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Abstract  

Background：Given the increasing trend of using wind energy in cities, the utilization of 

distributed wind energy in cities has been widely concerned by researchers. The related 

research on the micro-site selection of wind turbines, a sub-project of the Task27 project of the 

International energy agency, was continued in this paper. 

Methods：The wind speed data of an observation station near Hohhot, Inner Mongolia, with a 

range of 10-19 m were collected. The evaluation included wind direction, Weibull parameter 

characteristics, and turbulence intensity. The potential energy output in 10 different heights was 

estimated using commercial horizontal and vertical axis wind turbines of the same power. 

Results：The three-parameter Weibull distribution model can well describe the statistical 

properties of the wind speed in this site. The wind speed distribution model constructed from 

extrapolation parameters reflects the wind speed statistical properties out of detection positions 

to a certain extent. 

Conclusions：The wind energy density of the vertical axis wind turbine is slightly lower than 

that of the horizontal axis wind turbine. Furthermore, more power can be generated from March 

to May. 

Keyword：Wind energy potential, Urban suburbs, Evaluation of wind resource, Extrapolated 

wind speed probability distribution, Turbulence in the Suburbs of a city. 

 

1. Background 

Wind energy is a kind of clean energy with great potential in nature. In developed countries, 

wind power accounts for approximately 3% to 5% of total domestic power generation. In 

particular, Germany generates approximately 18% of power from wind energy. The research 

and development of wind energy technology must be strengthened to ensure the sustainable 

development of energy in all countries [1]. 

The application of wind energy systems in urban environments has been greatly explored in 

wind energy research. The advantages of being close to power load and having zero greenhouse 

gas emissions are becoming increasingly evident in urban energy supply systems. However, 

urban wind environments are complex due to the combined effect of building shelters, urban 

heat island effects, and complex urban underlying surfaces. Thus, the micro-site selection 

method of urban wind turbine must be further refined and intensively developed. Current 
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standards for the selection of small wind turbines also take little account of such intermittent 

urban wind conditions [2]. Many researchers choose the indicators in the process of the 

microscopic location as the focus to research the change rules of urban wind environment, the 

distribution models, through numerical simulation, field test and statistical methods. The 

causes of strong turbulence and wind resource assessment optimization, to summarize research 

framework, wind resource assessment method, and to achieve practical experience data of 

multiple location by numerical simulation, field tests and statistical inductive method [3-9]. 

An accurate description of wind speed and direction is the premise for the accuracy of 

micro-site selection in urban environments. The use of probability statistics is generally 

accepted as a method for characterizing wind speed and direction. Some probability and 

statistical models and their variants are widely used in the study of wind speed statistical 

characteristics. Haslett [10-12] first proposed a model for fitting wind speed probability 

distribution and Rayleigh distribution. Since then, new methods of model modification, 

parameter estimation, and goodness test have been proposed and have shown good 

applicability in describing local wind resources [13-21,50]. Weibull, a widely used probability 

distribution model, was first defined by Frechet in 1927. In 1933, Rosin and Rammler applied 

Weibull distribution for the first time in studying powder distribution. In 1951, Weibull [22] 

explained the powder distribution in detail and established three-parameter Weibull 

distribution model, including the location parameter, on the basis of double-parameter Weibull 

distribution. The model was used to analyze a large amount of data. The results showed that the 

three-parameter Weibull distribution model had good applicability for small sample test. In the 

wind load calculation of buildings, the Weibull distribution function was first applied to the 

statistical expression of wind [23]. The Weibull distribution function was then introduced to 

wind resource assessment. Researchers worldwide have studied the relevance and accuracy of 

the Weibull distribution to determine the probabilistic statistical characteristics of wind speed 

[24-34]. Some scholars changed the Weibull function model to match the actual wind speed, 

such as the upper-truncated Weibull distribution [35] and inverse Weibull distribution [36]. For 

the Weibull distribution model alone, the two- and three-parameter Weibull models have 

different performances in describing the wind environment, and the applicability of the two has 

been the focus of research and discussion. Stewart D.A and Essenwanger [37] compared the 

applicability of the two- and three-parameter Weibull models in describing wind speed 

frequency based on data from more than 40 stations near the ground. They concluded that the 

three-parameter Weibull models are more flexible and appropriate than the two-parameter 

model. Piotr Wais [38] believed that the three-parameter Weibull distribution is seldom applied 

in the wind power industry, which may lead to the underestimation of the distribution model’s 

role in wind resource estimation to some extent. Given the lack of comparison with other 

probability models and detailed analysis in space and time, the role of the three parameters in 
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wind energy evaluation may be ignored to a certain extent. Van Der Auwera [39] estimated the 

wind power density in accordance with the three-parameter Weibull distribution and analyzed 

parameters at different heights. Emeis S. [40] studied the wind speed data of 20–140 m 

measured by Sodar at different landforms and mountain peaks in Germany and researched the 

parameter variations at different heights. In 1988, through theoretical derivation, Huwenzhong 

[41] estimated the approximate formula of parameters and its precision in the Weibull 

distribution function from the mean wind speed and its standard deviation. In 1996, he [42] 

proposed a hybrid frequency model that was consistent with wind speeds in inland areas, and its 

accuracy was better than that of the two-parameter Weibull model. However, the maturity of 

the Weibull wind frequency probability model is mainly reflected in the applicable evaluation 

of large wind turbines in large areas on land and at sea. Actual data and methods to discuss the 

evaluation of wind energy in urban areas are lacking. 

