, stable atmospheric regimes increase energy production. In contrast, other sites exhibit the same behavior when unstable conditions occur. Significant discrepancies between different methodologies to characterize atmospheric stability have been found. In all these studies, it was concluded that one of the main causes of variation in production is atmospheric stability. Therefore, models that accurately incorporate this aspect are necessary. This has increased interest in studying the stability conditions present at each site. For example, in the case of the Yucatan Peninsula, there are conditions that are not present in other places. Although the Yucatan Peninsula is located between the Gulf of Mexico and the Caribbean Sea, it has a low intensity of turbulence. This aspect gives the wind speed a steady characteristic, allowing it to generate moderate but continuous power [32,33,34]. Moreover, in these studies, parameters usually employed in micrometeorology are used to determine the site’s stability, and no comparisons are made with other parameters typically used in the wind industry. Therefore, there is no common framework for both areas—micrometeorology and the wind industry. In addition, they generally analyze only the impact on the wake area. For these reasons, the present research study raises the following questions:




	
Is it possible that various atmospheric stability parameters converge?



	
Is it necessary to adjust the intervals defined for these parameters depending on the site?



	
How does atmospheric stability affect energy production?








Therefore, the differences that the atmospheric stability criterion can entail, and hence the need for robust methodologies that can include ensembles, are evaluated in this research study. In addition, even though micrometeorology and wind energy are related, there is no common analytical framework between them. Therefore, this study seeks to contribute to a framework that addresses these gaps. This study focuses on determining the atmospheric stability conditions of a coastal zone through various parameters used in micrometeorology and the wind industry, and their relationship with the variation in annual energy production. The authors propose a methodology according to the coastal region to determine four stability parameters; subsequently, a common framework for these parameters is presented; and finally, their influence on energy production is analyzed. Section 2 presents the study site, characteristics of the measurements, and parameters for the analysis of atmospheric stability. Section 3 presents the wind patterns of the site, as well as the diurnal behavior of stability parameters during the total measurement period. Section 4 presents the conclusions of the study.




2. Data and Methods


2.1. Measurement Site and Characteristics


The study region is located on the Progreso-Telchac Puerto road, a coastal area northeast of the Yucatan Peninsula, Mexico. The elevation of the terrain is 4 m above mean sea level, and the distance from the measurement point to the coast is less than 1 km. The climate around Telchac Puerto is warm and semi-dry, with rain in the summer, with a yearly average temperature of 26 °C [35]. Prevailing winds come from the northwest and east, and this area is highly influenced by local winds, such as sea and land breezes. Figure 1 illustrates the satellite location of the site.



The remote measurement station at Telchac Puerto (TCP), located at 21°02′54″ N and 89°38′38″ W, was part of a state network of stations along the Yucatan coast controlled and monitored from a central station. Initially built for telecommunication tasks, the tower was habilitated as met masts by placing meteorological sensors at 20 m and 50 m, following the methodology presented in the Wind Resource Assessment Handbook [37]. Although this network of stations was in operation from 2007 to 2012, only the data measures from January to June 2009 were used, since in this period there were reliable continuous measurements. The parameters measured were wind speed   ( W S )   and wind direction   ( W D ) ,   air temperature   (   T   a i r   )  , and atmospheric pressure   (   P   a t m   )  . The database contains average values every 10 min on digital hard drives. Table 1 presents the technical characteristics of the sensors and the height at which they were installed. These parameters were used to perform the data validation. Wind resource assessments typically consider longer periods of measurement. Previous studies have been conducted to quantify the wind potential at the study site before the wind farm installation in the zone [32,33]. For this reason, the present research study focuses on the relationship between atmospheric stability and energy production budget, rather than contributing to resource assessment based on traditional techniques.



Although a 6-month measurement database consisting of 24,192 values was obtained, only some of the data was reliable due to several factors. These factors include failure of the instruments’ power supply, invalid standard deviation values of each variable (outliers), and unusual records generated by errors in the measurement sensors (for example, an air temperature of 999 °C). Therefore, a quality check was necessary to obtain a reliable database used in the present study. For these variables, the corresponding filtering criteria followed the IEC 61400-12 standard regarding the frequency of acquisition and treatment of data [15]. These criteria are as follows:




	
Values that do not correspond to the region, such as atmospheric pressure values similar to atmospheric pressure at sea level.



