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Abstract

:

Wind power is the fastest growing and environmentally sustainable source of energy among all available renewable energy resources. The primary objective of this paper is to analyze the wind characteristics and power potential at Hyderabad, Southeastern province in Pakistan. Two years of wind speed data measured at 10 m above ground level (AGL) have been considered in this study. The annually, monthly, and seasonal variations in wind speed were analyzed, and minimum, maximum, and average values of recorded wind speeds are presented in this paper. Weibull and Rayleigh distribution functions have been applied to analyze the wind characteristics and evaluate the wind power potential of the proposed site. The Weibull shape k and scale c parameters have been estimated using the Weibull function. The higher values of k showed that the wind speed is steady at the site. The average wind speed was found above 6 m/s throughout the year. The most probable wind speed (Vmp) and maximum carrying energy (VmaxE) wind speed were also calculated using Weibull parameters. Root mean square error (RMSE), the coefficient of determination (R2), and mean bias error (MBE) were computed to ensure the good fit of Weibull distribution function. The annual average wind power and energy densities were estimated at more than 255 W/m2 and 2245 kWh/m2, respectively. The power density calculated by Weibull and Rayleigh functions was compared with that calculated by using measured wind data. The energy output and capacity factor of different commercially available wind turbines (WTs), i.e., power ratings from 0.33 to 2.75 MW, have been calculated. The cost of energy was estimated and ranged from $19.27 to $32.80 per MWh. Wind power potential and economic analysis of the collected data reveals that the site is suitable for developing wind power generation projects to power the local communities.
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1. Introduction


The cost of the industrial revolution is a massive increase in the use of fossil fuels, which include coal, natural gas, oil, and gasoline, resulting in highly infected air. Due to this, global climate is changing and is affected severely; high amounts of greenhouse gases are emitted due to the mismanaged use of these fuels in a vast range of applications that can be found in producing and consuming energy. Carbon dioxide (CO2) is one of the most common of these gases and is the leading cause of these changes in the behavior of the earth’s atmosphere. However, even this intensive use of resources cannot account for the high amounts of energy consumption of today’s age. Therefore, alternate resources need to be used to generate environmentally sustainable energy [1,2]. The most economically active energy resources are the solar, biomass, wind, and geothermal power. Among these resources, the wind power is the most affordable, efficient, and commonly used by many developed and developing countries and hence is considered as the first choice of energy resources [3,4]. Thirty-five percent of the world’s energy demand can be fulfilled if all the available wind power is consumed [5]. The installed wind energy capacity all over the globe increased to 539 GW by the end of 2017, which indicates the need and the worth of this energy source for the future [6]. The Global Wind Energy Council (GWEC), responsible for wind power industry trade throughout the world, is making efforts to make wind power a dominant resource for generating energy. According to the reports from the GWEC, China is the most dominant in making efforts to enforce changes and making a switch to new energy resources. Achieving 34% of the annual market, China installed 19.66 GW in 2017 and is currently the market leader with 188 GW power generated from the wind resources. The United States is in second place and Germany is in third with 89 GW and 56 GW, respectively [7]. With Pakistan’s negligible oil and gas reserves and high costs required for nuclear energy production, the use of alternate energy sources is essential to fulfilling the energy deficit of the country. The Pakistan Meteorological Department (PMD) conducts surveys to locate optimal locations for the wind and other alternative energy resources throughout the country. According to these reports, a potential corridor for good wind energy generation is about 1100 km, on the coastline of the Sindh and Baluchistan provinces [8].



In order to obtain the maximum efficiency and minimize investment risk of a wind project, it is imperative to assess the feasibility, operation cost, and energy potential before installing the wind energy system [9]. Many researchers have used several statistical descriptors and probability distributions to test and analyze the characteristics of wind data. For wind data and its analysis, Weibull and Rayleigh distributions provide the best fit of the data collected [10,11,12,13]. Weibull has become a standard due to its simplicity and flexibility, and, according to the international standard of the International Electrotechnical Commission (IEC: 614-00-12), two-parameter Weibull is a proper approach to analyze wind characteristics. These parameters—Weibull shape and scale parameters—are easily computed by using several methods [14,15].



Many researchers have studied various methods to estimate and optimize the potential of wind energy at various locations around the world [16,17,18,19,20,21,22,23,24,25,26,27]. Others have evaluated the wind energy potential of different areas. One study showed wind data of the Alacatı region in Izmir, which was investigated by using the Weibull statistical distribution [28]. The measurements were collected on three various altitudes, respectively, 70, 50 and 30 m, in 10 min time intervals continuously for five years, and mean wind speed was found equal to 8.11 m/s for the complete data set. Another study analyzed four different locations in Iran where Weibull distribution was used to study the wind data collected in Mirjaveh, Zabol, Zahedan, and Zahak [29]. Wind power and energy density were used to analyze the cost for the wind fields at these locations. Assessments for on- and off-grid sites show that Mirjaveh is suitable for off-grid generation and can be used for water pumping and battery charging.



Besides specific technical measurements and statistics of wind energy resources, economic analysis is also quite significant from an investment point of view to avoid investment failure risks. Similar studies have been conducted in Zahedan in Iran, Kutahya in Turkey, selected areas in Jordan, Johannesburg in South Africa, some onshore locations in China, the Kiribati Islands, and many others worldwide [24,30,31,32,33,34,35,36,37,38,39,40,41].



Several studies have been carried out in the past in different areas of Pakistan where different researchers have analyzed various aspects of wind data collected from different periods; an example of such analysis was conducted in Hawksbay, Karachi [42]. Another study in Karachi was conducted, and wind energy potential was investigated [43]. Other investigations were conducted in Keti Bander [44], Gharo and Jhimpir [45], Jamshoro [46], and Babur [47]. Techno-economic evaluation was carried out for Hawksbay and Babur [42,47]. These studies show that, to estimate wind power potential precisely, it is vital to analyze the wind speed data in detail.