In the Task27 project conducted by the international energy agency, researchers from various 

countries paid close attention to the micro-site selection of wind turbines in complex urban built 

environments. In Inner Mongolia University of Technology, Wang M et al., a member of 

Task27 under the leadership of professor Wang J.W, Wang W.X, Hou Y.L, Zhao Y.X, and 

Wang Q carried out a series of work on urban wind energy utilization topics, such as urban 

boundary layer and microscopic site selection, rooftop wind turbine utilization, turbulence 

model of building wind environment, and the effect of obstacles on turbulence. The three 

following aspects were considered: First, the accuracy of different turbulence models in 

building wind environment numerical simulation was compared [43]. The numerical analysis 

method of wind turbine micro-site selection in urban buildings was summarized [44], 

discussed, and analyzed [45]. The specific installation height of wind turbine at different types 

of roofs [46] was also discussed and analyzed. Second, a new method for numerical research 

and analysis of micro-site selection of rooftop wind turbine based on the urban atmospheric 

boundary layer theory was proposed [47]. The power of special rooftop wind turbine for 

buildings in the city was predicted. Third, the influence of non-architectural factors in the urban 

turbulent environment, such as the disturbance effect of different inflow angles, wind profile, 

surface roughness, and hedge wall, on the micro-site selection of the wind turbine was further 

studied. The effect of flow field characteristics was also simulated [48]. 

Site selection analysis is carried out for specific urban environmental areas to enrich the 

measured data of urban wind energy. Based on the work of the research team, this study 

continues the research topic of Task27 on wind energy potential and urban wind energy. The 

mechanism of wind energy use in Inner Mongolia Autonomous Region is explored. The key 

laboratory of renewable energy base, which was built by the ZephIR sonde and laser radar wind 

mast perennial ground meteorological observation system, is optimized. ZephIR laser radar is 

the main test method and data source used. It allows 11 Locations near the ground to be 
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vertically observed the features of the wind speed and turbulence characteristics. The Weibull 

probability model is used to fit the cumulative probability distribution function of each height. 

Least square method is used to estimate the shape, scale, and position parameters. Finally, the 

wind energy density of the entire year and each month is calculated, and the turbulent 

environment around the observation site is analyzed. According to the parameters of wind 

turbine micro-site selection, some suggestions are introduced for the selection of urban 

near-surface and micro-wind turbine to provide a favorable reference for related projects and 

research on the utilization of wind energy in the future. 

 

2. Methodology 

2.1. Urban wind profile 

The wind profile formula, Equation (1) of exponential law, was proposed by G. Hellman in the 

1820s. After continuous improvement [49], it could further describe the atmospheric boundary 

layer within the range of 30–300 m [50]: 
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For the urban terrain with relatively dense and low-rise buildings, some Japanese scholars 

further proposed that the urban rough sub-layer conforms to the logarithmic wind profile [51]. 

Its expression is presented in Equation (2): 
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2.2. Wind speed distribution  

In general, the Weibull distribution function applied to statistical analysis of wind speed mainly 

includes two- and three-parameter models. The two-parameter model is shown in Equation (3): 

kcvk
e

c

v

c

k
vf

)/(1)()(  , (3) 

where v is the wind speed, v >, 0, k >, 0; and c >0. The dimensionless factor k determines the 

shape of the curve and is called the shape factor. Parameter c is the scale parameter. The 

three-parameter Weibull distribution function adds the position parameter u, which considers the 

value of zero wind speed and determines the starting position of the distribution curve. Equation 

(4) presents the distribution function model: 
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Parameter estimation methods include moment estimation and maximum likelihood estimation. 

Considering the precision of parameter estimation and the complexity of calculation, this study 

uses the nonlinear regression equation to construct the probability function model of 

three-parameter Weibull distribution. The values of parameters u, k, and c are estimated by the 

least square method. The parameter estimation process is described as follows. 

First, the probability distribution function in Equation (4) is transformed into the cumulative 

probability density function Equation (5): 
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Equation (6) is obtained by substituting Equation (5) into the term and solving the logarithms of 

both sides of the equation. 
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Ln(v-u) in Equation (6) is regarded as X, ln[-ln(1-F(v))] as Y, and the corresponding residual 

terms and coefficients are regarded as parameter sets. According to the principle of least square, 

the estimated values of parameters k, c, and u of the original function F(v) are obtained using 

Equations (7), (8), and (9), respectively, as shown below: 
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2.3. Turbulence intensity (TI) 

TI represents the turbulence development intensity and the ratio of the standard deviation of 

wind speed to the average wind speed. Under the same set of measurements and the specified 

period, a TI of 10 min is calculated using Equation (10)[52]: 

V
IT


 , (10) 

TI is a measure of turbulence that fluctuates with the value of wind speed. It is one of the 

important parameters that determine the safety level or design standard of wind turbines, and it is 

also an important part of wind resource assessment in wind farms. The assessment results directly 

affect the selection of wind turbines. 

According to IEC 61400-1 (2019 edition), TI is divided into four grades A+, A, B, and C (Table 1) 

to determine the classification of wind turbines. 
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Table 1. Turbulence Intensity Class 

Turbulence Intensity Class Values 

A+ (designates the category for very high turbulence characteristics) 0.18 

A (designates the category for higher turbulence characteristics) 0.16 

B (designates the category for medium turbulence characteristics) 0.14 

C (designates the category for lower turbulence characteristics) 0.12 

2.4. Wind power density 

From the subjective perspective of wind energy utilization, the key to determining the wind 

energy potential of a city is the amount of kinetic energy, which can be converted from the wind 

speed. See Equation (11) for the power calculation equation: 
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According to Equation (4), the wind energy density based on position parameter u, shape 

parameter k, and scale parameter c is used to illustrate the wind energy environment 

conforming to Weibull probability distribution characteristics. The wind energy density 

equation is shown in Equation (12): 
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where ρ is the air density (It's calculated by Equation (13)) and AR is the swept area of the wind 

turbine [53]. 
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where g is the gravitational acceleration, t is the temperature, and p is the absolute pressure 