	
Wind speed   ( W S )   must remain in the range of   0   m / s ≤ W S ≤ 30   m / s  ; higher values are discarded because they are unusual for this region.



	
Wind direction   ( W D )   must span within   0 ° ≤ W D ≤ 360 ° .  



	
Abrupt changes in wind direction (for example, from 90° to 270° from one instance to another) are not considered.








After applying the criteria, the new database for the study preserved 91% of the data.




2.2. Wind Resource


The kinetic energy per unit time of wind, or wind power, is represented as follows:


  P =   1   2   ρ A   u   3    



(1)







It can be observed that the wind power is directly proportional to the density of the fluid   ρ  , the swept area   A  , and the cube of the wind speed   u  . Consequently, sites located at sea level and in cold regions will have greater available power than those found at high altitudes and in warm regions for the same speeds. The most widely used quantity is the energy power density contained in the wind. That is, wind power density   ( W P D )   is expressed as


  W P D =   P   A   =   ∫  0   ∞      1   2     ρ   u   3   p d   u   d u  



(2)




where   p d   u     is the wind probability density function.   W P D   is given in W/m2.



Wind energy associations worldwide have developed a classification of different wind types or classes at heights at which wind turbines are commonly installed to compare the available wind energy. This classification defines wind classes in terms of their maximum speed limits and wind power density at 30 m and 50 m above ground level. For this study,   W P D   and wind class at 50 m [38] will be obtained monthly.




2.3. Atmospheric Stability Classification


Several direct parameters describe atmospheric stability, either from a qualitative or quantitative point of view. When the parameters estimate the atmospheric stability from the turbulence associated with the site, they are said to be indirect. On the other hand, they are direct when the atmospheric stability condition is determined directly from the corresponding parameter. Within the direct parameters are Monin–Obukhov length, Richardson number, Deacon number, and McVehil ratio. Within the indirect parameters are wind shear, turbulence intensity, and turbulent kinetic energy [14]. The choice of parameters depends on several factors, such as the specific problem to be solved, the available facilities and instruments, and the experimental limitations.



The four parameters used in the study will be detailed below.



2.3.1. Wind Shear


In the wind industry, indirect measurements are often used to describe atmospheric stability. One of them is the wind shear exponent   ( γ ) ,   which indicates the existence or not of a stratified flow [39].



Wind speed measurements at two heights enable the calculation of this dimensionless exponent   ( γ )   from the power-law or Hellmann’s exponential profile [10,12,22,40,41,42,43], given by


  γ =   l n       U   2    /    U   1         l n       z   2    /    z   1         .  



(3)







Generally, for   γ  , a constant value of 0.143 is used for open terrain during the day and 0.5 during the night [43,44,45]. In this study,     z   2   = 50   m ,   z   1   = 20   m ,   and     U   ( z )     is the velocity at height   z  .




2.3.2. Turbulence Intensity


Another parameter used in wind projects is the turbulence intensity   ( T I )  , since it quantifies variations in wind speed at short intervals [12,46]. This parameter describes in a general way the level of turbulence present in the average wind speed.   T I   is given by the following equation [11,47]:


  T I =   σ     U  ¯     



(4)




where   σ   is the standard deviation of the wind speed and     U  ¯    is the mean wind speed. This study found   T I   at 20 m and 50 m.




2.3.3. Bulk Richardson Number


The “bulk Richardson number”       R   B       is the simplest way to relate the vertical potential temperature difference within a height interval.     R   B     relates the buoyancy energy to the kinetic energy of the wind shear through the following expression [48]:


    R   B   =     g     θ   v s           θ   v     z   −   θ   v s     u     z     2   + v     z     2     z ,  



(5)




where   z   is the height above the ground,     θ   v s     is the virtual temperature near the surface, and   u   z   , v   z     are the horizontal components of velocity measured at   z  .



