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Abstract

:

This study aimed to determine whether the wind zone that characterizes a given area of the country in open area is reflected in the built-up area lying within the zone. Analysis included four Polish cities located in different wind zones. The two-parameter Weibull density distribution function was used to present the wind conditions at each location. Two 3 kW VAWT devices were selected to evaluate the productivity of wind turbines at the locations analyzed. It was shown that the wind zones characterizing the wind potential of a region in an open area have no significant influence on the wind conditions in the built-up area located in that area. It was determined that the study location’s did not exhibit wind potential that could be economically justified by a wind turbine. WTs in the city do not reach their nominal productivity. A decisive advantage of very light winds was observed (up to 2 m/s) and a large proportion of so-called atmospheric calms. It was shown that the installation of small wind turbines in an urbanized area requires a minimum of annual wind measurements at the exact location and height of each future turbine planned.
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1. Introduction


Wind power deserves special attention among the energy technologies that use renewable energy sources [1,2]. The energy obtained from wind is environmentally friendly. This clean energy contributes to the energy security of a country (globally), or a specific region such as a municipality, county, or province (locally). In contrast to the extensive research on large wind turbines, detailed energy analyses of small wind turbines are still rare. Horizontal axis wind turbines (HAWTs) with large capacities are mainly installed in open areas where the roughness of the terrain is low. Owing to their high sound power level (greater than 100 dB), HAWTs are installed at considerable distances from residential areas [3,4,5,6,7]. Their high sound power level is mainly related to the design of the rotor blades [8,9]. However, increasing attention is being paid to the possibility of wind energy use in urban areas, where the wind potential is lower and the terrain roughness is higher [10]. Due to the relatively low sound power level (less than 80 dB) of vertical axis wind turbines (VAWTs), they can be located close to residential buildings [11,12,13]. The productivity of a wind turbine is mainly affected by wind speed [14]. The average annual wind speed varies greatly in different regions of the country. There are regions where the wind speed is less than 2 m/s, but there are also regions where the average annual wind speed is over 7 m/s.



Five wind zones can be distinguished in Poland: highly favorable, very favorable, favorable, slightly favorable, and unfavorable. Poland is located in the moderate zone characterized by average windiness, but locally there are sufficiently favorable conditions for the profitable generation of electricity.



Convenient conditions for wind energy investments are found wherever the average annual wind speed is above 6 m/s. This involves mainly coastal regions. Winds with an average speed of about 4 m/s occur in a significant proportion of the Polish territory. High-power winds prevail in Poland in the winter months. It is estimated that over 60% of the annual energy generated in Europe from wind power can be obtained during the heating season, i.e., from November to March. A general knowledge of the wind potential (Figure 1) and the distribution of wind direction greatly facilitates the selection of wind turbine location. A detailed analysis of the wind energy potential is based on a minimum of one year’s wind research carried out in a specific location [15].



Wind speed distribution depends to a high degree on local topographic and urban conditions. Architectural barriers that disrupt wind flow create “roughness” in the land surface. The reduction in wind speed is smallest over the surface of large bodies of water and greatest in densely developed urban areas. Wind flowing through an open area approaches the boundaries of the built-up area and encounters resistance caused by buildings. This resistance reduces the wind flow speed at the usable level of the urban area, which forms a disturbed transition zone between the ground and the undisturbed wind flow over the city. Near the ground, the wind experiences friction. Its speed is drastically reduced and flow turbulence increases [16,17,18]. The state of windiness in an urban area is a major factor affecting the living comfort of residents. Wind conditions in an urban area determine building ventilation, air purification, heat transfer through the wall barriers, and rain flooding of wind-exposed facades. Strong urban wind causes discomfort among pedestrians, especially in colder seasons [17,18,19,20,21,22,23,24]. Therefore, urban planners, when designing land use, are mainly guided by the criterion of residents’ comfort. Concurrently, they affect the reduction of wind speed in the city, which hinders the utilization of wind energy potential in the urban area. Air movement velocity at street level and wind turbulence conditions depend on regional wind speed. Wind conditions over a larger area depend on climatic factors. In a city, urban characteristics must be additionally considered.



Buildings not only counteract the effect of wind, but also affect the air flow around them. Wind flow in the city develops very differently depending on wind direction, building shape, and wind properties [18,25,26]. Locally accelerated wind flows and turbulence resulting from the interaction of buildings with the actual wind flow illustrate the wind situation in an urban area. Typical selected effects of wind flow disturbances are shown in Figure 2.



