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Abstract 

The recent worldwide economic crisis, climate change and global warming have emphasized that the need 

for low carbon emissions while also ensuring the economic feasibility. In this paper, wind power potential 

of ETD in KTH was investigated. The technical and economical feasibility of tower mounted small scale 

standalone wind turbine installation is conducted. The potential of wind power production was statistically 

analysed. The average wind speed data of four-season interval of one year period (2011) which its 

measurement was taken on the roof top of the ETDB, and this was adopted and analysed in order to find 

out the potential of wind power generation. The Rayleigh distribution probability was applied to calculate 

the wind speed distribution at KTH, by doing so the annual wind power potential at the area and annual 

energy production of the chosen wind turbine was estimated, after the selection of a proper wind turbine 

have been made upon the site conditions. Therefore, the study result shows that installation of the wind 

turbine at 24 meters hub height for this particular area will have a better performance of annual energy 

production, capacity factor, carbon savings and better economical value than the current turbine installed 

at 17 meters height at the ETD. The economic evaluation shows that the turbine can save an electricity 

bill of US$3661.05 per year and cover 1.84% of the electricity consumption of the ETD by reducing its 

respective CO2 emission from the electricity use at the department. Moreover, the payback period of the 

turbine installation with the inclusion of the green certificate is approximately 14 years which is more 

feasible if it is considered for small wind turbines too, which is already in practice for renewables including 

wind power in Sweden. 

Keywords: Wind speed, KTH, Rayleigh distribution, small scale wind turbine, annual energy production, 

capacity factor, carbon saving, feasibility study. 
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1 Chapter One: Introduction 

1.1. Background 

World society are strongly dependent on energy no matter where they lie on the globe and the supply of 

energy is a basic requirement for the development and subsistence of the modern society in which the 

energy resources are the most crucial components. Therefore, People have created a reality where the 

energy can practically be used for everything and thereby the addiction to energy becomes a fact 

(Thorstensson, 2009).  

Today among the main carriers of the energy utilized by humans is electricity. The world’s electricity 

production will further increase due to the expected economic development and improvement in the 

living standard of the humans around the world. Thus, the energy produced in general and the electricity 

generated in particular comes from fossil fuel, nuclear energy, large scale hydropower's and in an 

increasing amounts in the last years from renewable energy sources (Kotsarinis, 2009). 

It is well known that the limited resource of fossil fuels along with the current rate of exploitation is 

expected to deplete in the next centuries. In addition the carbon dioxide accumulation in the lower layers 

of the atmosphere leads a way to climate change, intensive rainfalls, floods and droughts. These are the 

reasons why currently alternative resources of energy which are clean, sustainable and environmentally 

friendly sought in order to minimize these dangerous effects. Thus, it is the responsibility of all countries 

to improve the quality of their energy resources, and if possible to employ renewable energy options such 

as wind, solar and other energy sources by replacing the fossil fuels(coal and oil) (Şahin, 2004).  

Renewable energy resources had come true to their first real explosion in the beginning of 1970s while the 

first oil crisis struck the world. Most renewable energy sources are low energy density sources but the 

positive effects of renewable energy alternatives and the major advantage that they can be found and used 

anywhere have forced scientists to draw attention to clean energy sources that are both renewable and 

environmentally friendly. Particularly, wind presents an attractive source for the employment of renewable 

energy in many countries of the world (Mostafaeipour, 2010). The positive impacts of wind energy on the 

climate change mitigation as well as the opportunity to reduce energy dependency are indisputable. Wind 

energy helps in diversifying sources of production, decreases import dependency, and gives to a 

sustainable growth in many countries (Mostafaeipour, 2010). 

As almost 80% of the developed countries people live and work in cities, urban area is where most of the 

electricity consumed and this leads to a logical conclusion that it would be beneficial to try and convert 

wind energy into electricity inside the built environment(urban area), where it is mainly consumed 

(Kotsarinis, 2009). Thus, small scale wind turbines are being considered as one of the renewable energy 

conversion technologies for built environment that can potentially become clean source of energy to 

residential houses and buildings, business or community buildings, and thereby reduce their electric bills 

and give the independence from the utility companies. Following that, KTH have managed to plan small 

scale standalone urban wind energy system developments as it is found to be affordable due to the 

reduced turbine installation and maintenance price, relatively easy to install, to maintain and easily 

portable. As such, the relevance of this master thesis is to briefly give an insight to the feasibility study of 

an installation of a small scale standalone wind turbine, whether it will be technically and economically 

viable for KTH energy technology department, considering the site characteristics and wind power 

resources in the area. 
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1.2. Problem Identification and Justification 