In this work, the potential of wind energy is evaluated for the city of Hyderabad in Sindh province located in the southern part of Pakistan. The wind speed data were measured at the height of 10 m in 10 min time intervals over two years (May 2015 to April 2017), and data were obtained from the combined project of the Government of Pakistan and the World Bank Group, funded by the Energy Sector Management Assistance Program. However, in this study, the authors used the Weibull and Rayleigh distribution methods to understand the wind characteristics. Root mean square error (RMSE), the determination of coefficient (R2), and the mean bias error (MBE) were computed to assess the performance of the distribution functions. In addition to the mean speed of the wind, the maximum energy carrying wind and the most probable wind speeds were calculated. Moreover, the wind energy and wind power density were predicted. Conclusively, economic analyses for standalone wind systems were carried out considering commercially available wind turbines in the selected areas so as to determine whether assessments are economically adaptable. It is worth saying here that, for the Hyderabad area, this kind of detailed study is rarely carried out. It is hoped that this study contributes to understanding the characteristics of wind in this area. The outcomes of the study can help government officials and potential investors to make efficient energy plans for the proposed area.




2. Site Description and Data Collection


Hyderabad is the second largest city of the southeastern province in Pakistan, located at longitude 68.3578° E and latitude 25.3960° N with an elevation of 29 m. The city is part of one of the major geographical regions in Pakistan and situated at the east bank of the Indus River plain. The provincial capital Karachi is almost 150 km away, which has the largest seaport of Pakistan. The Hyderabad is considered to be in the wind corridor of Pakistan and with a good average speed virtually throughout all the seasons. The location and elevation topography view of Hyderabad city is shown in Figure 1a,b. Figure 1b shows an elevation map of the Hyderabad area. Altitudes range from 16 to 35 m, and warmer colors indicate higher altitudes. In a recent study, a Geographic Information Systems (GIS)-based map showed that areas in the southern part of Sindh province are most suitable for installing wind turbines [48].



The wind tower was installed on land with flat terrain and a wind site easily accessible by various kinds of vehicles. All instruments/sensors were tested by connecting them to the data logger before assembling to the site, and correct functioning of all the instruments during commissioning was also verified. A team of maintenance engineers and observers visited the site every month for data collection and to inspect the apparatus, and sensors were cleaned weekly. Monthly measured data were analyzed by the experts to ensure the quality of the collected wind data. The site terrain is flat with no major obstacles or roughness in the area surrounding the wind tower, except for some medium height trees and buildings with a maximum of approximately 3 m; these are about 200 m away from the tower. The coastal area and southern areas of Sindh province have land with flat terrain, with no major obstacles and roughness. Therefore, the surface roughness is between 0.03 to 0.04 m, and the roughness class for these areas is between 1.0 and 1.2 [49,50,51]. The technical specification of meteorological sensors is given in Table 1. Wind speed (m/s), wind direction (degrees), atmospheric temperature (centigrade), and pressure (hPa) were measured in 10 min time intervals at the site.




3. Wind Data Analysis Procedure


Several wind characteristics such as the wind speed, the times of its occurrence, its continuity, and its direction have great significance in analyzing the wind power potential at a defined location. It is essential to have a preliminary estimate of the distribution of wind characteristics for precise feasibility of a wind farm. The total energy generation is also dependent on different factors; some of which are the air density, pressure, and turbine characteristics such as hub height and rotor diameter. Figure 2 shows a schematic diagram of the wind data analysis procedure. The two years of measured wind data were analyzed using Weibull and Rayleigh functions. Weibull parameters were estimated and used to predict different indicators for the assessment of wind power potential at the site. Wind speed for different heights was determined using the power law. Finally, the economic analysis was carried out by considering commercially available wind turbines, and mentioned aspects are discussed below.



3.1. Wind Speed Extrapolation


Measured wind speed is extrapolated, when data is collected at a limited number of heights, to determine the wind speed for multiple numbers of heights. Different methods can be used for wind extrapolation; the power law is used in this study for its simplicity. This law is considered a useful tool and is commonly used in the assessment of wind power potential to extrapolate wind speed data at different heights, which is defined as [52,53]


VVr=(ZZr)α



(1)




where V represents the wind speed at respective height Z, Vr represents the wind speed at reference height Zr, and α is the wind shear exponent. The shear exponent is a function of surface topology and varies depending on the land texture. A typical value of α is 1/7, which is assumed to be constant for flat terrain and low roughness surfaces. The exponent values vary from less than 0.10 for a very flat terrain, water, or ice surfaces to more than 0.25 for forest and woodlands [26,54]. The value 1/7 for α was considered in this study.




3.2. Weibull and Rayleigh Probability Density Functions


Various distribution functions have been used to analyze the wind data, but the two-parameter Weibull distribution is found to be the most effective [29,52,53,54,55]. Besides its many advantages, the Weibull function has a limitation: it cannot precisely represent the probabilities of zero or very low wind speeds. Therefore, a Rayleigh distribution can be used and tested, which is a special case of the two-parameter Weibull distribution function, with shape parameter k fixed at a value of 2 [26]. Probability density function and cumulative density function were used to read the wind speed variation, which indicates and compares the average speed data. The probability density function, f(v), gives the probability for a given speed v, while the cumulative density function, F(v), gives the probability for the velocity equal to or less than v. The Weibull probability density function (WPDF) is given as [53,54,55,56,57]


f(v)=kC(vC)k−1exp(−(vC)k)



(2)




where ‘k’ (dimensionless) and ‘c’ (m/s) represent the factor for shape and scale, respectively, which means that k and c store the complete information about the distribution.



The cumulative distribution function is the area under the curve for the probability density function. Therefore, the Weibull cumulative distribution function (WCDF), obtained by taking an integral of (WPDF), which is represented by F(v), is given as


F(v)=1−exp(−(vC)k).



(3)







The parameters for Weibull distribution can be calculated using various methods. Some of these are found strong while others are relatively weak. In this work, the standard deviation is used to calculate the shape and scale parameters and can be calculated as follows [29,58,59,60,61]:


k=(σvavg)−1.086.



(4)







Moreover,


C=vavgΓ(1+1k)



(5)




where Γ denotes the Gamma function, which is obtained as


Γ(x)=∫0∞e−yyx−1dy.