Due to various flow effects, the global wind flow generates a discontinuous flow field in the discussed urban district, often with significant accelerating effects near and between the buildings.



To determine windiness for energy purposes at a specific point in a city, an individual annual wind speed measurement must be taken at the location and height of the future wind turbine installation. Due to the wind turbulence caused by buildings, windiness information from local weather stations can lead to a false estimation of wind turbine productivity, especially since most of the urban area is outside the long-term registration site of the meteorological station. In addition, weather stations record data at a single altitude, usually 10 m above the station area, and on flat, usually open terrain.



Due to the scarcity of publications on the energy use of wind potential in the cities, the task of calculating the energy efficiency of small wind turbines in selected locations was undertaken. Four case studies are included in the paper. On their basis, it was shown that the problem of obtaining a satisfactory energy efficiency of wind turbines installed in the city may occur frequently. It is shown that in order to assess the windiness of a specific location from an energy perspective, annual results from measuring instruments located at the exact site of the future turbine installation are necessary.



The aim of this study was to determine whether the wind zone that characterizes a given area of the country in open area is reflected in the built-up area lying within the zone. Four cities located in different wind zones were selected for analysis: Koszalin (very favorable zone), Łódź (favorable zone), Białystok (slightly favorable zone) and Gdańsk (favorable zone)—see Figure 1. The parameters of the wind conditions in Koszalin were determined on the basis of our own measurements conducted for a period of one year using a measuring mast. The results of wind speed measurements in Łódź, Białystok and Gdańsk were obtained from publications of other authors [27,28,29]. The results of the analyses were related to several urbanized areas outside Poland [10]. The installation of 3 kW VAWT turbines was assumed in each location investigated for efficiency evaluation.



Section 2 describes the wind potential of the studied locations and establishes a uniform method of data presentation. For each studied location, the wind speed density distribution was developed. Parameters of VAWT turbines used for productivity analyzes are also provided. Section 3 presents calculations and demonstrates graphically and numerically the amount of network energy obtained in a given studied location during the year by selected types of turbines. Section 4 describes results and conducts a simplified economic analysis. Section 5 provides the conclusions drawn on the basis of the performed research. Conclusions from the conducted analyses may be of practical use because they describe potential difficulties in obtaining adequate energy efficiency of wind turbines installed in the city. The selection of the optimal place for measuring wind conditions for energy purposes in built-up areas was indicated and justified, and may be used by other researchers to conduct further analyses.




2. Materials and Methods


2.1. Presentation of Measurement Results


Due to the different sources of the analyzed wind speed data at the study locations, the presentation of the results was standardized. The two-parameter Weibull density distribution function was used to graphically present the wind conditions at each location. The percentage results obtained from the density function were multiplied in each speed class by 8760 (number of hours in a year). This yielded the number of hours for each wind speed class.



The two-parameter Weibull probability density function is expressed by:


  p  v  =    k A         v A      k − 1    e  −      v A     k     



(1)




where v, k, A > 0.



Dimensionless factor k determines the shape of the curve and is called a shape factor. Parameter A is the scale parameter. The distributions take different shapes with different values of k and A. Although different wind speed distribution models are applied to fit the wind speed over a time period, the two-parameter Weibull function is accepted as the most popular technique [30,31].




2.2. Locations Studied


Four urban agglomerations of different sizes located in different wind zones in Poland were selected for analysis. Koszalin (the first location) covers an area of 98.3 km2 (very favorable zone), Łódź (the second location) covers an area of 293.3 km2 (favorable zone), Białystok (the third location) covers an area of 102.1 km2 (slightly favorable zone), while Gdańsk (the fourth location) covers an area of 262.0 km2 (favorable zone). The parameters of wind conditions in Koszalin were determined based on own measurements. The results of wind speed measurements from the cities of Łódź, Białystok and Gdańsk were obtained from publications [27,28,29]. The measurements of wind conditions in each of the four cities lasted at least one year.



2.2.1. Location I (Loc I)


In order to acquire meteorological data on the Koszalin University of Technology campus, a telescopic tubular mast of a total height of 13.6 m was installed. The mast was equipped with two anemometers located at 13 m and 8.8 m above ground level (Figure 3). Data were recorded continuously for a period of one year, i.e., from 1 August 2019 to 31 July 2020.



It was found that the wind blows most often from the SSW direction (more than 8% of the time during the year), this is the dominant wind direction at this location. The wind from the SSW direction blows most often with the speed of 2–3 and 3–4 [m/s]. Weaker winds blow from the NNW direction, most often at 1–2 [m/s].