The wind power capacity has grown quickly in order to make a considerable input to the global 

production of electricity driven with its emission free operation. Accordingly, the wind energy global 

expansion rate was reported to be 25.6%, 26.6% and 29% for years of 2006, 2007 and 2008 respectively 

according to World Wind Energy Association (WWEA, 2009, 2008, 2007). This enhances the installed 

global wind energy capacity during 2008 by 27.3 GW which brings to 121.2 GW total installed capacities 

and enables in generating a total of 260 TWh annually. These kind of trends led WWEA to forecast a 

wind power installed capacity of over 1.5 TW is possible by the end of 2020 (WWEA, 2009). For instance, 

the annual installation of wind power in Europe grew steadily from 3.2 GW to 11.6 GW with a compound 

annual growth rate of over 11% for the last 12 years (2000-2012). Particularly, in Sweden the wind power 

installed at the end of 2011 to the end of 2012 grew from 2,899 MW to 3,745 MW (EWEA, 2013). 

However, in spite of these rapid developments and recent revival of interest for using this ancient 

technology, wind power had only contributed 3% of the world's demand for electricity in 2011(IEA, 

2012). The reason for this is the huge quantities of energy were supplied from fossil fuels by a number of 

suppliers available in the past years which made wind power economically incompetent to make use of its 

benefits fully. Accordingly, to enhance the market penetration for a wind turbine, cost reduction, public 

acceptance and awareness should be worked out.   

On the other hand, the recent revival of wind power and increase of demand has seen a variety of 

different turbine design configurations that can be used in any environment. According to (WWEA, 2013) 

report, the industry of small wind turbines recently has shown an interesting 35% annual increment of 

newly  installed capacity in the past years. It is forecasted that until 2015 the growth rate will continue to 

attain an annual SWT installation of 400MW.The market could also accordingly show a steady compound 

growth rate of 20% based on a conservative theory from 2015 to 2020. The industry is estimated to reach 

around 1000 MW newly added of installed capacity annually by 2020 and attains a cumulative of 5 GW 

installed capacity by 2020. However, a small scale wind application that covers various kinds of small wind 

installations were mainly used in remote, rural areas, together with photovoltaics to provide local power 

even if there is an emerging market existing for small wind turbines and the associated technologies in 

built up areas (Cace et al., 2007). So that urban wind turbines, like photovoltaics, generate electricity on 

site and avoid transmission losses. They also give a visual statement for sustainable energy and thus help 

to promote green image. As such, there is an increasing support and interest from politicians, industries, 

local authorities and the public. 

 

Figure 1.1: SWT installed capacity world market forecast 2020 (WWEA, 2013) 

 



-3- 
 

To sum up, recognized as a mainstream renewable electricity source, SSWTs can provide suitable 

solutions that dramatically reduce dependence on electricity supply subjected to price increases both in 

rural and urban areas. Furthermore, through sale of electricity back onto the grid, these turbines could also 

enable urban areas to diversify beyond conventional income sources. However, despite the capacity of a 

wind energy is high and growing its installations with the cost per kilowatt-hours (kWh) which could be 

less than most other renewable energy technologies, a small number of urban areas to date have included 

SSWTs into their households, business, and communities. 

1.3. Motivation 

It is now widely recognised that the causes for climate change are related to human actions particularly 

that of burning fossil fuels and the greenhouse gases emitted from it. To this end, as one of the main 

challenges facing mankind in the 21st century is climate change, governments has set targets of emissions 

reduction and are encouraging the use of emission-free and renewablesources of energy such as wind 

power. Thus, the possibility of producing some or all of the energy needed for households, business or 

community using small scale wind turbines is a best way of producing emission free and renewable energy 

which can decrease the electricity bills and that can supply in the long term a more sustainable electricity 

system. Likewise, as the wind turbine technology is well-established and flexible, it can be utilised 

anywhere with the two basic systems available namely standalone and grid-connected. Standalone is used 

to generate electricity for charging batteries in order to run small electrical applications often in remote 

places where it is expensive or not physically possible to connect to a main power supply, and on the 

other side people that are living close to the grid are also using this wind turbine systems looking for 

independence from the power providers, reduce their energy bills and earn money by connecting the 

surplus energy to the grid or to show a commitment to energy sources coming from non-polluting 

sources(Energy.gov, 2013), and  grid-connected, where the output of the wind turbine is directly joined to 

the existing main electricity supply. The design can also be either the most common type horizontal axis 

or vertical axis design in order to suit a specific site best. 