Equation (14) is obtained by integrating Equation (12): 
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where Γ(v, z) is the incomplete gamma function. The calculation method is described in Equation 

(15): 
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2.5. Goodness of fit test 
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The goodness test of parameter estimation and regression analysis in this study mainly focuses 

on R2 and
2 to test the degree of agreement between fitting value and actual value. The 

calculation process is shown in Equation (16) and (17): 
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3. Site description and data analysis 

3.1. ZephIR Lidar test system 

Table 2. Main parameters of ZephIR Lidar 

The parameters of ZephIR Lidar Parameter values 

Measuring range 
10-200m（Lidar survey） 

0-10m（Shipboard weather station） 

The length of the probe 
±0.07m@10m 

±7.70m@100m 

Measure the height 
The user is configured with 10 heights plus an 

additional met station for measurement 

Sampling frequency 50Hz（Up to 50 measuring points per second） 

The average ratio 
The actual value is 1s, with a 10-minute 

average of 0.1m/s 

Wind speed resolution 0.1m/s 

Change the direction of the wind <0.5° 

Change the direction of the wind <1m/s-80m/s 

Wind lidar has been widely used in wind resource evaluation. The basic principles of lidar 

depend on measuring the Doppler shift of radiation from wind-borne natural aerosols, such as 

droplets, pollen, or dust (the parameters are shown in Table 2). The ZephIR pulse lidar can 

simultaneously measure at different heights over long distances in space (see Figure 1 for the 

testing principle and the setting height of wind speed in this paper). Vl is the radial velocity 

along the diameter line of strafing cone obtained directly by radar test, whereas Vh and Vz are 

the velocity components in horizontal and vertical directions, respectively. According to the 

observation height setting shown in Figure 1, ZephIR Lidar continuously observes the weather 

and wind speed for one year and three months, during this period, the observing system will 

automatically mark the invalid data caused by the signal obscured by floating objects. When the 

power supply is intermittent or stopped, the data is displayed as a blank group. After removing 

the above invalid group and blank group data, the integrity of the observation data is about 

91.88%. 
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Figure 1. ZephIR Lidar testing principles 

 

3.2. Observation environment  

3.2.1. Geographical location and building profile observations  

The lidar observation system is located in the experimental base of the key laboratory of wind 

and solar energy utilization mechanism and optimization in Inner Mongolia Autonomous 

Region. The specific locations of the geomorphology, building plane, and observation system 

are shown in Figures 2 and 3. The site environment consists of mostly low-rise buildings with 

a building density of less than 50% surrounded by a single row of aspen poplars and a shrub 

green belt of approximately 0.75 m. It is a natural wind field in line with the characteristics of 

most urban suburbs. 

 
Image Credit: Google Earth 

Figure 2. Architectural features of the observation site 

 
Image Credit: Google Earth, Author Photograph 

Figure 3. Observation environment was positioned with the ZephIR Lidar 
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3.2.2. Meteorological conditions at the observation site  

Meteorological conditions refer to the hydrothermal conditions of various weather phenomena. 

The main meteorological conditions of the urban complex environment are wind speed, 

temperature, humidity, and atmospheric pressure. The parameters related to the utilization of 

wind energy mainly include wind speed and air density calculated by temperature TAir and 

atmospheric pressure. The above meteorological parameters are shown in Figures 4, 5 and 6. 

 
Figure 4. Monthly average changes of temperature and humidity 

 
Figure 5. Monthly average variation of atmospheric pressure 

 
Figure 6. Average change of air density 

The altitude of the observation site is 1014 m, and the annual average temperature is 10.3 °C. 

The average atmospheric pressure is 892.4 mbar, and the average humidity is 39.6%. The 

average air density is 1.09 kg/m3, as calculated by Equation (17). The monthly variation law of 

atmospheric pressure and air density is basically the same. The air density and air pressure are 
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the lowest in July when the average air temperature is highest. During this period, the air 

density varies from 1 kg/m3 to 1.2 kg/m3, and the air pressure varies from 884 mbar to 900 

mbar, both of which are lower than the atmospheric pressure and air density values under 

standard conditions. 

 

3.3. Characteristics of the wind environment  

3.3.1. Wind direction characteristics 

The change of wind direction is very important for wind turbines, especially vertical axis wind 

turbines. Figure 7 shows the annual wind direction and wind speed frequency rosettes at heights 

of 10–19 m. The main wind direction at all observation positions, including the contrast height, 

is N. However, it is not very different from other minor winds. Figure 2 shows the building 

plane of the site. The direction in which wind occurs most frequently is between two tall 

buildings. However, in the continuous height range (Figure 8), no significant difference was 

found in the wind direction frequency of 10 positions. 