(6)







The scale parameter can also be computed as


C=vavg×k2.66740.184+0.816×k2.73855.



(7)







Given the Weibull parameters, Cr and kr, at the reference height, hr, the respective parameters, Cd and kd, at a desired height hd is given as [60,62]


Cd=Cr(hd/hr)β.



(8)







Moreover,


kd=kr1−0.088ln(hr/10)1−0.088ln(hd/10).



(9)







The exponent β can be calculated as


β=0.37−0.088ln(Cr)1−0.088ln(hd/10).



(10)







Rayleigh distribution function (RPDF) and cumulative distribution function (RCDF) are given as follows [26,63,64]:


f(V)=π2(VV2avg)exp[−(π4)(VVavg)2]



(11)






F(V)=1−exp[−(π4)(VVavg)2].



(12)







Two other essential wind speed indicators can be calculated using Weibull parameters, which are the most probable wind speed (Vmp) and maximum energy carrying wind speed (VmaxE). Some useful numerical expressions for wind data are mentioned in Appendix A. The Vmp represents the most frequently occurred wind speed for a given distribution, whereas VmaxE is essential for considering the wind turbines for a site. After calculating shape and scale parameters, the Vmp and VmaxE can be determined by the following expressions [26,29,64]:


Vmp=C(1−1k)1k



(13)






VmaxE=C(1+2k)1k.



(14)







The most significant indicator for wind is the wind power density (WPD), which describes the quantity of energy produced by various wind speeds at a specific site. The WPD using Weibull distribution parameters can be computed as follows [63,64]:


Weibull WPDwb=PwA=∫0∞12ρv3f(v)dv=12ρc3Γ(1+3k)



(15)




where ρ is the standard air density, mostly considered a constant, 1.225 kg/m3 at sea level, a pressure of 1 atm, and a temperature of 15 °C. Air density (ρ) of a month is calculated using the following equation:


ρ=PavRt×Tav



(16)




where Pav stands for monthly averaged air pressure in pascals. Rt represents specific gas constant (287 J/kgK) for air, and Tav refers to monthly an average temperature in Kelvin (K).



Wind power density (WPDRy) using Rayleigh function is calculated as follows:


WPDRy=PwA=6π(12ρV3).



(17)







Since power density is calculated, Equations (15) and (17) can be used to estimate wind energy density (WED) for Weibull and Raleigh as follows:


WEDwb=WPDwb×T=12ρc3Γ(1+3k)T.



(18)







Moreover,


WEDRy=WPDRy×T=6π(12ρV3)T.



(19)







Equations (18) and (19) can be used to compute WED of a particular site over a desired period T (in hours) for different wind speed frequency distributions. According to the Betz theorem, only 59.3% of wind power can be extracted using a wind turbine (WT), which is referred to as the Betz limit. By applying this limit, the probable maximum extractable power from wind is the product of the Betz limit (0.593) and the obtained results from Equation (15).




3.3. Statistical Error Analysis


In order to analyze the measured parameters, a criterion must be devised to validate the above-mentioned Weibull parameters. Errors can be computed using various statistical methods and then evaluated to find the best technique for these computations. There are different error techniques. Root mean square error (RMSE), the coefficient of determination (R2) and mean bias error (MBE) were used in this work and determined using Equations (20)–(22) [29,65]:


RMSE=1n∑i=1n(yi−xi)2 



(20)






R2=∑i=1n(yi−m)2−∑i=1n(xi−m)2∑i=1n(yi−m)2 



(21)






MBE=1n∑i=1n(yi−xi).



(22)




where n, yi, xi and m represent observation count, actual ith wind speed, predicted ith wind speed, and the average wind speeds.



In Equations (20)–(22), all the three formulas have different characteristics. The values for these errors are positive except for the MBE. Because in the case of a good fit ∑i=1n(xi−m)2 should approach zero. Therefore, lower RMSE and MBE values and higher R2 values will indicate a better fit.




3.4. Cost Assessment


It is imperative to assess the cost factor for the feasibility of wind farms in a region. The cost assessment of installing the different wind turbines was estimated using the following equations and assumptions [29,51].



Let Ic be the initial investment cost (including wind turbine cost and installation cost). Moreover, Com is the annual operation and maintenance cost, which is 1.5–2% of wind turbine cost [29,66]. The discount operation cost for s years (the lifespan of the wind turbine) to an initial year is equal to the present cost, which can be calculated as


PC(Com)(1−s)=nIc(1+ri)s−1ri(1+ri)s,



(23)




where Com includes salary, tax, rent, and insurance. Com can be expressed as a percentage n of Ic, while ri is the real interest rate, and s is the lifespan of the wind turbine.



Therefore, the accumulated net present cost with an effect of the initial investment cost can be obtained using the equation below:


NPC(1−s)=Ic[1+n[(1+ri)s−1ri(1+ri)s]].



(24)







Similarly, the turbine annual operation cost can be obtained as


NPC=NPC(1−s)s=Ics[1+n[(1+ri)s−1ri(1+ri)s]].



(25)







The annual energy output of the turbine Eo can be estimated using the following equation:


Eo=8760×Cf×Pra



(26)




where Cf is the capacity factor, and Pra is rated the power of the turbine. Finally, the cost per kilowatt-hour of wind turbine generated electricity can be determined as follows:


Cost of Energy(COE)=NPCEo=Ic8760s(1Cf.Pra)[1+n[(1+ri)s−1ri(1+ri)s]].



(27)









4. Results and Discussion


In this study, two years of wind data, from May 2015 to April 2017, collected at 10 m AGL at Hyderabad in Pakistan, were analyzed. Weibull and Rayleigh distribution functions were used to investigate the probability distribution of the wind speed data. Statistical descriptors such as the mean and standard deviations were used to compute the power and energy density for the output. Wind directions were analyzed to yield an optimum evaluation of the respective wind field. Finally, economic analysis was conducted to determine complete feasibility of the wind profile in the area. The following section is a discussion of the results obtained.