1.4. Thesis Organization 

This dissertation includes the introduction part which discusses the background, problem identification 

and justification, and motivation. After the introduction chapter 2 has conducted and this has the 

literature review of the dissertation which includes general over view of renewable energy and their 

sources, wind and wind energy, wind characteristics, statistical models for wind data analysis, wind energy 

systems, power available in the wind, wind turbines, urban wind turbines, wind turbine power, wind 

turbine performance and environmental impact and setback of urban wind turbine. Chapter 3 describes 

analysis framework which includes: site description, objectives, relevance of the study, methodology and 

the limitation of the project. Chapter 4 presents the analysis, results and discussions of the findings. At the 

end chapter 5 will cover the conclusions and recommendations. 
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2 Chapter Two: Literature Review 

2.1 Renewable Energy 

The term renewable energy is defined as the energy from non-fossil energy sources such as wind, solar, 

geothermal, wave, tidal, hydropower, biomass, and wastes which are derived from natural processes that 

are replenished constantly (EC, 2012). In their various forms, renewables are derived directly from the 

sun, gravitational force, and heat generated deep within the earth and are considered as essential 

contributors to the energy supply portfolio as they can play their role in securing the future world energy 

supply, reduce dependency on fossil fuel resources and give an opportunity in greenhouse gas 

mitigation(IEA, 2007). 

The main source of renewable energy by far is the sun, used directly by means of thermal and 

photovoltaic technologies or indirectly in the form of wave, wind, hydro, and biomass. On the other hand, 

the average available power from geothermal energy such as volcanoes, hot springs, boreholes or geezers, 

extracted through thermal phenomena comes from the heat of the earth's core and gravitational forces of 

the sun and the moon, extracted through tidal stream or barrage technology, are also sources of renewable 

energy but much less from that of the sun(Freris and Infield, 2008; Twidell and Weir, 2006). 

Worldwide, the total power generating capacity in 2011 was estimated at 5,360 GW and only more than 

25% of it, 1360GW, was covered from renewable resources with 8% increment over 2010 generating 

capacity (REN 21, 2013, p. 21). During 2011 around 208 GW of electricity capacity was added globally 

and half of this was from renewables. Wind and solar photovoltaic accounted for 40% and 30% of the 

new renewable capacity respectively followed by nearly 25% from hydropower(REN 21, 2013). This 

implies wind power is increasing better than the others renewables. As it is shown in figure 2.1, this trend 

is predicted to continue with falling costs of wind energy but increasing in other energy cost. 

 

 

Figure 2.1: World wind power capacity 1996-2011(REN 21, 2012) 
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2.2 Wind and Wind Energy 

2.2.1 Wind in atmospheric boundary layer 

Wind is created due to the difference in atmospheric pressure and an irregular heating of the surface of 

the earth by the sun that results motion in the air. Wind patterns are influenced by elevation above the 

ground, terrain, weather conditions and the rotation of the earth. The wind patterns closer to the ground 

surface changes as a result of the resistance and roughness of the terrain, tree, hills, and houses that affects 

the movement of the wind and makes it very difficult to predict. Consequently, the wind speed and wind 

direction in the region of 100 meters up in the air is almost the same most likely over large areas whereas 

the wind speeds on ground level is almost zero. Wind shear is, therefore, the rate of change of wind 

speeds with height and helps to allow the generation of a wind profile knowing the wind speed at all 

heights located as shown below where the best sources of wind are along the coastlines and hills (Wizelius, 

2007). The wind shear is dependent on the roughness length Zo. 

 

Figure 2.2: Boundary layers of wind at different height levels above the ground(Hamon, 2013) 

This can be described by the so called logarithmic wind profile, since the wind speed increase with height 

in a logarithmic pattern due to the boundary layer effect. Therefore, for a given wind data at a height Z 

and a roughness height ZO the velocity at  height of ZR can be found using this logarithmic profile (log 

law) as:(Mathew, 2006). 

 

          
   

  
  

  

      
  

   Eq. 2-1 

Where the velocities V(Z) and V(ZR) are velocities at height Z and ZR respectively. 

This can  also be expressed as well using the power low method as shown below (Liu and Rayudu, 2010) 

      

      
  

  

  
 
 

    Eq. 2-2 

Where the V1(Z1) is the velocity at hub height Z1; V2(Z2) is the reference wind velocity at the reference 

height Z2 and α is the ground surface friction coefficient. 

Allowing to the installations in urban wind, in addition to wind speed variations with altitude, wind speed 

also varies with the kind of obstacles(terrains) for which the wind blows. Smooth surfaces like oceans or 

flat lands with no vegetation or buildings will produce the best wind speeds at the lowest altitude. As 

discussed previously, hills, large buildings and trees all disturb wind flow, decrease wind speed, and create 

wind shear at a particular place. Figure 2.3 illustrated below shows this idea qualitatively how the wind 
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speed changes with altitude over three different surfaces: smooth water (sea), a flat plain, and 

forest(Stankovic et al., 2009). 

 

 
Figure 2.3: Wind speed as a function of altitude (height) above different surface features (Wizelius, 2007) 

Furthermore, despite the fact that wind speed is a source of clean energy, it is also an intermittent because 

of the seasonal and daily wind speed differences. Figure 2.4 shows this intermittency. 