 
Figure 7. Wind roses at various altitudes 

 
Figure 8. Wind direction frequency variation trend at each observed height 
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3.3.2. Wind speed power law characteristics 

The wind shear coefficients within 10–19 and 19–38 m (Table 2) can be calculated from the 

Exponential Law (Equations 1 and 2). The coefficient value between 12 m and 19 m is 0.32, 

whereas coefficient values of more than 19 and within 10–12 m show significant differences. In 

comparing the exponential and logarithmic profile curves to simulate wind shear in the vertical 

direction of wind speed, the exponential law is closer to the actual value than the logarithmic 

law at 38 m. Furthermore, the exponential law form using the natural constant e as the base is 

close to the actual average wind speed value (Figure 9, Equation (18)).However, the height 

observed in this paper is concentrated in 10-19m, so it is impossible to judge the accuracy of its 

estimation of the horizontal wind speed value above 38m. However, compared the differences 

of wind shear coefficient in different height (Table 3), the wind shear coefficient between 

12m-19m tends to be stable. It can be reasonably assumed that the vertical shear of wind speed 

may be more hierarchical in the atmospheric boundary layer corresponding to the complex 

landform in the suburb of the city. However, Equation (18) shows excellent agreement with the 

actual wind speed at the observation altitude because of the addition of a correction (x-0.43) to 

the altitude, and through the coefficients of 3.88 and 5.17, the function is limited and modified 

at the wind shear section and the atmospheric boundary layer height where the wind shear tends 

to 0, but its specific role and correlation still need to be combined with the hydrodynamics 

experiment and theory On the determination of derivation, further discussion will not be made 

here. 

5.17

0.43( ) 3.38 xV h e

    g , 
(18) 

Table 3. Wind shear index within the range of 10–19 and 19–38 m 

Height 

range 
10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-38 

α 0.49 0.35 0.32 0.32 0.33 0.32 0.31 0.31 0.31 0.26 

 
Figure 9. Various forms of wind speed power law changes 
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3.3.3. Wind speed statistical characteristic 

 
Figure 10. Three type of probability distribution of wind speed at the observed altitude 

In this study, a three-parameter Weibull model is used to analyze the probability distribution of 

wind speed at different heights (10–19 and 38 m) during the observation period. The 

probability statistics and nonlinear regression analysis are presented in Figure 10. The 

parameters obtained from the least square method (Equations (7), (8) and (9)) are shown in 

Table 4. Therefore, this paper compares the differences between the Rayleigh distribution, the 

two parameter Weibull distribution and the three parameter Weibull distribution function 

model with the actual probability distribution, as shown in Figure 10. The probability 

distribution of wind speed expressed by the Rayleigh distribution is quite different from the 

actual one; while the two parameter Weibull distribution model is obviously different from the 

three parameter distribution and the actual distribution in the zero and low wind speed regions, 

while the surface structure in the suburb of the city is complex, with the influence of buildings, 

trees and shrubs, and the rough length is approximately 167 times that of the grassland, 4000 

times that of the sea[54]. This obvious difference in retardation makes the probability of low 

velocity wind samples taking up the whole sample in the range of suburban near ground height 

quite considerable, it is necessary to require the corresponding probability distribution function 

to accurately represent the probability distribution of zero wind and low-speed wind interval. 

Compared with the above three types of probability distribution functions, only the three 

parameter Weibull distribution model has a good consistency with the actual wind speed 

distribution in the low wind speed interval. Moreover, from the results of the goodness test of 
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four different standards (Table 5 and 6), the three parameter Weibull distribution is more 

suitable for describing the probability distribution of wind speed within the test height than the 

other two distribution models. 

Table 4. Values of μ, k, and c at each observation position 

Height range 10m 11m 12m 13m 14m 15m 16m 17m 18m 19m 38m 

μ 0.60 0.61 0.62 0.62 0.66 0.66 0.67 0.67 0.68 0.68 0.71 

k 0.30 0.31 0.31 0.31 0.33 0.33 0.33 0.33 0.34 0.34 0.35 

c 0.45 0.46 0.46 0.48 0.49 0.50 0.50 0.50 0.51 0.51 0.53 

Table 5. Chi-square goodness and R2 of fit test 

Height 
Simplify the Chi-square R2 

Rayleigh weibull2 weibull3 Rayleigh weibull2 weibull3 

10m 0.00104 8.82E-05 3.56E-05 0.98268 0.99853 0.99941 

11m 0.0012 3.18E-04 1.31E-05 0.98449 0.99592 0.99983 

12m 0.0012 3.18E-04 1.31E-05 0.98449 0.99592 0.99983 

13m 0.00103 3.89E-05 1.72E-05 0.97807 0.99917 0.99963 

14m 9.60E-04 3.40E-05 1.83E-05 0.97763 0.99921 0.99957 

15m 0.00128 4.09E-05 2.71E-05 0.97520 0.99921 0.99948 

16m 0.00102 3.70E-04 2.18E-05 0.98432 0.99626 0.99978 

17m 0.00107 6.10E-05 2.64E-05 0.97795 0.99875 0.99946 

18m 0.00126 6.20E-05 3.43E-05 0.97650 0.99885 0.99936 

19m 0.00118 0.00118 3.43E-05 0.97718 0.97718 0.99934 

38m 0.00104 8.82E-05 3.56E-05 0.98268 0.99853 0.99941 

 

Table 6. RSS/SSE and RMSE test of goodness 

Height 
RSS/SSE RMSE 

Rayleigh weibull2 weibull3 Rayleigh weibull2 weibull3 

10m 1.03593 0.08781 0.03553 0.004691997 0.001366043 0.000868941 

11m 1.20287 0.31624 0.01302 0.005121666 0.002626094 0.000532853 

12m 1.20287 0.31624 0.01302 0.005121666 0.002626094 0.000532853 

13m 1.02738 0.0387 0.01713 0.004705661 0.000913294 0.000607622 

14m 0.95879 0.03389 0.01824 0.00454083 0.000853708 0.000626305 

15m 1.28107  0.04077 0.027 0.005242264 0.000935196 0.000761052 

16m 0.97209  0.3681 0.0217 0.004560902 0.002806599 0.00068144 

17m 1.06774 0.06072 0.02627 0.004778441 0.001139513 0.00074952 

18m 1.26048  0.06171 0.03416 0.005191509 0.001148691 0.000854643 

19m 1.17745  1.17745 0.0342 0.005016162 0.005016162 0.000854896 

38m 1.03593 0.08781 0.03553 0.004691997 0.001366043 0.000868941 

4. Results and discussion 

4.1. Data analysis of wind speed and direction  

The intensity distribution of the wind speed at all heights is almost the same in the 16 wind 

direction ranges. The speed in the direction of NNE is lower, whereas the wind speed in the 

direction of N is higher (Figure 11). 