For sea conditions, Equation (2) can be reduced if the virtual potential temperature is close to the air temperature and only the horizontal wind speed component exists   ( u ) .   Therefore,     R   B     becomes


    R   B   =   g z     T   a   −   T   s         273.15 +   T   a       u   2     .  



(6)




where     T   a     is the air temperature and     T   s     is the water temperature on the sea surface [26].



Since this study is carried out in a coastal area and the prevailing winds come from the ocean’s northwest and east,     R   B     was calculated from Equation (6), using     T   a     and   u   data from TCP station and     T   s     data from National Oceanic and Atmospheric Administration (NOAA) marine buoys [49]. The Yucatan Basin buoy is 222 km east-southeast (ESE) of Cozumel, Mexico, in the Caribbean Sea (Figure 2a). According to the statistical data of the buoy, the prevailing winds in the NOAA marine station Yucatan basin are from ENE to ESE, as illustrated in Figure 2b. The main characteristics of the buoy are presented in Table 2.




2.3.4. Monin–Obukhov Length


The Monin–Obukhov length   ( L )   is the most commonly used aspect ratio to describe atmospheric stability. According to the Monin–Obukhov similarity theory   ( M O S T )   [44],   L   is also known as a scale parameter since it represents the relationship between mechanical and convective turbulence production.   L   is obtained using:


  L = −     u   *   3     θ   v     k g       ω   ′     θ   ′    ¯       



(7)




where     θ   v     is the virtual potential temperature,   k   is the Von Karman constant     k ≈ 0.4    ,       ω   ′     θ   ′    ¯    is the kinematic sensible heat flux, and     u   *   =           u   ′     v   ′    ¯    2   +       v   ′     w   ′    ¯    2         1  /  4       is the friction velocity or shearing stress [17,50,51].



  L   is not widely used for wind energy assessment as it is only applied in short periods, and some required data are challenging to obtain.



With the value of     R   B    , it is possible to find   L   through empirical expressions given by [27]:


    z   L   =        R   B       R   B   < 0         R   B     1 − 5   R   B         0 < R   B   < 0.2      .  



(8)




where   z   is the measurement’s height. In this study, after finding     R   B     as described in Section 2.3.3, Equation (8) is used to find   L  .



Table 3 summarizes the parameters used in this study with their stability measurements and atmospheric conditions ranges. To define these ranges, previous studies were reviewed [22,24,26,52]. It is known that the same turbulence index derived from one height does not apply to a different height, and that differences of 20–30% have been reported in the literature [53,54,55]. For these heights (on average) in particular, and at the site of interest, the average was approximately 50%. This difference can be attributed to surface effects compared to other cases where the measurements are offshore (several kilometers from the shore). Therefore, an average value of 35–40% was used in this work to achieve convergence of the four parameters studied for each height.





2.4. Wind Energy Production


Annual energy production   ( A E P )   depends mainly on two factors: (i) the wind speed in the region and (ii) the power curve of the wind turbine, and can be expressed as


  A E P =   ∑  i      P d ( u ) t   i     P   i      



(9)




where   P d ( u )   is the Weibull probability density function,     t   i     is the time of occurrence of each interval of the wind speed, and     P   i     is the value of the power obtained from the wind turbine power curve for each wind speed interval calculated with Equation (1).



When statistical distributions such as the Weibull probability density function are used, a condition of neutral stability is assumed to estimate the wind speed [11,46], leading to conservative estimates and, consequently, biased values of   A E P   to those found experimentally. Therefore, according to the   M O S T   theory, it is possible to estimate wind speed, considering stability parameters to minimize errors in the calculation.



In the atmospheric boundary layer (  A B L  ), the general expression to estimate the values of wind speed considering atmospheric stability is given by [28,56,57,58,59]


    u   2   =     u   *     k     ln  ⁡      z     z   0       − ψ     z   L       .  



(10)




where     u   *     is the friction velocity, the function   ψ     z   L       varies according to the atmospheric stability, and     z   0     is the roughness length.