4.1. Wind Speed Analysis


Figure 3 shows the diurnal wind speeds for the two years, 2015 to 2017, for 24 h (hourly change), and both years and mean wind speed show a consistent pattern. It can be seen that higher wind speeds occur from 7 a.m. to 6 p.m. in the daytime. The wind speeds remain above 6 m/s for more than 16 h and above 5.5 m/s all day. A maximum wind speed of 7.3 m/s was found at 5 p.m. The wind speed is relatively lower during the night and reaches a minimum of 5.2 m/s at 6 a.m., although a constant wind speed from 10 a.m. to 2 p.m. can be seen, ranging from 6 m/s to 6.5 m/s, followed by an increase to a maximum speed of 7.3 m/s, which occurs at 5 p.m. It can be seen from the graph that the average wind speed throughout the day is very steady, within a range of 6 m/s and the wind speed in the year 2016–2017 is slightly higher compared to the year 2015–2016. Figure 3 does not show the variations in the wind speed on a daily or monthly basis; this comparison is concluded in the following section.



In Figure 4 and Figure 5, the averages for daily maximum and minimum wind speeds are shown along with the mean for the years 2015–2016 and 2016–2017, respectively. It can be seen that the wind speed fluctuations are very high in the mid part of both years (the data were collected from May 2015 to April 2017; Day 0 in both figures represent 1 May of the respective year), where the maximum speed increases to 16 m/s, while the minimum speed is around 2 m/s. The wind speed is comparatively steady at the end and start of the year. The minimum and maximum wind speeds range between 2 and 13 m/s for the duration of both years. As a consequence, the mean wind speed ranged from 2.5 to 10 m/s for most of the time in both years. The wind speeds of 2016–2017 follow the same pattern, impartially decreasing the maximum occurrence of wind speed to a maximum value of 15.5 m/s.



As evident from the previous analysis, the first half of the two years has higher wind speeds, while the other half shows more steady but lower wind speeds. This trend is supported by Figure 6, where monthly averaged wind speeds are shown for the two years along with their mean. The highest wind speeds were observed in August 2015 and June 2016 with values of 9.67 and 10.16 m/s, whereas the lowest was found in December for both years with values 3.46 and 3.63 m/s. Overall, the monthly average wind speed over the two years stayed between 3.5 and 10.2 m/s.



Figure 7 represents the seasonal average wind speeds for the two years and their mean of the site. The whole year is divided into four seasons: summer (from May to August), autumn (September to November), winter (December to February), and spring (March to May). It can be seen that summer is the most suitable, the highest wind speed and mean wind speed being 8.8 and 8.3 m/s for years 2015–2016 and 2016–2017, respectively, followed by spring and autumn. Winter has the lowest wind speed (approximately 4 m/s) in both years.




4.2. Wind Speed Frequency Distribution Analysis


The monthly and annual mean wind speed, standard deviation (St.dev.), turbulence intensity (Tr. I), Weibull parameters, i.e., k and c calculated using Equations (4) and (5), and specific wind characteristics (Vmp & VmaxE) of the site for both years (2015–2017) are summarized in Table 2, and seasonal measurements are shown in Table 3. The average value of the shape parameter for the two years is 2.097, and this parameter is almost the same for both years individually. Maximum shape parameter was in August 2015, where its value was 5.4, while the minimum was in February 2016 with a value of 2.031. The values of k for the whole data set were above 2, which indicates that the wind speed was moderate steady at a 10 m height at the candidate site. The scale parameter for the two years was 7.1 m/s, which is almost the same as that for the two years independently. The maximum scale parameter was found to be 11.115 m/s in June 2016 and 10.6 in July 2015, while the minimum was recorded to be 3.911 in December 2015 and followed by December 2016 is 4.1 m/s. The average most probable wind speed (Vmp) was found to be 5.17 m/s for the two years—6.94 m/s and 5.078 m/s for 2015–2016 and 2016–2017, respectively. The Vmp values ranged from 3.11 to 10.55 m/s. The average maximum carrying energy wind (VmaxE) of the two years was estimated at 9.703 m/s. Averages of 9.64 m/s for 2015–2016 and 9.76 m/s for 2016–2017 were found; VmaxE values ranged from 5.06 to 12.03 m/s.



The highest seasonal shape parameter k value of 3.336 was in summer 2015, and the lowest k value was in winter 2016. Seasonal scale parameter c estimates ranged from 4.318 to 8.985 m/s. The highest c value of 9.985 m/s occurred in 2016 summer and the lowest value of 4.318 m/s was in winter 2016. Seasonal Vmp values were between 3.303 and 8.985 m/s, and the highest and lowest values were 8.985 and 3.303 m/s in summer 2016 and winter 2016, respectively. The highest seasonal VmaxE value of 11.478 m/s was in summer 2016, and the lowest value was 5.760 m/s during the winter season of the year 2016.



A comparison of Weibull and Rayleigh probability density functions and cumulative density functions with real data histograms is presented in Figure 8 and Figure 9 for 2015–2016 and 2016–2017, respectively. For the Rayleigh distribution, the value of k is fixed, i.e., 2. The k calculated using Equation (4) for the Weibull distribution is not constant and was found greater than 2 for both years. This trend can be seen in the related figures.



Equations (20)–(22) were used to calculate the errors and verify the accuracy of the results computed from the Weibull distribution. The errors—RMSE, R2, and MBE—are given in Table 4. The values of all these errors are found in an acceptable range for the candidate site and verify the better fit of the Weibull distribution. Although the errors are small, the most probable wind speed was predicted to be 5 m/s by the Weibull distribution for both years, compared to around 6 m/s for the measured data.




4.3. Wind Power and Energy Density


It is significant to discuss the output generated by the wind in the form of power and energy density. The monthly values for air density (ρ) were calculated using Equation (16) and ranged from 1.131 to 1.205 kg/m3. The average annual ρ of the proposed site was found to be 1.161 kg/m3. Table 5 illustrates the average monthly and yearly trends in power density and energy density calculated using the measured data and the Weibull and Rayleigh estimations. The Rayleigh function overestimates the power density for months with high wind speeds, and shows a relatively better fit for months with low wind speeds. The Weibull functions for months with low wind speeds show a slight underestimation of power density. In [21], researchers found that the Weibull function can predict the wind speed data better in comparison with the Rayleigh function. Almost similar results were found in this study, and this trend can be seen in Table 5.