Graphical interpretation of the wind speed distribution at the height of 13 m at the studied location based on the results obtained is shown in Figure 4.




2.2.2. Location II (Loc II)


A comparison between the results of wind conditions in the center of Łódź (Loc-IIa) and at a distance of 6.5 km from the city, in an open area (airstrip in Lublinek, Loc-Iib) was made in publication [27]. The average annual wind speed at the airport was 3.2 m/s, while at the square in the city center it was approximately 2.1 m/s, calculated on the basis of monthly mean values. The average annual wind speed in the city is 35% lower than that recorded in the open area. The results of wind parameters cover a period of five years (1997–2001). Wind speed measurements were made with a Campbell anemometer placed at a height of 10 m above ground level. The results from 10 min measurement periods were averaged. Graphical interpretation of the wind speed distribution at the height of 10 m in the studied location based on the obtained results is presented in Figure 5 and Figure 6.




2.2.3. Location III (Loc III)


According to the authors of the publication [28], annual measurements of wind conditions in Białystok were conducted on the campus of Bialystok University of Technology, which is located in the southern part of the city. Wind speed measurements were conducted from 1 January 2016 to 1 January 2017. The study was performed with a recorder equipped with an anemometer type Vintage Pro from Davis Instruments with an accuracy of ±0.1 m/s. Points were located at different heights above ground level. In order to compare the results, a measuring height of 13 m above the ground level (a point on the roof of the building) was used. The measurements were conducted continuously and the results recorded from 10 min measurement periods were averaged. Graphical interpretation of the wind speed distribution at the height of 13 m in the tested location on the basis of the obtained results is presented in Figure 7.



The authors of the publication [28] determined that winds with a speed equal to 1 m/s are most common at the analyzed points. The probability of occurrence of winds of 5 m/s at the analyzed point is 4%.




2.2.4. Location IV (Loc IV)


According to the authors of the publication [29], the average annual measurements of wind conditions in the center of Gdańsk were obtained from the commercial portal Open Weather Map [32]. Analyses were conducted using wind speeds from 1 January 2015 to 26 July 2021 measured at 10 m above ground level. It should be noted that the coordinates of the wind measurement point indicated in the publication indicate a location in the middle of two wide traffic arteries crossing. It is likely that the data encompass a channelized wind stream (see Figure 2d). Graphical interpretation of the wind speed distribution at a height of 10 m at the investigated location based on the acquired results is presented in Figure 8.



The authors of the publication [29] determined that the best average wind conditions in the examined location occur in April (3.51 m/s) and the worst in August (2.38 m/s).





2.3. Comparative Turbines


Wind turbines use wind energy to generate grid power. The installation of wind turbines is intended to achieve a positive economic effect. The amount of energy generated to the grid over a set period of time must balance the cost of installation and service, and then generate a profit. Two 3 kW VAWT devices were selected to evaluate the productivity of wind turbines at the locations analyzed. Turbine WT1 (model TVK3) is a two-rotor Savonius + Darrieus-rotor—Figure 9a. WT2 turbine (model Aeolos V) has an H-Darrieus rotor—Figure 9b. Power curves of both turbines are shown in Figure 10. Basic technical data of both turbines are summarized in Table 1.



WT1 and WT2 turbines have different power curves and take-off speed (Figure 10). For turbines installed in low wind areas, both of these parameters have a significant impact on grid power generation. They significantly affect the economic aspect of turbine installation.





3. Results


Based on the power curves of the selected power plants (Figure 10), the value of the generated power Pwe_i was determined for the wind speeds vi being the centers of the consecutive class intervals. In the next step, based on the Weibull distributions (Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8), the energy Ewe_i generated by the power plant during one year in the next i-th class interval was calculated:


   E  we _ i   =  P  we _ i   ·  t i  =  P  we _ i   ·  f i  ·  T Y   



(2)




where:




	
TY—one year expressed in hours, 8760 h



	
fi—frequency of wind speed falling within the i-th range.








Basing on the productivity vs. wind speed data available for each turbine, the annual energy production was determined of each of the turbines. Summing the component energy from all the intervals gives the total energy generated during one year by the power plant Ewe:


   E  we   =   ∑   i = 1  k   E  we _ i    



(3)







Figure 11 and Figure 12 show the productivity of selected turbines as a function of wind speed.