For a neutral atmosphere:


  ψ     z   L     = 0 .  



(11)







For unstable conditions,     z  /  L   < 0  , the Paulson’s equation is used [21,60]


    ψ  U        z   L     = − 2   ln  ⁡      1 + x    2      −  ln      1 +   x  2       2        + 2    tan  − 1    ( x )  −  π / 2  .  



(12)




where


  x =     1 −     15 z   L           1  /  4     .  



(13)







For stable conditions     z  /  L   > 0  , the function   ψ     z   L       is represented by the Businger–Dyer equation [26,28]


    ψ   S       z   L     =   4.7 z   L   .  



(14)




where   z   is the height and   L   is the Monin–Obukhov length.



In this case, wind speed (Equation (10)) is found for each atmospheric stability condition according to Equations (11), (12) and (14), depending on whether the atmosphere is neutral, unstable, or stable, respectively. Subsequently, using the estimated wind speeds,   P d ( u )   is found and, with Equation (9), the   A E P   will be obtained for each of the proposed scenarios   ( U , N , S )  .



The WES 30 wind turbine is used for modeling the   A E P   at the site. The main characteristics of this wind turbine are presented in Table 4.





3. Results and Discussions


3.1. Wind Patterns


The wind speed diurnal pattern for the site at the two heights (50 m and 20 m) during the study months is presented in Figure 3. The highest wind speeds occur during the afternoon, between 14 h and 16 h. During this period, the thermal exchange between the land and sea air masses occurs, but it is also influenced by the local winds from the coastal zone.



The lowest wind speeds are generally obtained before sunrise, between 4 h and 7 h. Likewise, it is observed that this same diurnal behavior is independent of height since, although the mean wind speed is higher at 50 m than at 20 m, the same trend is observed.



Table 5 summarizes the monthly average wind speeds for the entire monitoring period at the TCP station (January–June 2009). The difference between the monthly average speeds at 20 m and 50 m wind is about 1 m/s, and the difference between the maximum wind speeds is nearly 10 m/s in some months. The highest average wind speeds were measured in April, and the lowest wind speeds were measured in June for both heights. The highest average wind speeds occur between March and May on the Yucatan Peninsula. Therefore, the results are consistent with the expected values [61].



It was also possible to find, with measured data, the frequency distributions at the two heights, as illustrated in Figure 4. Figure 4 indicates lower wind speed values at 20 m, compared to those at 50 m, resulting from a positive shear. The wind speed modes are 5 m/s and 7 m/s for 20 m and 50 m, respectively. Both distributions span from 1 m/s to 16 m/s. As expected, when the measurement height increases, winds with higher speeds occur more frequently due to the absence of surrounding obstacles. Moreover, this behavior is typically observed in unstable conditions.



The wind is characterized by its speed and direction. Nevertheless, not all wind speeds produce energy. In general, for the blades of a wind turbine to rotate, moderate winds are needed, above 3 m/s and below 25 m/s. However, each machine is designed for a certain wind speed and turbulence intensity, from which the maximum corresponding power will be harvested. According to the wind power density calculated with Equation (2) in Table 5, there is a wind class 2 in the first five months and a wind class 1 in June. Therefore, the site is suitable for wind turbine deployment. However, the most significant uncertainty arises from the available wind energy estimation, which requires considering additional parameters. This will be addressed in the next section.




3.2. Atmospheric Stability


Atmospheric stability is one factor that determines the amount of energy available, for which some parameters are calculated. They indicate the atmospheric stability level at the site.



The frequency distribution of turbulence intensity at 20 m is presented in Figure 5a. Following the corresponding criteria established in Table 3 to define atmospheric stability in terms of   T I  , the periods in which the different atmospheric conditions were obtained in each hour are counted. Figure 5a presents a predominantly unstable atmosphere from 7 h to 23 h. At this height, neutral conditions represent about one-third of the nighttime hours. At dawn, neutral conditions prevail.



The transition between the thermal stability criteria during the day is gradual since there are no abrupt changes in the   T I   values. Physically, the geographical conditions favor simultaneous thermal exchange between the vertical layers of the atmosphere and between the sea and the land.