For the years 2015–2016 and 2016–2017, the annual mean power density based on actual data was found to be 256.3 W/m2 and 259.1 W/m2, while the energy density was found to be 2245.88 kWh/m2 and 2265.01 kWh/m2, respectively. The monthly maximum average power density was observed to be 626.44 and 587.03 W/m2 in July and August 2015 and for the year 2016–2017, and 695.42 W/m2 and 539.11 W/m2 in June and July 2016, respectively. The monthly minimum average power densities were 41.38 W/m2 and 49.11 W/m2, observed in the December of both years, whereas the highest and lowest values of energy density were found in the above-mentioned months for both years. In order to scale these outputs, the following wind classification at a 10 m height was used [29].





	Fair
	P/A<100 W/m2



	Fairly good
	100≤P/A<300 W/m2



	Good
	300≤P/A<700 W/m2



	Very good
	P/A≥700 W/m2






Furthermore, there is another wind power class (WPC) at 10 m height that can be used for the assessment of wind resources based on wind speed and power density [26,67]. According to this WPC, the regions classified as Class 3 or higher are considered suitable for wind power production. The calculated results of annual power density (>250 W/m2), which are given in Table 5, show that the Hyderabad area is in Class 5 and suitable for installation of wind turbines. It can be seen in Figure 10 that the higher wind speeds in the summer season resulted in a higher wind power density for both years, calculated to be more than 500 W/m2. According to the defined scale for the wind power class, the summer season is in Power Class 7. The spring season is in Class 5, as the calculated power density is around 260 W/m2 for both years. Finally, based on the annual estimate for the power density, the power output is relatively good for both years.




4.4. Energy Production


Total energy production and capacity factor are fundamental aspects of a wind power project. To determine the optimum energy output, it is essential to select the right turbine for a location. The wind data used in this research were measured at the height of the 10 m AGL. The power law was used to compute the average wind speed for different hub heights given in Equation (1). The considered hub heights were between 40 and 95 m, whereas the average wind speeds were between 7.5 and 8.5 m/s. The average wind speed was around 6.2 m/s for the whole data set, and the average maximum energy carrying wind speed (VmaxE) was about 9.7 m/s by Weibull estimation at 10 m height. The average VmaxE ranging from 9.7 to 13.4 m/s was computed up to the height of 80 m. For estimation of VmaxE at higher altitudes, the values for k and c were calculated using Equations (8) and (9). For this purpose, 18 wind energy conversion systems of different manufacturing companies (such as GE, DeWind, Enercon, Nordex, Vestas, Suzlon, and EWT DW) were selected to find the wind power, the annual energy production, and the capacity factor of the investigated site. The selected WTs’ power rating ranged from 0.33 to 2.75 MW.



The power curves of all selected WTs (curves obtained and compared using Windographer software) are shown in Figure 11 and other technical specifications are given in Table 6. To operate with its optimal capacity, the wind turbine design parameters, for example, rated power, cut out and cut in velocity, rated velocity, and hub height, were selected according to the wind characteristics of a particular site. The operating range of wind turbines was typically between 2.5 and 14 m/s, which can affect the capacity factor and cost of energy, as well as changes depending on the size of the turbine; the average maximum energy carrying wind speed (VmaxE) for this location was almost the same as the rated wind speed of the wind turbines. The power produced (P), the annual energy delivered (E), and the corresponding capacity factor using these WTs are summarized in Table 7. The maximum energy generated (E) per year by the GE 2.75-103 wind turbine was 11227.16 MWh followed by Suzlon S95-2.1 (8948.70 MWh) and Vestas V90-2.0 (8580.12 MWh), while the minimum energy was produced by Enercon E-33/330 (1056.82 MWh). The maximum capacity factor (CF) was 0.56 for the GE 1.6-100 wind turbine, whereas the minimum value was 0.33 for Nordex N80/2500 turbine. Overall, the selected turbines showed a good amount of energy production. Some showed a low output but still had a good CF.




4.5. Windrose Diagrams


In order to determine the maximum outputs, an optimum configuration for the wind farm is required; wind direction plays an integral part in obtaining this optimization. Wind directions can be analyzed using rose diagrams, where 0° is north and a 15-degree arc divides the whole into 24 sectors. Figure 12 and Figure 13 show the average annual wind rose diagrams for the two years. Windographer was used to construct the wind rose diagram to find the overall wind direction frequency of the selected site. It can be seen from the rose graph that more than 45% of the wind is directed between 195° and 240° degrees clockwise. The critical fact is that, during the spring and summer seasons, the most productive seasons, the wind blows in the same direction.




4.6. Cost Prospect Analysis


An economic assessment of wind energy systems depends on many factors that vary in the regions. For wind energy projects, the fuel is free but requires a very high initial investment. The site is suitable for most wind turbine applications, from small standalone turbines to large wind power plants. The cost of substantial investments needed for the wind farm requires a detailed analysis of wind farm cost. Advantages and optimization of the wind farm layout are beyond the scope of this article, but an approximate economic analysis of standalone or large systems for powering the local community is described below. Wind turbines with different hub heights were selected. Hub height turbine analysis can be a benefit and provide an initial approach for the government and local investors to set up a wind farm.



The cost analysis of the selected wind turbines was calculated using Equation (27). The cost of wind turbines with power ratings above 200 kW ranged from 0.7 to 1.6 M$/MW, and an average specific cost of 1.15 M$/MW was considered [41,68]. The cost of a wind turbine in this study was estimated by assuming an initial price of 1.2 M$/MW. The initial investment cost was considered 30% of the wind turbine cost and the real interest rate was considered 10% [47]. The lifespan (s) of a wind turbine was supposed to be 20 years, whereas operation and maintenance cost were taken as 2% of the wind turbine cost [29,47]. By considering the above assumptions, the cost of energy (COE) per MW generated by the preferred wind turbines was computed, and the outcomes of these calculations are given in Table 7. To simplify the calculations, other losses, such as grid and distribution losses, transformer losses, wake losses, and cables losses were neglected and are beyond the scope of this study. The cost of energy (COE) per unit ranged from 19.27 to 32.80$/MWh. The highest cost was 32.80$/MWh for the Nordex N80/2500 wind turbine, and the lowest was 19.27$/MWh for the GE 1.6-100 wind turbine.