According to the change of wind direction, the steady distribution of wind direction between 

vertical layers is suitable for installing vertical axis wind turbine. For the horizontal axis wind 

turbine, attention should be paid to the effect of yaw on the operation of the wind turbine. 

However, an evident gradient is observed in the wind speed from the 16 directions (Figure 11), 
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which will add a large non-uniform wind load to the wind wheel and central axis and affect the 

safe and stable operation of the wind turbine. 

 
Figure 11. Annual wind speed distribution at all observed altitudes of 10–19 m 

according to the wind direction 

 

4.2. Comparison of parameters  

The three unknown parameters of the three-parameter Weibull model are the shape parameter 

k, scale parameter c, and location parameter μ. Nonlinear regression analysis was used to 

estimate the values of these three parameters at 10 observation positions (Figure 12). Its 

mathematical significance is that while c and μ are the same, k affects the shape change of the 

distribution curve. When k and μ are the same, c affects the size of the x-coordinate scale. When 

k and c are the same, μ determines the starting position of the curve. 

 
Figure 12. Parameter values of Weibull distribution function at each observed altitude 

The variation of location parameters and scale parameters with height presents a monotonically 

increasing trend (Figure 12). However, the increasing range is not the same. Scale parameters 

increase by approximately 0.4 in the height range of 10–19 m. However, the increasing range of 

location parameters is only approximately 0.28. Therefore, in the scale range of 10–19 and 10 

m, the influence of height growth on scale parameters is more significant than that of position 

parameters. However, no similar trend was observed in the variation of shape parameters. The 

variation was the smallest of the three parameters. The mathematical relevance of the 

corresponding parameters is that while height increases, the span between the wind speed 

values of the Weibull probability distribution function also increases because the 

three-parameter Weibull distribution function considers the influence of static wind. As the 

wind speed in the vertical direction of the gradient increases, the frequency of static winds 

decreases. This condition also indirectly proves that in the urban wind environment where static 
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wind, low speed wind, and strong wind exist alternately, the three-parameter Weibull 

probability distribution model considering static wind factor has good fit with the local actual 

wind conditions of the city. 

 
Figure 13. Value of the Weibull parameter (10–19 m) and the extrapolation value 

Based on the Weibull distribution function model and corresponding parameter values obtained 

from the wind speed data at the 10 positions of 10–19 m, this study extrapolates the parameter 

values and wind speed distribution function model at other height positions (Figure 13). The 

distribution function model and parameters of the relative height at 38 m are compared, and the 

results are shown in Figure 14. See Figure 15 for the comparison between the function 

constructed by extrapolation parameters at other heights and the actual distribution function. 

 
Figure 14. Probability distribution and extrapolation probability distribution curves of  

actual wind speed at 38 m 

 
Figure 15. Probability distribution and extrapolation probability distribution curves of  

actual wind speed at 10-19 m 
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The extrapolated model parameters are close to the actual wind speed probability distribution in 

the interval over 2 m/s. Thus, the extrapolated value at the height not reached by the probe can 

be used to qualitatively determine the overall probability distribution of wind speed at that 

point. However, the extrapolation between 0 m/s and 2 m/s is lower than the actual frequency of 

wind speed, which may lead to an underestimation of wind potential. 

Regardless of the scale, shape, or position parameters, the monthly changes at each observation 

height have maintained relatively consistent rules. However, the position and shape parameters 

have different vertical variation characteristics (10–19 m) in different months, and only the 

scale parameters show stable linear growth. 

 
Figure 16. Parameter values at the observed position of 10–19m (monthly) 

 
Figure 17. Parameter values at the observed position of 38m (monthly) 
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To understand the relationship between seasons and the probability distribution of wind speed, 

this paper also summarizes and sorts the parameter values of the above three parameters in each 

month of the observation year. The parameter values have no significant seasonal 

characteristics and are not significantly correlated with meteorological parameters, such as air 

temperature, atmospheric pressure, and air density (Figures 14, 15, and 16), and parameter 

values of the wind speed probability distribution model in the observed year, neither seasonally 

nor monthly. Moreover, the parameter values estimated using a year’s data affect the monthly 

variation (Figure 16 and 17), making it easy to underestimate or overestimate the potential of 

wind energy in a dispersed and highly variable wind environment, such as urban area, where 

the observation site is located. Furthermore, in a built environment, such as energy base, the 

proportion of very low or zero wind speeds in the overall sample of monthly wind speeds does 

not change considerably. In addition, considering the mathematical significance of position 

parameter, scale parameter and shape parameter in Weibull distribution, when the wind speed 

data of each month is taken as the estimation, the difference of parameters of each month is 

mainly reflected in the scale parameter, which is directly related to the difference of wind speed 

threshold in different months. Figure 16 and 17 reflect the location parameters and shape 

parameters, from which we can see that the frequency of low wind speed interval and the 

frequency structure of the whole wind speed interval have little difference in each month of the 

year; The wind speed fluctuates greatly from February to may, and the wind speed threshold is 

the highest in the whole year. In other months, the wind speed keeps within a relatively stable 

range. 