The frequency distribution of     R   B     over the day is also illustrated in Figure 5b for 20 m. Following the atmospheric stability criteria established in Table 3, it is observed that, at 20 m, there is a predominantly unstable atmosphere during low radiation conditions (early morning and night). At noon, there is an increasing presence of neutral atmospheric conditions and, as the sunset approaches, the atmosphere becomes more unstable.



Once the     R   B     is obtained,   L   can be found from Equation (8). The frequency distribution of   L   over the day is illustrated in Figure 5c for 20 m. At this height, unstable atmospheric conditions predominate most of the day and, at midnight (between 23 h and 02 h), are neutral. Stable conditions at this height have a low occurrence.



The behavior observed at 50 m for   T I   is presented in Figure 6a. In this case, an unstable atmosphere dominates all day since convective effects appear.



For     R   B     at 50 m (Figure 6b), a stable atmosphere has the highest frequency only between 10 and 13 h. Therefore, there is not a predominant atmospheric condition.



For   L   at 50 m, it is observed in Figure 6c that there is an unstable atmosphere most of the day and that a neutral atmosphere appears slightly until it reaches its maximum point between 18 and 20 h. Later, it returns to an unstable atmosphere.



For wind shear (Equation (3)), the diurnal pattern was obtained according to the average wind speed. Figure 6d illustrates the frequency distribution of wind shear. Following the criteria established in Table 3 to define atmospheric stability, there is a predominantly unstable atmosphere during the morning, until 7 a.m., and during the night, after 20 h. From 23 h to 6 h, a stable atmosphere prevails. Thus, an unstable atmosphere persists during the day at the study site. Lower values represent well-mixed atmospheric layers during mornings, coinciding with the moment when the average wind speed increases.



Figure 7a illustrates the dispersion of the   T I   as a function of wind speed for 20 m. It is observed that there are lower   T I   values at higher wind speeds. Therefore, the   T I   is inversely proportional to the wind speed. Given that high turbulence values are related to power generation [12], this area is suitable for wind energy exploitation.



Moreover, it presents the data dispersion for the Richardson number (Figure 7b) corresponding to the wind speed at 20 m. According to Figure 8b, when speed exceeds 4 m/s, the     R   B     values tend to be in the band of quasi-neutrality, while below this wind speed value, there are negative     R   B     values that indicate an unstable atmosphere.



The data dispersion of Monin–Obukhov length (Figure 7c) at 20 m height wind speeds is presented. It is observed that a higher number of data points is found in the unstable atmosphere than in the stable atmosphere.



Figure 8a presents the   T I   data dispersion at 50 m. It is observed that there are lower   T I   values at higher wind speeds, and a higher number of data points are found in the unstable atmosphere.



Figure 8b reports that, below 6 m/s, the values of     R   B     do not indicate a marked trend for any atmospheric condition. However,     R   B     values tend to be quasi-neutral when wind speeds exceed 6 m/s. Figure 8c presents the data dispersion of the Monin–Obukhov length concerning the wind speed at 50 m. It is observed that a higher number of data points is found in the unstable atmosphere.



Figure 8d illustrates that lower wind shear values are less dispersed at higher wind speeds, while, at low speeds, high shear values are presented, and with a higher dispersion. A higher number of data points is found in the unstable atmosphere. Moreover, it is important to consider the close relationship between atmospheric turbulence and wind shear since low wind shear values lead to high turbulence values.



The classification of the atmosphere has been described separately for each parameter. Figure 9 illustrates the percentage of stable, unstable, and neutral periods at 20 m (top) and 50 m (bottom). For the height of 20 m, the three parameters (  T I ,   R   B   , L  ) have a predominantly unstable atmosphere (>50% of the total period), and similarly for 50 m, there is mostly (>50%) an unstable atmosphere with   γ  ,   T I   and   L  . For 50 m,     R   B     described a stable atmosphere. However, the average occurrence percentage of each atmospheric stability condition for each height at the TCP station is higher in an unstable atmosphere. Table 6 summarizes these observations.