 

 

 

Figure 2.4: Example of wind speed variations (Intermittency) at a location from season to season 

(Mathew, 2006) 

2.2.2 Energy in the wind 

When a wind blows over the blades of a wind turbine the energy in the wind is converted to mechanical 

rotation and electricity will be generated. As discussed above the wind speed increases above ground as 

the height increases and thus the wind turbine placed on a higher height will typically generate more 

energy than the corresponding wind turbine placed at the same location with lower height but capturing a 

stronger wind speed at higher altitudes by placing a wind turbine must be balanced against the increased 

costs of production. Wind turbines can also work best when the wind approaching the turbine blades is 

not altered by any obstacles (i.e. natural or manmade obstacles) in view of the fact that these obstacles 

slow down the wind speed, and cause higher turbulence that resulted in reduction of potential and 

performance of the wind turbines and increase the wear on both turbine and its supporting structures. 

Thus, during a development of a wind project in a single location or over a large area, there is a significant 
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impact from both economic, structural and pattern of wind speeds. Moreover, the intermittency of wind 

speed affects the power generated from wind turbines as it depends on the availability of the wind speed 

where another source of power must be used when there is no wind blowing, even if with enough wind 

blows, other sources must be used to adjust the changes from wind speed variation as the speed often 

varies. As such, the feature found in and around a built environment in urban areas have a significant 

impact on the wind pattern and structural design to make urban areas wind sitting more challenging than 

that of rural wind farms. In general, the turbine should be placed with care above the building roofs or the 

tree canopy where the best wind exists (Stankovic et al., 2009). 

2.3 Wind Characteristics 

Over the last times many researchers have been devoted on developing an adequate statistical model to 

express the wind speed distribution and direction frequency distribution. These distributions of the main 

wind characteristics have great importance for not only structural and environmental design analysis but 

also for the assessment of the performance of wind energy conversion system and the wind energy 

potential. 

According to the author (Mathew, 2006) to estimate the potential of wind energy at a site, the wind data 

collected from the site should be analyzed and interpreted properly. Wind data can be taken from a nearby 

metrological station to the candidate site and used for making preliminary estimation. This data might be 

available for long periods; care should be taken during extrapolation to represent the wind profile at the 

potential site. Field measurements are taken for a short periods at the prospective location, after the 

preliminary investigation. It is sufficient to take one year wind data recorded at the site to represent the 

long term variations in the wind profile within a 10% accuracy level (Mathew, 2006). 

2.3.1 Wind speed characteristics 

Mean wind speed at a site is measured using modern wind measurement systems; this is averaged over a 

pre-fixed time period. Ten minutes average wind speed is commonly used since most of wind analysis 

software's are tuned to handle data over ten minutes. The data can be grouped in an hourly, daily, monthly 

or yearly basis (Mathew, 2006). The figure 2.5 below illustrates the distribution of a wind speed for a site 

on hourly basis. 

 
 

Figure 2.5:Weed speed distribution (Electropaedia, 2013) 
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2.3.2 Wind direction characteristics 

In sitting of a wind energy conversion system, one of the most important factor is the direction of the 

wind. To identify this direction in earlier days wind vanes were applied. Anemometers which are mostly 

under use today have included the ability to record both the direction of wind and its velocity at the same 

time.  

According to (Mathew, 2006) the information on both wind velocity and direction can be presented in a 

combined way using the wind rose. The wind rose is a diagram (chart) that shows the wind distribution at 

different directions and this diagram can be sectored in to 8, 12 or 16equally spaced divisions indicating 

the wind from different directions. In wind rose three types of information can be indicated: a) the 

percentage amount of time in which the wind is received from a specific direction. This proves the 

direction from where the most wind is received. b) The product of the amount of time percentage by the 

mean of the wind velocity at this direction. This shows the strength of the average wind spectra. c) The 

product of the amount of time percentage and third power of the wind velocity. This can aid in identifying 

the available energy from different directions. Figure 2.6 illustrates wind roses of a site representing the 

frequency and velocity in different directions as: 

 

 
a) Frequency Rose    b) Velocity Rose 

Figure 2.6:Example of Wind roses indicating  distribution of frequency and velocity in different  directions 

(Mathew, 2006) 

2.4 Statistical Models for Wind Data Analysis 

To identify a suitable statistical distribution to represent wind regimes, various probability functions were 

fitted with a field data as authors (Manwell et al., 2010; Mathew, 2006) States that Weibull and Rayleigh 

distributions were found with an acceptable accuracy level and can be applied to describe the wind 

variations in an area. According to author (Justus, 1978), from a practical point of view, the two parameter 

Weibull function is more appropriate to employ than the univariate Gaussian function and more flexible 

than the Rayleigh function. According to Tuller and Brett (1984), the selection of the Weibull distribution 

can often be credited due to its flexibility, giving a good fit to the surveyed wind speed distributions, and it 

only requires two parameters to estimate. 

2.4.1 Average wind speed 

The average velocity (Vm) is among the most crucial information on the wind spectra at a 

location(Mathew, 2006). It is given by:                                      

 

   
 

 
   

 
      Eq. 2-3 
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Where:  

 V - velocity of the wind (m/s) and  

 n - number of wind data. 