The scale parameter determines the threshold value of the wind speed interval. In other words, 

the larger the parameter, the larger the maximum wind speed value of the wind speed interval. 

Wind speed decreases in the vertical direction with the influence of the underlying surface, and 

the average wind speed in a certain time period generally increases in the form of power law or 

exponential law (Figure 9). However, the scale parameter is related to the maximum wind 

speed in the wind speed data sample. 

The shape parameter determines the shape of the probability density curve. According to the 

properties of Weibull distribution, when the shape parameter is 1, the Weibull distribution is 

simplified into an exponential distribution. When the annual wind speed data of 10 min is taken 

as a sample, the value of shape parameters at each height is close to 1, and the deviation is 

within ±0.03. The distribution of wind speed tends to exponential distribution at this time. 

When taking the wind speed data of each month as the sample, although the whole is close to 1, 

the difference of some months is more than 0.3, which has changed the distribution form. Based 

on the same time span, statistical analysis of samples made throughout the year will affect the 

actual differences of each month. When conditions permit, separate statistics on monthly 

meteorological and wind speed data of the location of wind energy utilization in urban plans are 
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conducive to the seasonal advantage of wind energy, which is also shown in the wind energy 

density estimation below. 

To further evaluate the wind energy potential at the observation position, the basic parameters 

of two small vertical axis and horizontal axis wind turbines (Table 7) were selected to calculate 

the wind energy density. Spring is the season with the highest wind density, followed by 

autumn (Figure 18 and 19). At 10–19 m, the horizontal axis (Figure 20) is better than the 

vertical axis but not enough to compensate for the effect of yaw. 

Table 7. Basic parameters of commercial horizontal and vertical axis wind turbines 

Wind Turbine 
Rated 

Power（W） 

Rotor 

Diameter（m

） 

Blade Length 

/Height（m） 

Start-up Wind 

Speed （m/s） 

H-300W (Vertical Axis) 300 1.2 1.4 2 

FD1.5®-300W (Horizontal 

Axis) 
300 1.5 0.7 2.5 

 
Figure 18. Wind energy density (VAWT) per month at 10–19 m 

 
Figure 19. Wind energy density (HAWT) per month at 10–19 m 
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Figure 20. Annual wind density at each height 

In IEC61400-1, if a turbine is installed, it will greatly affect the stability and safety of the wind 

turbine. The power law change of TI measured by Lidar in the vertical direction conforms to the 

curve rule of the function shown in Equation (19). 

6.44

3.66( ) 0.2 xI h e

 
   g  (19) 

Although we are not quite sure about the size of extrapolate TI beyond 38, but the simulated 

extrapolation curve of TI at the actual height also indicates that it is difficult for TI to be less 

than 20% at the height of 38–10m (Figure 21). However, after classifying the TI at these 

observed heights according to 16 wind direction intervals (Figure 22), the TI has a relatively 

regular expression in the wind direction. In the area where TI is relatively high [90, 225] °, the 

incoming flow direction is a continuous row of shrubs with a height of approximately 20 m in 

the south of the observation site. By contrast, buildings in the northeast and northwest of the 

site have no such effect on turbulence near the site. 

 
Figure 21. TI vertical variation law 

 
Figure 22. 10–19 m TI is distributed by wind direction throughout the year at all observed altitudes 

 

5. Conclusions 
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The continuous promotion of urban wind energy utilization requires not only theoretical 

research and innovation of energy utilization model, but also diverse field data to understand 

the wind environment characteristics of microclimate groups in different urban scales and 

different urban areas. 

In this study, ZephIR Lidar was used to observe the wind environment indicators 10–19 m 

above the relatively open area of an experimental base in the urban outskirts of Hohhot for 

one year. The Weibull distribution function was used to analyze its statistical characteristics. 

The results showed that the three-parameter Weibull probability distribution model has good 

applicability to the wind speed characteristics of urban suburban buildings similar to the 

energy bases. Therefore, the spatial and temporal variation of the parameters and the 

estimation of wind energy density were discussed, and the following conclusions were drawn: 

(1) In this paper, Equations (18) and (19), the exponential form based on natural logarithm, 

can well fit the vertical changes of wind speed and TI in the station. Within the observed 

height range, 12–19 m is a relatively stable wind-shear height zone. 

(2) From the perspective of the sample source of wind data and the characteristics of its 

Weibull distribution, capturing the dispersed and changing wind energy in cities by fitting 

parameters of each month alone is beneficial. The scale, shape, and position parameters 

generally change linearly within the height of 10–19 m. The wind speed probability 

distribution at 38 m, which is composed of the parameter values derived in extrapolation, at 

the range of 0–2 m/s is significantly lower than the probability value of the actual distribution 

at this position. Thus, the wind speed region within 0–2 m/s is underestimated. However, the 

limitations of urban observation conditions can still be solved on the whole. 

(3) In terms of the available wind potential, the annual wind density of the 300W commercial 

horizontal axis wind turbine in the range of 10–19 m is 61.73 W/m2, whereas the vertical axis 

wind density is 58.71 W/m2. However, the wind direction statistics at the observation site 

show that the environment is suitable for installing vertical axis wind turbine (not including 

the roof). Wind energy is abundant in April and May, 60.68 and 63.38 W/m2, respectively. 

These values are approximately three times of the month with the lowest wind energy density. 

Moreover, in the environment where the site is located, approximately 100W wind turbines 

seem to be suitable. 