3.3. Energy Production


Once the atmospheric condition is defined, it is possible to determine the wind profile from Equation (10). The function   P d ( u )   was calculated for the different wind profiles   (   u   2   )   (Equation (10)) obtained at hub height according to   ψ     z   L      , which represents the atmospheric stability condition that could be present on the site (Equations (11)–(13)). This is presented in Figure 10. This figure indicates that wind speeds between 6 m/s are more likely to occur under neutral and stable conditions. Under unstable and neutral conditions, the wind speed most often encountered is 7 m/s. It is also possible to find low-speed winds, but their probability percentage is less than 4%.



In addition, the same figure presents the estimated annual energy production   ( A E P )   using wind turbine WES 30 (see Table 4), corresponding to the three probability distributions for the different atmospheric conditions at the TCP station.



It is observed that, under unstable atmospheric conditions, there is a greater   A E P  , since it has a higher probability of occurrence at speeds greater than 7 m/s. Under a stable atmosphere, there is a lower estimate of the   A E P  , since the wind speeds that could occur according to   P d ( u )   are lower. For stable atmospheric conditions, no significant difference is observed in contrast to the unstable atmosphere at wind speeds below 6 m/s. Although the wind turbine’s rated speed is not reached under any atmospheric condition, higher wind speeds can be found under neutral atmospheric conditions, which leads to greater energy production.



The capacity factor is the ratio between the energy produced by the turbine for one year and the estimated energy it would have if operated continuously at its nominal power. Table 7 reports in the first column the capacity factor   ( C F )   and in the second column the estimated annual energy production according to the correction realized to     u   2     for each atmospheric condition that could be presented at the site. The third column of Table 7 shows the percentage that each   C F   would have in the site according to the average occurrence of each atmospheric stability condition.



Although data is only available for six months, the estimate was made for one year of operation, considering that the wind probability distribution illustrated in Figure 4 is the same for one year. Since the wind resource assessment has already been extensively studied, it is known that a data series of at least one year is required. However, in this study, we do not focus on determining the wind resource present on the site but on analyzing the effects of atmospheric stability on energy production. Therefore, this analysis can be undertaken with the data available for 6 months.



Models in the wind industry generally use neutral stability to make the calculations of   A E P   [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52]. However, in this study, it was found that unstable conditions lead to a higher energy production than in stable conditions. In neutral conditions, the energy production was even higher than in unstable conditions. Under unstable conditions, the   A E P   difference between unstable and neutral atmospheric considerations is around 8%. Moreover, the   A E P   difference between stable and neutral atmospheric considerations is 16%, and between unstable and stable atmospheric considerations is around 8%. That is, considering a stable atmosphere instead of an unstable atmosphere, as occurred on the site, can lead to underestimations in the energy production, which leads to not being able to supply the energy production that the developers of the wind farms forecasted. However, if an utterly neutral atmosphere is assumed, overestimations can be obtained.



These results demonstrate the importance of considering atmospheric conditions for energy production. There are significant differences according to the atmospheric stability present at the site.





4. Conclusions


Changes in the wind industry have significantly involved aspects of other areas, such as meteorology, particularly atmospheric stability. Several methods to find the vertical profile need to consider this characteristic. Neglecting the atmospheric stability effect leads to misleading estimations of wind speeds at the site.



The present study used a remote station to measure wind speed at 20 and 50 m above sea level. Differences were found (≈1 m/s) between the mean average wind speeds obtained during the day and between the months of study for two heights. Additionally, differences of up to 10 m/s could be found among the maximum speeds in some months. Regarding the diurnal profile for both cases, the highest wind speeds were obtained in the afternoon (around 16 h).



Atmospheric stability was also analyzed for four atmospheric stability parameters: wind shear,   T I  ,     R   B     and   L  . The first two parameters are usually used in the wind industry, and the other two are in micrometeorology.



According to the   T I   analysis, the site presents atmospheric instability at 20 m and 50 m. Wind shear was only calculated for 50 m and reported the site to have a predominantly unstable atmosphere.