5. Conclusions


The wind power potential and economic analysis for electricity generation of the Hyderabad area was carried out in this research work. Two years’ worth of real-time 10-min-interval-measured wind data were analyzed to compute different indicators for the assessment of wind power potential of the proposed area. The research results indicated that the investigated site was potentially suitable for using wind energy for power generation that meets the demand for the local communities. The outcomes of this study are concluded as follows:

	
The diurnal wind speed variation analysis of the site showed that higher wind speeds occurred during the daytime and reached a maximum after 5 p.m., whereas the lowest wind speeds occurred after midnight and achieved the minimum at 6 a.m. The diurnal mean wind speed remained steady throughout the two years.



	
Annual average wind speed was 6.2 m/s, and the maximum mean monthly wind speeds were 10.20 m/s and 9.7 m/s in June 2016 and August 2015, respectively. Monthly average wind speed was 7.5 m/s from March to October in both years.



	
Seasonal average maximum wind speeds were 8.9 m/s and 6.5 m/s in the summer and spring, respectively. The average wind speed for the winter season was 4 m/s, and for the autumn season, it was 5.6 m/s.



	
Weibull shape parameter k ranged from 2.03 to 5.4 with an annual average value of 2.02. The higher values of k show that the wind speed was steady at the site. The scale parameter c ranged from 3.9 to 11.1 m/s, and the average value of an individual year was 7 m/s. The most probable wind (Vmp) and maximum energy carrying wind (VmaxE) values were in the range from 3.2 to 10.1 m/s and from 5.1 to 12. m/s respectively.



	
The annual mean power density was 255 W/m2, while the energy density was 2265 kWh/m2. Monthly maximum average power density values were 626.44 and 587.03 W/m2 for months July and August 2015 and were 695.42 and 539.11 W/m2 for months June and July 2016, respectively. Monthly minimum average power densities were 41.38 and 49.11 W/m2 for the December of both years. Monthly minimum average energy densities were 30.78 and 36.53 kWh/m2 for the December of both years.



	
RMSE, R2, and MBE were found to be within an apt range for the candidate site revealing the better fitting of the distribution function.



	
The annually maximum mean energy produced by the GE 2.75-103 wind turbine was 11,227.16 MWh followed by Suzlon S95-2.1 (8948.70 MWh) and Vestas V90-2.0 (8580.12 MWh), but the minimum energy was produced by the Enercon E-33/330 (1056.82 MWh) wind turbine. The maximum capacity factor (CF) was 0.56 for the GE 1.6-100 wind turbine, whereas the minimum CF was 0.33 for the Nordex N80/2500 wind turbine.



	
The outcomes of the economic analysis showed that the Nordex N80/2500 wind turbine yields the highest cost of 32.80$/MWh and the GE 1.6-100 wind turbine yields the lowest cost of 19.27$/MWh, followed by Vestas V100-1.8 with a cost of 19.98$/MWh.








The findings of the study show that, for Hyderabad, wind power could be considered an alternative source of energy. The cost of energy (COE)/MWh generated by WTs is comparable to the cost of energy/MWh generated using fossil fuels. Therefore, the proposed location can be considered as a promising zone for wind power generation projects such as small standalone systems or large wind farms. Occasionally, it is not feasible to extend the main grids to small and far-flung locations. Thus, some small renewable energy resources based on standalone or off-grid power supply systems may be installed in this area to serve local communities. Further research may be directed toward selecting other types of wind turbines. Similarly, optimization of wind farm layout should also be carried out to intensify the electric power production.
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Nomenclature




	
k

	
Weibull distribution shape parameter dimensionless




	
c

	
Weibull distribution scale parameter (m/s)




	
α

	
Roughness exponent




	
V

	
Wind speed (m/s)




	
Vavg

	
Wind speed average (m/s)




	
σ

	
Standard deviation of wind speed (m/s)




	
Vmp

	
Most probable wind speed (m/s)




	
VmaxE

	
Maximum carrying energy wind speed (m/s)




	
f(v)

	
Probability density function




	
F(v)

	
Cumulative distribution function




	
$

	
US dollar




	
Abbreviations




	
AGL

	
Above ground level




	
RMSE

	
Root mean square error




	
R2

	
Coefficient of determination




	
MBE

	
Mean bias error




	
WTs

	
Wind turbines




	
IEC

	
International Electrotechnical Commission




	
WPDF

	
Weibull probability density function




	
WCDF

	
Weibull cumulative distribution function




	
RPDF

	
Rayleigh probability density function




	
RCDF

	
Rayleigh cumulative distribution function




	
WPD

	
Wind power density




	
WED

	
Wind energy density




	
WPDwb

	
Weibull wind power density




	
WPDRy

	
Rayleigh wind power density




	
CF

	
Capacity factor




	
COE

	
Cost of energy









Appendix A


Some basic numerical descriptors for wind data are the wind speed average (Vavg), speed standard deviation (σ), turbulence intensity (Tr.I), and wind power (Pw) can be expressed as follows:


Vavg=1N∑i=1Nvi



(A1)






σ=1N−1∑i=1N(vi−vavg)2



(A2)






Tr.I=σVavg



(A3)






Pw=12ρAvavg3.



(A4)







The wind turbine capacity factor (CF) is an indicator that estimates the performance of wind turbines (WTs). It is the ratio of the total power P of WTs delivered in a certain period to the turbine’s maximum rated power Pra if the turbine was utilized with full capacity over the same period and is expressed as


CF=PPra.