(4) The TI near the station is still hardly lower than 20% within 0–100 m. However, the TI in 

the wind direction with trees in the incoming flow direction is higher by approximately 1% 

than that in the direction of buildings. 
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Abbreviations  

TI: Turbulence intensity; HAWT: Horizontal axis wind turbines; VAWT: Vertical axis wind 

turbines; WPD: Wind power concentration; RSS/SSE: residual sum of squares; 

 

Acknowledgments:  

We sincerely thank the editor and reviewwrs for their very valuable and professional 

comments.  

 

Author Contributions:  

Wang Wenxin provide the original idea; Partial theoretical analysis is implemented by Bai 

Yang and Chen Kexin; Simulation is realized by Bai Yang.; Wang Wenxin wrote the paper; 

Wang Wenxin, Bai.Yang, Chen Kexin and Qin Chaofan proofread it.; Wang Jianwen provide 

guidance and help in revising the article. All authors have read and agreed to the published 

version of the manuscript.  

 

Funding  

This research was funded by National Natural Science Foundation of China (No. 51766014) 

and partial support was also obtained from the Natural Science Foundation of Inner Mongolia 

(No.2016ZD04, No.2017MS0527).  

 

Availability of supporting data  

The authors would like to acknowledge the usage of the ZephIR Lidar provided by the 

laboratory of utilization mechanism and optimization of wind energy and solar energy of 

college of energy and power Engineering of the Inner Mongolia University of Technology. 

 

Ethics approval and conent to participate 

The submitted paper has not been published previously, is not under consideration for 

publication elsewhere, its publication is approved by all authors and tacitly or explicitly by 

the responsible authorities where the work was carried out. 

 

Consent for publication 

If accepted, it will not be published elsewhere in the same form, in English or in any other 

language, including electronically without the written consent of the copyright-holder. 

 

Competing interests 

The authors declare that there are no competing interests. 

 



  

22 
 

Author details 

1College of energy and power, Inner Mongolia university of technology, Hohhot, China 

2College of civil engineering, Inner Mongolia university of technology, Hohhot, China 

3Laboratory of Utilization Mechanism and Optimization of Wind Energy and Solar Energy, 

Hohhot, China 

*Correspondence: wangwenxin@imut.edu.cn; Tel.: +86-139-4881-7623 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

 

Received: date; Accepted: date; Published: date 

 

References 

1. Ishugah, T.F.; Li, Y.; Wang, R.Z; Kiplagat, J.K.. Advances in wind energy resource exploitation in 

urban environment: A review (Review). Renewable and SustainableEnergyReviews.2014,613-626. 

2. Zanforlin, Stefania; Letizia, Stefano. Effects of upstream buildings on the performance of a 

synergistic roof-and-diffuser augmentation system for cross flow wind turbines. JOURNAL OF WIND 

ENGINEERING AND INDUSTRIAL AERODYNAMICS.2019,329-341. 

3. Simoes, T.; Estanqueiro, A.. A new methodology for urban wind resource assessment. Renewable 

Energy.2016,598-605. 

4. Pagnini, L.C.; Burlando, M.; Repetto, M.P.. Experimental power curve of small-size wind turbines 

in turbulent urban environment. Applied Energy.2015,112-121. 

5. Wang, B.; Cot, L.D.; Adolphe, L.; Geoffroy, S.; Sun, S.. Cross indicator analysis between wind 

energy potential and urban morphology (Article). Renewable Energy.2017,989-1006. 

6. Karthikeya, B.R.; Negi, P.S.; Srikanth, N.. Wind resource assessment for urban renewable energy 

application in Singapore. Renewable Energy.2016,403-414. 

7. Li, Q.S.; Shu, Z.R.; Chen, F.B.. Performance assessment of tall building-integrated wind turbines 

for power generation. Applied Energy.2016,777-788. 

8. Haslett J, Kelledy E. The assessment of actual wind power availability in Ireland. International 

Journal of Energy Research,1999,3(4),333-348. 

9. Mihelic-Bogdanic A, Budin R. Specific wind energy as a function of mean speed. Renewable 

energy,2002, 2(6),573-576. 

10. Omid Alavi, Kasra Mohammadi, Ali Mostafaeipour. Evaluating the suitability of wind speed 

probability distribution models: A case of study of east and southeast parts of Iran. Energy Conversion 

and Management,2016,119. 

11. Nawel Aries, Sidi Mohammed Boudia, Houdayfa Ounis. Deep assessment of wind speed 

distribution models: A case study of four sites in Algeria. Energy Conversion and 

Management,2018,155. 



  

23 
 

12. Nurulkamal Masseran. Integrated approach for the determination of an accurate wind-speed 

distribution model. Energy Conversion and Management,2018,173. 

13. Xiaoyuan Xu, Zheng Yan, Shaolun Xu. Estimating wind speed probability distribution by 

diffusion-based kernel density method. Electric Power Systems Research,2015,121. 

14. Hua Zhang, Yong-Jing Yu, Zhi-Yuan Liu. Study on the Maximum Entropy Principle applied to the 

annual wind speed probability distribution: A case study for observations of intertidal zone anemometer 

towers of Rudong in East China Sea. Applied Energy,2014,114. 

15. Talha Arslan, Sukru Acitas, Birdal Senoglu. Generalized Lindley and Power Lindley distributions 

for modeling the wind speed data. Energy Conversion and Management,2017. 

16. Kasra Mohammadi, Omid Alavi, Jon G. McGowan. Use of Birnbaum-Saunders distribution for 

estimating wind speed and wind power probability distributions: A review. Energy Conversion and 

Management,2017,143. 

17. Muhammad Fawad, Ting Yan, Lu Chen, Kangdi Huang, Vijay P. Singh. Multiparameter 

probability distributions for at-site frequency analysis of annual maximum wind speed with L-Moments 

for parameter estimation. Energy,2019,181. 