Additionally, using data from marine buoys and masts, the other two stability parameters were calculated,     R   B     and   L  . These two parameters at both heights corroborated and cross-validated the prevailing condition on the interest site (mostly unstable). The results indicated that the assumptions considered for this site are valid.



With the data obtained, it was possible to estimate wind speeds considering the three atmospheric conditions to ultimately calculate the   A E P   that could be obtained from one wind turbine model. Differences of 16% were found between the   A E P   produced under a stable and unstable atmosphere, and differences of 8% between the   A E P   produced under a neutral and unstable atmosphere. That is, if a stable atmosphere is considered, there would be an underestimation of   A E P   and an overestimation if the site is deemed to have a neutral atmosphere.



Therefore, the importance of considering the conditions of atmospheric stability in wind power estimation modeling in any site study can be reaffirmed to avoid biases in energy production estimates. By considering these atmospheric conditions, power producers will be able to count on more precise tools to forecast the wind potential, which, as observed in this study, affects the estimation of energy that can be produced. Manufacturers can also benefit from this analysis since atmospheric stability affects the mechanical loads on wind turbines or the risk of failure due to fatigue and incorporate control systems that can improve the performance of wind turbines.



In the future, the risks of not having precise estimation methods that incorporate atmospheric stability parameters in energy production will be quantified economically. In addition, the periods of higher energy production will be related to the corresponding periods of stability. This work can be used as a reference for incorporating these stability parameters into energy production models using novel estimation techniques such as neural networks and machine learning, among others.
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Figure 1. Measurement mast at the Telchac Puerto location. (a) Satellite view and (b) local area [36]. 
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Figure 2. (a) Location of NOAA marine station Yucatan basin used in this research and (b) wind roses for NOAA marine station Yucatan basin. 
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Figure 3. Diurnal wind speed patterns for each month of the study at (a) 50 m and (b) 20 m. 
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Figure 4. Wind speed frequency distribution at 20 m and 50 m at TCP station. 
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Figure 5. Frequency distribution of (a) turbulence intensity, (b) Richardson bulk number, and (c) Monin–Obukhov length for a typical day at 20 m at TCP station. 
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Figure 6. Frequency distribution of (a) turbulence intensity, (b) Richardson bulk number, (c) Monin–Obukhov length, and (d) wind shear for a typical day at 50 m at TCP station. 
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Figure 7. Scatter plot of (a) turbulence intensity, (b) Richardson bulk number, and (c) Monin-Obukhov length for a typical day at 20 m at TCP station. 
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Figure 8. Scatter plot of (a) turbulence intensity, (b) Richardson bulk number, (c) Monin-Obukhov length, and (d) wind shear for a typical day at 50 m at TCP station. 
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Figure 9. Percentage of periods classified as unstable (U), neutral (N), and stable (S) according to instability parameters for 20 m (top) and 50 m (bottom). 






Figure 9. Percentage of periods classified as unstable (U), neutral (N), and stable (S) according to instability parameters for 20 m (top) and 50 m (bottom).



[image: Energies 16 04134 g009]







[image: Energies 16 04134 g010 550] 





Figure 10. Estimated annual energy production versus different wind speeds according to atmospheric stability. 
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Table 1. Measurement characteristics of the sensors used for the study.
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Parameter

	
Sensor

	
Measurement

Range

	
Operation Temperature

[°C]

	
Error

	
Resolution

	
Measurement Height

[m]






	
   W S   

	
Gill WindSonic Anemometer

	
0–60 m/s

	
−35 to 70

	
±2%

	
0.01 m/s

	
20 m, 50 m




	
   W D   

	
0–360°

	
±3°

	
1°

	
20 m, 50 m




	
     T   a i r     

	
CSI 108

	
−5 °C to 95 °C

	
−5 to 95

	
±0.2 °C

	
0.1 °C

	
20 m, 50 m




	
    P   a t m    .