(A5)
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Figure 1. Hyderabad city overview: (a) location, (b) elevation topography. 
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Figure 2. Schematic diagram for wind data analysis procedure. 
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Figure 3. Diurnal wind speed variations for 2015–2017. 
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Figure 4. Daily maximum, minimum, and mean wind speed variations for 2015–2016. 
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Figure 5. Daily maximum, minimum, and mean wind speed variations for 2016–2017. 
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Figure 6. Monthly mean wind speed variations for 2015–2017. 
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Figure 7. Seasonal-mean wind speeds for year (2015–2017). 
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Figure 8. Wind speed frequency distribution analysis for 2015–2016. 
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Figure 9. Wind speed frequency distribution analysis for 2016–2017. 
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Figure 10. Seasonal wind power and energy density from summer 2015 to spring 2017. 
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Figure 11. Power curves of selected wind turbines. 
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Figure 12. Windrose diagram for the year 2015–2016. 
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Figure 13. Windrose diagram for the year 2016–2017. 
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Table 1. Specifications of meteorological sensors.






Table 1. Specifications of meteorological sensors.





	Type
	Model #
	Serial #
	Height
	Accuracy
	Range





	3-Cup anemometer
	NRG40C
	1795-00229369
	10 m
	±0.14 m/s at 10 m/s
	1 m/s to 96 m/s



	Wind direction vane
	NRG200
	1799-00019689
	10 m
	±1.6° (>0.9° to <359.1°)
	0° to 360°



	Temperature probe
	CS215
	E12267
	2 m
	±0.3 °C to ±0.9 °C
	–40°C to +70 °C



	Barometric pressure transducer
	Setra 278
	6015966
	2 m
	±0.6 to ±1.5 hPa
	M 800 to 1100 hPa
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Table 2. Monthly and yearly mean wind, standard deviation (St. dev.), turbulence intensity (Tr. I), Weibull parameters, and specific wind characteristics for 2015–2017.
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	Month
	Vavg (m/s)
	St. dev.
	Tr. I
	k
	c (m/s)
	Vmp (m/s)
	VmaxE (m/s)





	May 2015
	8.058
	2.615
	0.325
	3.395
	8.970
	8.094
	10.281



	June 2015
	7.331
	3.012
	0.411
	2.627
	8.251
	6.876
	10.235



	July 2015
	9.549
	2.976
	0.312
	3.548
	10.606
	9.660
	12.030



	August 2015
	9.679
	2.039
	0.211
	5.428
	10.493
	10.106
	11.117



	September 2015
	7.185
	2.349
	0.327
	3.367
	8.002
	7.207
	9.190



	October 2015
	5.324
	2.358
	0.443
	2.421
	6.005
	4.819
	7.700



	November 2015
	4.291
	1.563
	0.364
	2.995
	4.806
	4.196
	5.701



	December 2015
	3.467
	1.564
	0.451
	2.373
	3.911
	3.106
	5.060



	January 2016
	3.812
	1.605
	0.421
	2.558
	4.294
	3.538
	5.382



	February 2016
	4.195
	2.184
	0.521
	2.031
	4.734
	3.391
	6.635



	March 2016
	4.976
	2.515
	0.505
	2.098
	5.619
	4.127
	7.731



	April 2016
	6.230
	2.610
	0.419
	2.572
	7.016
	5.793
	8.775



	May 2016
	8.293
	2.684
	0.324
	3.405
	9.230
	8.334
	10.572



	June 2016
	10.164
	2.463
	0.242
	4.662
	11.115
	10.554
	12.000



	July 2016
	9.013
	2.970
	0.330
	3.339
	10.042
	9.026
	11.558



	August 2016
	7.716
	2.839
	0.368
	2.962
	8.645
	7.523
	10.290



	September 2016
	7.482
	2.676
	0.358
	3.054
	8.372
	7.352
	9.873



	October 2016
	5.774
	1.979
	0.343
	3.199
	6.447
	5.734
	7.504



	November 2016
	3.968
	1.795
	0.452
	2.367
	4.478
	3.551
	5.799



	December 2016
	3.631
	1.694
	0.467
	2.289
	4.099
	3.190
	5.393



	January 2017
	4.001
	2.077
	0.519
	2.038
	4.516
	3.244
	6.315



	February 2017
	4.662
	2.191
	0.470
	2.271
	5.263
	4.076
	6.951



	March 2017
	4.251
	2.053
	0.483
	2.205
	4.800
	3.649
	6.432



	April 2017
	6.031
	2.496
	0.414
	2.607
	6.790
	5.640
	8.448



	Year (2015–2016)
	6.269
	3.117
	0.497
	2.136
	7.078
	5.266
	9.646



	Year (2016–2017)
	6.216
	3.198
	0.514
	2.058
	7.017
	5.078
	9.760



	Year (2015–2017)
	6.242
	3.158
	0.506
	2.097
	7.050
	5.172
	9.703
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Table 3. Seasonal-mean wind, standard deviation, Weibull parameters, and specific wind characteristics at 10 m height for 2015–2017.






Table 3. Seasonal-mean wind, standard deviation, Weibull parameters, and specific wind characteristics at 10 m height for 2015–2017.





	Season
	Vavg (m/s)
	St. dev.
	k
	c (m/s)
	Vmp (m/s)
	VmaxE (m/s)





	Summer 2015
	8.853
	2.919
	3.336
	9.864
	8.865
	11.355



	Autumn 2015
	5.600
	2.437
	2.468
	6.314
	5.115
	8.030



	Winter 2016
	3.825
	1.831
	2.225
	4.318
	3.303
	5.760



	Spring 2016
	6.500
	2.941
	2.366
	7.334
	5.814
	9.502



	Summer 2016
	8.964
	2.941
	3.355
	9.985
	8.985
	11.478



	Autumn 2016
	5.741
	2.612
	2.352
	6.479
	5.120
	8.416



	Winter 2016
	4.098
	2.043
	2.129
	4.627
	3.436
	6.315



	Spring 2017
	6.599
	2.534
	2.814
	7.387
	6.272
	9.005
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Table 4. Error analysis of Weibull distribution.






Table 4. Error analysis of Weibull distribution.