18. Omid Alavi, Ahmad Sedaghat, Ali Mostafaeipour. Sensitivity analysis of different wind speed 

distribution models with actual and truncated wind data: A case study for Kerman, Iran. Energy 

Conversion and Management,2016,120. 

19. Vladislovas Katinas, Giedrius Gecevicius, Mantas Marciukaitis. An investigation of wind power 

density distribution at location with low and high wind speeds using statistical model. Applied Energy, 

2018,218. 

20. Can Ozay, Melih Soner Celiktas. Statistical analysis of wind speed using two-parameter Weibull 

distribution in Alaçatı region. Energy Conversion and Management,2016,121. 

21. Z.R. Shu, Q.S. Li, P.W. Chan. Statistical analysis of wind characteristics and wind energy potential 

in Hong Kong. Energy Conversion and Management,2015,101. 

22. T.B.M.J. Ouarda, C. Charron, J.-Y. Shin, P.R. Marpu, A.H. Al-Mandoos, M.H. Al-Tamimi, H. 

Ghedira, T.N. Al Hosary. Probability distributions of wind speed in the UAE. Energy Conversion and 

Management, 2015,93. 

23. Amir Dabbaghiyan, Farivar Fazelpour, Mohhamadreza Dehghan Abnavi, Marc A. Rosen. 

Evaluation of wind energy potential in province of Bushehr, Iran. Renewable and Sustainable Energy 

Reviews, 2016,55. 

24. Vladislovas Katinas, Mantas Marčiukaitis, Giedrius Gecevičius, Antanas Markevicius. Statistical 

analysis of wind characteristics based on Weibull methods for estimation of power generation in 

Lithuania. Renewable Energy, 2017, 113. 

25. Sajid Ali, Sang-Moon Lee, Choon-Man Jang. Statistical analysis of wind characteristics using 

Weibull and Rayleigh distributions in Deokjeok-do Island-Incheon, South Korea. Renewable Energy, 

2018, 123. 

26. M.H. Soulouknga, S.Y. Doka, N.Revanna, N.Djongyang, T.C. Kofane. Analysis of wind speed data 

and wind energy potential in Faya-Largeau, Chad, using Weibull distribution. Renewable Energy, 

2018,121. 



  

24 
 

27. M.A. Baseer, J.P. Meyer, S. Rehman, Md. Mahbub Alam. Wind power characteristics of seven data 

collection sites in Jubail, Saudi Arabia using Weibull parameters. Renewable Energy,2017,102. 

28. Kantar, Y.M.; Usta, I.. Analysis of the upper-truncated Weibull distribution for wind speed. Energy 

Conversion and Management.2015: 81-88. 

29. Stewart DA, Essenwanger OM. Frequency distribution of wind speed near the surface. Appl 

Meteorol,1978;17(11),1633–42. 

30. Wais, Piotr. A review of Weibull functions in wind sector. Renewable and Sustainable Energy 

Reviews.2017,1099-1107. 

31. Van Der Auwera L, De Meyer F, Malet LM. The use of the Weibull three-parameter model for 

estimating mean wind power densities. Appl Meteorol,1980;19:819–25. 

32. Emeis.S. Vertical variation of frequency distributions of wind speed in and above the surface layer 

observed by sodar. Meteorologische Zeitschrift, 2001; Vol.10, No.2, 141-149. 

33. Hou Yali, Wang Jianwen, Wang Qiang, Wang Xinting. Influence of Roof Shape on Micrositing of 

Roof top Wind Turbine in the Building Group. Journal of Mechanical Engineering 2018,54(02),191-200. 

34. Cook N J. The Deaves and Harris ABL model applied to heterogeneous terrain. Journal of Wind 

Engineering and Industrial Aerodynamics,1997,66(3),197-214.  

35. Tennekes H. The logarithmic wind profile. Journal of the Atmospheric Sciences,1973, 30(2): 

234-238. 

36. Giovanni Gualtieri. Surface turbulence intensity as a predictor of extrapolated wind resource to the 

turbine hub height. Renewable Energy,2015,78. 

37. Van Der Auwera L, De Meyer F, Malet LM. The use of the Weibull three-parameter model for 

estimating mean wind power densities. Appl Meteorol 1980;19,819–25. 



Figures

Figure 1

ZephIR Lidar testing principles



Figure 2

Architectural features of the observation site Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Observation environment was positioned with the ZephIR Lidar



Figure 4

Monthly average changes of temperature and humidity



Figure 5

Monthly average variation of atmospheric pressure



Figure 6

Average change of air density



Figure 7

Wind roses at various altitudes



Figure 8

Wind direction frequency variation trend at each observed height



Figure 9

Various forms of wind speed power law changes



Figure 10

Three type of probability distribution of wind speed at the observed altitude



Figure 11

Annual wind speed distribution at all observed altitudes of 10–19 m according to the wind direction



Figure 12

Parameter values of Weibull distribution function at each observed altitude



Figure 13

Value of the Weibull parameter (10–19 m) and the extrapolation value



Figure 14

Probability distribution and extrapolation probability distribution curves of actual wind speed at 38 m



Figure 15

Probability distribution and extrapolation probability distribution curves of actual wind speed at 10-19 m



Figure 16

Parameter values at the observed position of 10–19m (monthly)



Figure 17

Parameter values at the observed position of 38m (monthly)

Figure 18



Wind energy density (VAWT) per month at 10–19 m

Figure 19

Wind energy density (HAWT) per month at 10–19 m



Figure 20

Annual wind density at each height

Figure 21

TI vertical variation law



Figure 22

10–19 m TI is distributed by wind direction throughout the year at all observed altitudes