Figure 13 and Figure 14 graphically show the amount of grid energy E_we produced by WT1 and WT2 turbines at a given location during the year. The numerical results are summarized in Table 2. Figure 11, Figure 12, Figure 13 and Figure 14 show the highest productivity of both turbines at Loc IIb (airstrip near Łódź) and Loc IV (city of Gdańsk). WT1 turbine achieves more than twice the productivity of WT2 turbine at each of the studied locations.




4. Discussion


Economic analyses of wind turbines have taken various forms in the literature, but have mainly focused on large wind turbines [33,34]. Few such analyses are available for small VAWT wind turbines that can be installed individually by urban residents. The main criterion for turbine selection is maximum productivity of the device under local wind conditions. The wind speed distribution at a given location and the power curve of the selected turbine determine the amount of energy generated to the power grid. The positive economic effect depends on the construction and operating costs of the equipment, as well as the amount of energy generated. Based on the wind speed distributions (Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8) and power curves (Figure 10), it can be concluded that the selected wind turbines do not reach their nominal power. The energy analysis indicates significant differences in the productivity of WT1 and WT2 turbines in the selected locations. The highest turbine productivity in the center of Gdańsk is probably due to the location of the measurement point in a channelized wind flow. Based on these results, it is difficult to predict the actual productivity of turbines placed on the roof of a nearby building or in their vicinity. Productivity results for locations in Koszalin (Loc I), Łódź (Loc IIa) and Białystok (Loc III) are similar. The location of the measurement point at the airstrip (Loc IIb) near Łódź indicates that the productivity of turbines in open terrain is higher than in urbanized areas in the Łódź region. It should be emphasized that wind speed measurements in the area of Koszalin, Łódź and Białystok were conducted in potential locations of future wind turbines. The wind speed distributions indicate a significant (more than 75%) proportion of winds below 3 m/s, i.e., below the take-off speed of the majority of manufactured wind turbines. The authors of publication [29] used the results of measurements from the center of the city of Gdańsk for a general assessment of the possibility of small wind turbines installation in Gdańsk.



Similar analyses of wind resource utilization for energy purposes were conducted in Morocco [10]. Five cities in the northern part of the country were selected for the analysis. Wind measurements carried out by local meteorological stations placed 10 m above the level of the terrain were used in the study. The analyses conducted in Morocco aimed to install high-capacity wind turbines (2.3 MW) on the outskirts of cities. Three locations showed poor results, with prevailing winds below 4 m/s and an average annual wind speed of about 4 m/s. Two locations, where average annual wind speeds of 6 to 7 m/s were obtained, proved to be suitable for wind turbine installation. Energy analyses on the basis of data obtained from an open area indicate that the installation of the turbines in an open area is sensible. Relating the results of measurements obtained from the open area to the possibility of the wind turbines installing in the city on roofs of buildings or near building façades may lead to significant overestimation of turbine productivity.



The case studies allowed us to formulate a thesis that the wind zone, which characterizes a given area of the country in open terrain, does not reflect the whole built-up area situated in the same zone. The cities of Koszalin (Loc I) and Białystok (Loc III) are situated in different wind zones in the country. Koszalin is located in a very favorable zone, whereas Białystok in a slightly favorable zone. The productivity results obtained for selected turbines in urbanized areas in these locations are almost identical (see Table 2). The cities of Łódź and Gdańsk are situated in the country’s favorable wind zone. The productivity of selected turbines in Łódź (Loc IIa) turned out to be the lowest of all investigated locations. The results obtained in the center of Gdańsk (Loc IV) show by far the highest productivity among the investigated locations; however, the location of the measurement point raises many doubts.



The economic viability of wind turbine installation in the investigated locations should be also taken into account. The calculations were simplified to only estimate the result. A VAWT wind turbine with a nominal capacity of 3 kW costs approximately EUR 10,000. The cost of installation in Poland, i.e., support structure, installation, design documentation is also about EUR 10,000. The annual cost of renting a measuring mast and recording wind speed measurements at a particular location should also be included. For the purposes of this publication, this cost is also estimated at EUR 10,000. The cost of turbine servicing is not included. The average electricity price in Poland is currently 0.16 EUR/kWh. Based on Table 2, the annual profit per location was calculated and summarized in Table 3. The calculations were performed only for the WT1 turbine, which shows higher productivity in the selected locations. The WT1 turbine is one of the few commercially available devices that generate electricity from a wind speed of 2 m/s. It has a take-off speed of only 1.5 m/s.