 

On the other hand, for estimating the wind power, averaging the velocity using Eq.2-3 is a misleading, this 

is due to the fact that cubing the average speed of the wind and averaging the sum of each cubed velocity 

is not equal. This results in miscalculating the power potential in the wind. Therefore, when estimating the 

average velocity in the calculations of wind energy, the velocity must be weighed to its power content. As 

a result the average velocity of the wind will be expressed by(Mathew, 2006): 

    
 

 
   

  
    

 
  
   Eq. 2-4        

 

2.4.2 Standard deviation 

 Standard deviation (σV) can be one of the measures for the inconsistency of velocities in a specified set of 

wind data. This tells how the individual velocities deviates from the average value(Mathew, 2006). Thus,               

    
          

   

 
   Eq. 2-5 

If σV have lower values, this shows the uniformity of the given data set. 

2.4.3 Frequency distribution 

Out of the time distribution of a wind direction and wind speed, it is also vital to know the frequency 

distribution of a wind speed at given wind regime, which is the number of incidences of each wind speed 

range are counted, or binned, and after that described as a fraction of the total number of wind speed 

occurrences in all bins. This is a statistical description of the wind climate at any site. For the best 

statistical representation, the winds should be measured more than a period of several years as possible 

and a similar frequency distribution can be made for wind direction for a particular period of time. With 

this, it is also possible to prepare a joint frequency distribution from the raw data. If the numbers of hour 

in every interval or bin is plotted against wind speed then the frequency distribution emerges as a 

histogram (J. A. de Jongh and R. P. P. Rijs, 2004). The shape of the frequency distribution describes the 

wind regimes like steady wind regimes which have a nearly symmetrical frequency distribution 

(approaching a normal or Gauss distribution) while unsteady wind regimes have asymmetrical distribution, 

which in many cases can be approached by the distribution name called Weibull distribution. 

2.4.4 Probability density function 

It is a continuous function and a counterpart to the histogram. The area below the PDF is unity, which is 

shown by the equation given below 

       
 

 
     Eq. 2-6 

The probability density function(PDF) of wind speed is important in various wind energy applications 

(Carta et al., 2009). 

The cumulative distribution function (CDF) F(V) is given by 

       
 

 
    Eq. 2-7 

The x variable inside the integral is a dummy variable just representing the wind speed for the use of 

integration. Both the above integration start with zero as, the wind speed cannot be negative. While 
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considering the wind speed as a continuous random variable the cumulative distribution function has the 

properties F(0) = 0 and F( ) = 1. The quantity F(0) may not necessarily be zero in the discrete case. 

There are several density functions which can be used to express the wind speed frequency curve. The 

three most common are: 

1. Gaussian (Normal) distribution 

2. Rayleigh distribution and 

3. Weibull distribution  

2.4.4.1 Gaussian (Normal) distribution 

The wind speed V is distributed as the Gaussian (Normal) distribution if its probability density function 

is(Hamilton Institute, 2010): 

      
 

       
      

       

   
 

    Eq. 2-8                                         

Where, Vm - mean wind speed  

             σ - standard deviation.  

2.4.4.2 Rayleigh distribution 

The Rayleigh distribution is a simplified case of the Weibull distribution function in which the shape 

parameter k is approximated as 2.0 (Mathew, 2006; Tong, 2010). Since the reliability of Weibull 

distribution depends on the accuracy in estimating k and c values. Thus, an adequate wind data collected 

over short time interval is required for the precise calculation of parameters k and c. According to 

(Mathew, 2006)such information may not be readily available. The existing wind data could be only mean 

wind velocity for a specified period of time like daily, monthly or yearly mean wind velocity. Under such 

circumstances, the simplified case of Weibull model can be derived by taking k as 2(Mathew, 2006). It is 

given by:  

 

     
 

 

 

  
  

      
 

  
 
 
 
   Eq. 2-9 

For                             and    
   

  
 

Similarly the cumulative distribution is expressed by 

        
     

 

  
 
 
 
   Eq. 2-10 

2.4.4.3 Weibull distribution 

The wind speed which is measured at a particular location tends commonly to follow a Wiebull probability 

distribution that usually characterized by shape and scale factors in addition to the mean speed value. The 

Wiebull probability distribution is useful in modeling the wind speeds and this is because of the several 

properties it has. Most importantly, it does not have possibility of negative values and have long tail 

indicating low probability over large range of high wind speeds. As the authors (Acosta and Djokic, 

2010)suggested that the annual average wind speed distribution at a considered urban site can be 

represented accurately using Weibull distribution, for which shape and scale factors are identified correctly 

from the wind speed measured data. The shape of the Weibull distribution and tail is determined by the 

scale factor. However, the power of the wind varies with the third (cubic) power of the wind speed, as 

such; the power which can be captured from the flowing wind in the tail of the Wiebull distribution can 

have high significance. As show in the figure 2.7 below the two Weibull distributions with the same 

average wind speed but different shape parameters k (Wizelius, 2007). 
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Figure 2.7: Two Wiebull curves with the equal average wind speed having different shape factor(Brosius, 

2009) 

Weibull distribution is a unique case of Pierson class III distribution (Manwell et al., 2010; Mathew, 2006). 