	Years
	RMSE
	R2
	MBE





	2015–2016
	0.0000760
	0.9948769
	0.0005121



	2016–2017
	0.0000747
	0.9930903
	0.0005590



	Over all
	0.0000709
	0.9927871
	0.0005482
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Table 5. Monthly, yearly mean measured, Weibull and Rayleigh wind power density (PDWb), and energy density (EDRy).






Table 5. Monthly, yearly mean measured, Weibull and Rayleigh wind power density (PDWb), and energy density (EDRy).





	Period
	PD/(W/m2) Measured
	ED/(kWh/m2) Measured
	PDWb/(W/m2)
	EDWb/(kWh/m2)
	PDRy/(W/m2)
	EDRy/(kWh/m2)





	May 2015
	390.17
	290.29
	391.02
	290.92
	543.54
	404.40



	June 2015
	333.19
	239.90
	338.36
	243.62
	420.95
	303.08



	July 2015
	626.44
	466.07
	637.76
	474.49
	897.81
	667.97



	August 2015
	587.03
	436.75
	586.00
	435.99
	876.20
	651.89



	September 2015
	277.80
	200.01
	281.25
	202.50
	389.97
	280.78



	October 2015
	141.80
	105.50
	140.47
	104.51
	165.84
	123.38



	November 2015
	65.25
	46.98
	65.48
	47.15
	86.99
	62.63



	December 2015
	41.38
	30.78
	41.17
	30.63
	47.92
	35.65



	January 2016
	51.64
	38.42
	51.78
	38.53
	63.40
	47.17



	February 2016
	85.01
	59.16
	83.08
	57.82
	84.42
	58.76



	March 2016
	136.36
	101.45
	131.35
	97.72
	137.82
	102.54



	April 2016
	214.63
	154.53
	215.15
	154.91
	264.27
	190.27



	May 2016
	425.89
	316.86
	425.08
	316.26
	591.42
	440.02



	June 2016
	695.42
	500.70
	696.86
	501.74
	1030.27
	741.79



	July 2016
	539.11
	401.10
	550.65
	409.68
	761.49
	566.55



	August 2016
	361.18
	268.71
	369.81
	275.14
	488.92
	363.76



	September 2016
	328.58
	236.58
	333.48
	240.10
	446.60
	321.55



	October 2016
	151.35
	112.61
	150.31
	111.83
	204.89
	152.44



	November 2016
	60.45
	43.53
	60.20
	43.34
	69.93
	50.35



	December 2016
	49.11
	36.53
	48.10
	35.79
	54.46
	40.52



	January 2017
	74.24
	55.23
	72.72
	54.10
	74.17
	55.18



	February 2017
	106.62
	71.65
	103.87
	69.80
	116.85
	78.52



	March 2017
	81.99
	61.00
	78.79
	58.62
	86.48
	64.34



	April 2017
	194.05
	139.72
	192.71
	138.75
	238.64
	171.82



	Year (2015–2016)
	255.68
	2245.88
	256.29
	2251.29
	261.92
	2300.75



	Year (2016–2017)
	258.56
	2265.01
	259.06
	2269.38
	278.77
	2442.01
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Table 6. Wind turbines (WTs) technical specifications.






Table 6. Wind turbines (WTs) technical specifications.





	Turbine Model
	Power Rated (MW)
	Turbine Diameter (m)
	Hub Height (m)





	GE 1.5-77
	1.5
	77
	65



	GE 1.6-100
	1.6
	100
	80



	GE 2.75-103
	2.75
	103
	85



	DeWind D6 62
	1.25
	62
	65



	DeWind D9.0
	2
	93
	80



	Enercon E-33/330
	0.33
	33.4
	44



	Enercon E-48/800
	0.8
	48
	55



	Enercon E-82 E2/2000
	2
	82
	85



	Nordex S77/1500
	1.5
	77
	70



	Nordex N80/2500
	2.5
	80
	80



	Vestas V100-1.8
	1.8
	100
	80



	Vestas V90-2.0
	2
	90
	95



	Vestas V82-1.65
	1.65
	82
	70



	Suzlon S52-600
	0.6
	52
	75



	Suzlon S95-2.1
	2.1
	95
	80



	Gamesa G58-850
	0.85
	58
	44



	EWT DW52-900
	0.9
	52
	50



	EWT DW54-500
	0.5
	54
	40
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Table 7. WTs estimated power, annual energy output, capacity factor, and COE/MWh.






Table 7. WTs estimated power, annual energy output, capacity factor, and COE/MWh.





	Turbine Model
	P (MW)
	E (MWh)
	CF
	$ COE/MWh





	GE 1.5-77
	0.668
	5854.359
	0.446
	24.182



	GE 1.6-100
	0.895
	7836.836
	0.559
	19.269



	GE 2.75-103
	1.282
	11227.161
	0.466
	23.118



	DeWind D6 62
	0.467
	4088.171
	0.373
	28.858



	DeWind D9.0
	0.976
	8547.910
	0.488
	22.083



	Enercon E-33/330
	0.121
	1056.818
	0.366
	29.471



	Enercon E-48/800
	0.268
	2348.811
	0.335
	32.146



	Enercon E-82 E2/2000
	0.856
	7495.452
	0.428
	25.183



	Nordex S77/1500
	0.679
	5950.085
	0.453
	23.793



	Nordex N80/2500
	0.821
	7194.369
	0.329
	32.796



	Vestas V100 -1.8
	0.970
	8501.080
	0.539
	19.984



	Vestas V90 - 2.0
	0.979
	8580.121
	0.490
	22.000



	Vestas V82-1.65
	0.760
	6655.004
	0.460
	23.400



	Suzlon S52-600
	0.294
	2579.503
	0.491
	21.953



	Suzlon S95-2.1
	1.022
	8948.697
	0.486
	22.148



	Gamesa G58-850
	0.347
	3043.329
	0.409
	26.360



	EWT DW52-900
	0.306
	2684.490
	0.340
	31.642



	EWT DW54-500
	0.241
	2107.485
	0.481
	22.392
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