The result means that in order to cover the total wind turbine installation cost of approximately EUR 30,000, the WT1 turbine would have to operate at the selected sites for between 61 (Loc IV) and 196 (Loc IIa) years. The average lifetime of wind turbines is estimated to be about 25 years. The calculations ignore an increase in electricity prices, which will certainly increase; however, it is difficult to expect that the profit from the sale of energy will cover the cost of turbine installation during 25 years of average operation. The results of the analysis refer to a height of 10 to 13 m above ground level. This height corresponds to the installation of a wind turbine on the roof of a 3–4 story building.




5. Conclusions


The following conclusions were made based on the research and analysis conducted:




	
The location of a wind turbine requires individual analysis of wind speed over a period of at least 1 year and an assessment of energy potential.



	
The impact of neighboring buildings on wind parameters should be determined before selecting a wind turbine location in an urbanized area.



	
In the urbanized area, the wind reaches half of the speed throughout the year compared to the open area. There is a definite advantage of very light winds (up to 2 m/s) and a large proportion of so-called atmospheric calms, especially during night hours in spring and summer.



	
Compared with the non-built up area, there are significant deformations of wind speed and direction in the urban area due to the presence of high roughness of anthropological type (buildings and structures, towers, poles).



	
The locations studied do not demonstrate wind potential that can economically justify a wind turbine.



	
Wind zones that characterize the wind potential of a given location in open area do not have a significant impact on wind conditions in built-up areas located in that region.



	
It was demonstrated that energy productivity in a built-up area (Koszalin) located in a zone with very favorable wind conditions may be comparable to that in a zone with little favorable wind conditions (Białystok).








When designing a power plant consisting of many HAWT wind turbines with a capacity of more than 3 MW each in an open area, the wind data from one to two measuring masts for the entire project are generally sufficient. It is also possible, taking into account the roughness of the terrain, to convert the obtained results to a different height than the measured height. In the case of installing small VAWT wind turbines in an urban area, it is necessary to perform at least annual wind measurements at the place and height of each future turbine installation.
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Figure 1. Wind energy zones in Poland and analysis sites. 
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Figure 2. Disturbed wind flow in urban areas: (a) formation of vortices, (b) wind protection effect, (c) Venturi effect, (d) channeling. 
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Figure 3. View of the measuring mast. 
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Figure 4. The Weibull distribution for the anemometer at 13 m above ground level for location I. 
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Figure 5. The Weibull distribution for the anemometer at 10 m above ground level for location Iia—city center. 
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Figure 6. The Weibull distribution for the anemometer at 10 m above ground level for location IIb—airstrip. 
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Figure 7. The Weibull distribution for the anemometer at 13 m above ground level for location III. 
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Figure 8. The Weibull distribution for the anemometer at 10 m above ground level for location IV. 
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Figure 9. Turbine types selected for analysis (a) WT1, (b) WT2. 
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Figure 10. Power curves of the analyzed turbines. 
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Figure 11. Amount of energy supplied to the power grid by the wind turbine as a function of the wind speed—WT1. 
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Figure 12. Amount of energy supplied to the power grid by the wind turbine as a function of the wind speed—WT2. 
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Figure 13. Amount of energy supplied to the power grid by the wind turbine WT1. 
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Figure 14. Amount of energy supplied to the power grid by the wind turbine WT2. 
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Table 1. Selected technical data of the analyzed turbines.
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Performance

	
Wind Turbine WT1

	
Wind Turbine WT2




	
TVK3

	
AEOLOS V






	
Rated Power

	
3000 W

	
3000 W




	
Max Output Power

	
3800 W

	
3600 W




	
Cut In Wind Speed

	
1.5 m/s

	
2.5 m/s




	
Rated Wind Speed

	
13 m/s

	
12 m/s




	
Survival Wind Speed

	
60 m/s

	
55 m/s
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Table 2. Annual amount of energy delivered to the power grid by wind turbines.
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Model WT

	
Total Net Energy, [kWh/Year]




	
Loc I

	
Loc IIa

	
Loc IIb

	
Loc III

	
Loc IV






	
WT1

	
1189

	
957

	
1855

	
1180

	
3054




	
WT2

	
431

	
292

	
782

	
435

	
1514
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Table 3. Annual profit from the sale of energy delivered to the electricity grid.
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Model WT

	
Annual Profit, [EUR/year]




	
Loc I

	
Loc IIa

	
Loc IIb

	
Loc III

	
Loc IV






	
WT1

	
190

	
153

	
297

	
189

	
489
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