	
Vaisala CS105

	
600–1060 mbar

	
−40 to 70

	
±0.5 mbar

	
0.1 mbar

	
1.5 m
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Table 2. Characteristics of NOAA marine station used in this research.
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	Yucatan Basin





	Coordinates
	19°49′12″ N 84°56′41″ W



	Site elevation
	Sea level



	Averaging period
	Hourly



	Air temperature height
	3.7 m above site elevation



	Anemometer height
	4.1 m above site elevation



	Barometer elevation
	2.7 m above mean sea level



	Sea temperature–depth
	1.5 m below the water line



	Water depth
	4554 m
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Table 3. Classification of atmospheric stability according to parameters used in this study.
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Parameter

	
Equation

	
Atmospheric Conditions Range






	
   L   

	
   L = −     u   *   3     θ   v     k g       ω   ′     θ   ′    ¯        

	
U:   − L  

N: ∞

S:   + L  




	
     R   B     

	
    R   B   =     g     θ   v s           θ   v     z   −   θ   v s     u     z     2   + v     z     2       z

	
U:     R   B   < − 0.02  




	
N:   − 0.02 ≤   R   B   < 0.02  

(quasineutral)




	
S:     R   B   > − 0.02  




	
   γ   

	
       u   2       u   1     =         h   2       h   1         γ     

	
U:   γ < 0.26  




	
N:   0.26 < γ < 0.36  




	
S:   γ ≥ 0.36  




	
   T I   

	
   T I =   σ     U  ¯      

	
For 20 m:

U:   T I > 12 %  




	
N: 9  % < T I < 12 %  




	
S:   T I < 9 %  




	
For 50 m:

U:   T I > 6 %  




	
N:   4.5 % < T I < 6 %  




	
S:   T I < 4.5 %  
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Table 4. Datasheet of wind turbine WES 30.
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System

	
Characteristic

	
Value






	
Power

	
Rated power

	
250 kW




	
Cut-in wind speed

	
3 m/s




	
Rated wind speed

	
13 m/s




	
Cut-out wind speed

	
25 m/s




	
Rotor

	
Diameter

	
30 m




	
Swept area

	
707 m2




	
Number of blades

	
3




	
Generator

	
Voltage

	
400 V




	
Grid frequency

	
50/60 Hz




	
Tower

	
Hub height

	
48 m
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Table 5. Wind speed and wind power density per month from the study site.
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Month

	
20 m

	
50 m

	
WPD

[W/m2]

	
Class




	
Min

[m/s]

	
Ave

[m/s]

	
Max

[m/s]

	
Min

[m/s]

	
Ave

[m/s]

	
Max

[m/s]






	
January

	
0.15

	
5.69

	
14.07

	
0.23

	
6.95

	
29.67

	
205.52

	
2




	
February

	
0.98

	
6.39

	
12.37

	
0.83

	
7.78

	
13.68

	
289.09

	
2




	
March

	
0.42

	
6.49

	
13.18

	
0.57

	
7.76

	
28.53

	
286.23

	
2




	
April

	
0.53

	
6.87

	
15.87

	
0.21

	
7.87

	
29.42

	
298.46

	
2




	
May

	
0.40

	
6.40

	
13.34

	
0.28

	
7.57

	
26.65

	
265.58

	
2




	
June

	
0.15

	
5.61

	
12.55

	
0.54

	
6.77

	
14.51

	
190.23

	
1




	
Total period

	
0.44

	
6.24

	
13.56

	
0.44

	
7.45

	
23.74

	
255.85
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Table 6. Average occurrence percentage of each atmospheric stability condition for each height at TCP station.






Table 6. Average occurrence percentage of each atmospheric stability condition for each height at TCP station.





	Atmospheric Condition
	20 m

[%]
	50 m

[%]





	Unstable
	67
	64



	Neutral
	15
	28



	Stable
	18
	8
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Table 7. Operating parameters for wind turbine WES 30 on TCP station.






Table 7. Operating parameters for wind turbine WES 30 on TCP station.





	Condition Atmospheric
	CF

[%]
	AEP

[MWh]
	% CF





	Unstable
	71
	622.36
	48



	Neutral
	79
	697.41
	12



	Stable
	63
	566.20
	11
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