Wind velocity variations can be described with two Weibull distribution functions;  

i. The PDF f(V) shows that the probability (or fraction of time) for a given velocity V of  the wind 

(Mathew, 2006) and it is expressed as: 

     
 

 
 
 

 
 
   

 
  

 

 
 
 

   Eq. 2-11 

Where:  k - Weibull shape factor 

             c - Weibull scale factor  

ii. The CDF of a velocity V gives the fraction of time (probability) which the wind velocity is equal 

or lower than V. Hence the cumulative distribution is represented by F(V) and it is the integral of 

the probability density function (Manwell et al., 2002; Mathew, 2006). It is expressed by 

            
 

 
    

  
 

 
 
 

  Eq. 2-12 

The average wind velocity of a regime, with the Weibull distribution, It is expressed as:(Mathew, 2006) 

           
 

 
   Eq. 2-13 

Substituting for f(V), we get 

     
 

 
 
 

 
 
   

 
  

 

 
 
 

  
 

 
  Eq. 2-14 

This can be rearranged as 

      
 

 
 
 
 

  
 

 
 
 

  
 

 
   Eq. 2-15    

Considering  

   
 

 
 
 
 ,    

 

 
            Eq. 2-16 

Substituting for dV in Eq. (2.15), 
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     Eq. 2-17 

The form of the standard gamma function is given by 

              

 
     Eq. 2-18 

Hence, from Eq.2.17, the average velocity following the Weibull distribution can be expressed as 

        
 

 
       Eq. 2-19 

The standard deviation of wind velocity, following the Weibull distribution is  

 

         
 

 
       

 

 
  

 
  
  Eq. 2-20 

The cumulative distribution function can be used to estimate the time within a certain velocity interval of 

the wind. Therefore, the probability of being between V1 and V2 is given by the difference of cumulative 

probabilities corresponding to each wind velocities V2 and V1. This is expressed as: 

                         Eq. 2-21 

That is 

            
 
  

   
 

  
 
  

   
 

  Eq. 2-22 

According to (Mathew, 2006) the uniformity of the wind under the Weibull distribution is determined by 

the shape factor k. The effect of k on the probability density and cumulative distribution functions of the 

wind is shown on figures 2.8 and 2.9. For the given scale factor c as 9.8 m/s and k =1.5 to 4. This shows 

uniformity of the wind at the given site increases with k (Mathew, 2006). 

 

Figure 2.8:Weibull probability density function for different shape factors (Mathew, 2006) 
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Figure 2.9:Weibull cumulative distribution function for different shape factors (Mathew, 2006) 

The common methods used to determine the shape factor and scale factor following the weibull 

distribution to analyze the wind regime are: Graphical method, Standard deviation method, Moment 

method, Maximum likelihood method and Energy pattern factor method. In this case only the following 

two methods are considered(Mathew, 2006). 

a) Standard deviation method 

Weibull parameters k and c can also be estimated from the average and standard deviation of wind data. 

Considering, expressions for average and standard deviation given in Eq.2.19 and Eq.2.20. From these, 

(Mathew, 2006) 

 
  

  
 
 
 

    
 

 
 

     
 

 
 
     Eq. 2-23 

 

Once Vm and σV are calculated for a given data, the value of k can be found easily by solving the above 

expression numerically. Therefore, the scale factor c is given by: 

                                                        
  

    
 

 
 
             Eq. 2-24 

According (Mathew, 2006) an acceptable approximation for k is given 

 

   
  

  
 
      

 Eq. 2-25 

Farther more, c can be found with more accuracy using an expression 

 

  
         

                    Eq. 2-26 

b) Energy pattern factor method 

This method uses the ratio of the total power accessible in the wind and the power corresponding to the 

cube of the mean wind speed(Mathew, 2006). This is 
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  Eq. 2-27 

Once the energy pattern factor is found for the regime from the wind data the value of k can be 

approximated as: 

          
       Eq. 2-28 

2.5 Wind Energy Systems 

2.5.1 Grid connected wind energy systems 

Grid connected systems are these systems which has a connection with an electricity transmission and 

distribution systems. The purpose of connection to the grid depends upon the wind energy system to be 

used. Even though most large wind energy systems are made to feed electricity to the grid, but other 

configurations are also found, particularly in small and medium size turbines. Wind turbines connected to 

the grid can be used in reducing the consumption of fossil fuels. During the time when the wind turbine 

cannot deliver enough amount of energy needed, the difference will be covered by the public utility 

(Wagner and Mathur, 2009) 

2.5.2 Standalone wind energy systems 

Standalone systems are systems which are not connected to the electricity grid and are commonly used to 

power remote houses or remote technical applications, for example, rural telecommunication systems, and 

mechanical power for pumping water for the purpose of drinking and irrigation. The wind turbines used 

for such an applications may vary between a few watts to 50 kW. Thus, wind turbines of up to 300kW can 

be used for rural or village electrification systems with combination of diesel generator or a battery system 

(Ackermann and Söder, 2002).On the other side, People that are living close to the grid are also using the 

standalone wind turbine systems, looking for independence of power from the power providers company, 

reduce their energy bill, and earn money by connecting the surplus energy to the grid or to show the 

dedication to energy sources coming from clean sources (Energy.gov, 2013). According to author (NREL 

and DOE, 1997), these systems can be reasonable for the following reasons: 

 If the annual average wind speed at the area is at least 4m/s. 

 If grid connections do not exist in place or if these can be done with an expensive expansions or 

if the operation cost to integrate the power line to a remote area through the grid is unreasonable. 

 If there is an interest in owing an energy source which is free of dependency from the utility. 

 For reduction of environmental impacts of electricity production from fossil fuel. 

The required electricity from such systems are generated on site, generally used in the site simultaneously 

by the connected users and appliances within the system, or stored in backup systems (like backup 

generator or battery storage/banks), to ensure continuous energy supply in the off-grid system (EECA, 

2010; Gipe, 2004). 

Based on the installed turbines, standalone wind power systems can be classified as small-scale and large-

scale. Currently, small-scale stand-alone wind power system applications are common in rural and remote 

areas with battery banks as the energy storage component to provide stable and reliable electricity. 

Consequently, these kinds of systems can be more effective in cost than extending a power line to the 

electricity grid. Likewise, large standalone wind energy systems are used in urban areas despite the fact that 

the wind speeds are generally lower in built up areas as this can be successfully implemented if site wind 

monitoring reveals adequate resource and environmental impacts are evidently low. These can be found in 

many urban areas above all in elevated or coastal locations according to (Stankovic et al., 2009). Stankovic 

states that moving these large scale wind turbines into the built environment may have a number of 

advantages over traditional remote wind farms: 
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 losses due to transmission lines are minimized (which helps to indicate the loss in wind resources 

between urban and open sites) 

 costs for transmission towers are removed and costs for cabling are reduced 

 road costs to access are minimized or eliminated 

 as the electricity can be sold directly to the end users without connecting to the grid, the income 

will be improved  

 green or wildlife areas can remain unspoiled 

 there can be a lower impact on the biodiversity 

Generally, theses urban standalone turbines can be sited very close to roads and buildings. One example is 

the green park turbine which is located on south Oak Way, Reading, UK that was erected in 2005. The 

turbine is rated at 2MW with 70m blade diameter and a hub height of 85m located directly adjacent to the 

building only 70m way and 150m away from the closest  motor way.  Another example can be found in 

the leonardo Da vinci school in Calai, France. This turbine, installed in 2001, has a hub height of 35m, 

diameter of 20m and rated at 130kW. It is located at 20m from the closet school building (Kitchen). 

However, these buildings are not residential building (Stankovic et al., 2009). 

2.6 Power Available In the Wind 

There are rules for estimating the power existing in the wind and can be found in many text books of a 

wind power. The following basic relationships are used, for instance in (Jain, 2010; Mathew, 2006). 

 

Kinetic energy of an air flowing with a mass m and velocity V is given as 

   
 

 
    Eq. 2-29 

The kinetic energy of an airflow which is available for the wind turbine can be described in terms of the 

cross sectional area A exposed to the wind stream as shown in figure 2.10 with three and two dimensional 

views of the turbine.  

   
 

 
    

  Eq. 2-30 

Where:  

            KE- Kinetic Energy (unit J) 

            ρa- Density of streaming air (1.225 kg/m3 above sea level at 15OC 

                and normal atmospheric pressure) 

             υ- Volume (m3) of air flowing to the rotor blade of the wind turbine. 

             A- Rotor Area interacting with the air flow 

             V- Wind velocity (m/s). 

Now the power in the wind can be expressed as 

  
 

 
      Eq. 2-31 

The existing power in the flowing wind is dependent on the following factors; are air density, swept area 

and wind velocity; however the influence of the wind velocity is very high due to its third power 

relationship with the power of the wind. 
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Figure 2.10: A wind with a velocity V flowing to a wind turbine with area A(BU, 2013; Mathew, 2006). 

For a given pressure and temperature the air density is expressed by 

   
  

  
 Eq. 2-32 

Where; ρa- air density in (kg/m3), Pr- air pressure (Pa or N/m2) , R- specific gas constant (287 J/ kg oK) 

and T- air temperature in oK 

If the elevation Z and temperature T at an area are recognized, the air density can be estimated using 

(Hughes, 2000; Mathew, 2006). 

    
  

  
   

 
   

  
 
 Eq. 2-33 

Since density of air declines with the increase of elevation at the site and temperature but for most 

practical case the air density is taken as 1.225kg/m3 at sea level. 

This can be more simplified to: 

   
       

 
        

 

 
 
 Eq.2-34 

Where Po is atmospheric pressure at standard sea level (101,325 Pa), g is the gravitational constant (9.8 

m/s2); and Z is the locations elevation above sea level in meters. 

If the elevation above sea level is given but the temperature and pressure data are not available, the 

following correlation can be used to estimate the density (Hughes, 2000). 

                         Eq. 2-35 

The power density is the best way to evaluate the wind resource existing at a comparative site,  this 

indicates how much energy will be available at the site to be converted to electricity by the wind turbine 

(Mirhosseini et al., 2011). It is expressed as: 

 

 
 

 

 
           

 

 

 

 
           

 

 
     Eq. 2-36 

And the wind energy density is 

 

 
  

 

 
       Eq. 2-37 

Where: n - is the number of measurement periods, Δt. 
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2.7 Wind Turbines 

Modern wind turbines existing today might ranges from small a few hundred watts to a few Magawatts 

which is a 10 MW wind turbine that has  been developed recently by SWAY(SWAY, 2012).Most of the 

time wind turbines are represented by their maximum output power potential and this is indicated as the 

rated capacity of the wind turbine. Furthermore, this can also explain the size of the wind turbine roughly 

as a function of cross sectional area, although majority of wind turbines are designed at a wind speed of 

13m/s in order to reach their rated output power. The rotor area and overall size of two wind turbines 

will probably very similar if they have the same rated capacity and similar efficiencies (Ferrigno, 2010). 

If a 1MW wind turbine have normally a maximum sustained output power of 1MW and if the turbine 

continues to produce with this amount of output power throughout the year, then the energy produced 

will be 8760MWh.Specific turbine installations should be expressed using the percentage of theoretical 

outputs and estimated to achieve this specific installation over a long term. Therefore, It is likely that a 

1MW wind turbine with a theoretical output of 30% would have 2628 (1MW x 8760 hour x 30%) 

MWh/year of energy on average. For particular installations the theoretical output depends on the wind 

turbine characteristics and the wind conditions at the site. The efficiency of a wind turbine can also 

express the turbine with the optimum percentage of wind energy which can be transformed in to electrical 

energy (Ferrigno, 2010). 

In accordance with the wind turbine industry, turbines are frequently grouped into several categories. 

Wind turbines with a nameplate capacity of over 1 MW are large wind turbines and turbines with a 

capacity rage from 100kw to 1MW are known as medium turbines. Turbines with rated capacity below 

100kW are small turbines. Some discussions of wind turbines further separates Micro turbines, those 

which are under 10kW (Sharman, 2010).  

Urban wind turbulence may give unique obstacles for the start-up requirements of a wind turbine. Large 

scale wind turbine installations usually use a motor in order to spin wind turbine rotor to its needed 

rotational speed. Nevertheless, the maintenance and low cost restrictions oblige small wind turbine 

installations to make a self-start-up as an essential aspect of the system. This illustrates that there is 

considerable implications for urban wind power. Therefore, a successful urban installation must provide 

an efficient self-start-up. 

At their current size wind turbines accomplish significant economies of scale. According to Wizelius rising 

returns to scale the turbine is not an evident property as weight of the turbine might likely increase by 

third power of the turbine size, As the diameter of the turbine blades, swept area of turbine, would only 

raise by the square of the size. Nevertheless, increased hub height of the turbine and design optimization 

has enhanced turbine performance, as a result the bigger turbines are still cost effective (Wizelius, 2007). 

The cost of installation for large wind turbines ranges between US$1500 to US$2000 per kilowatt of 

capacity in rural farms, whereas the installation cost for small wind turbines ranges between US$3500 to 

US$10,000 per kilowatt(AWEA, 2009). 

2.8 Urban Wind Turbines 

These wind turbine models can roughly be divided in to two different main categories which are those 

turbines that are with horizontal axis  and  vertical axis types. 

2.8.1 Horizontal axis wind turbine 

Those wind turbine (HAWTs) types are wind turbines that are widely under use at the moment. These 

turbines are almost exclusively found on large wind farms and have two or three blades which are rotating 

around a horizontally situated shaft. Today the most widely used turbine type is the three bladed HAWT 

(Mathew, 2006). Large-scale turbines are integrated to the grid to deliver electricity in to a regional or 

national like any producing sources. Smaller scale turbines (particularly those owned by individuals) can be 
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as well connected to the grid, but they are frequently used as a supplement to the grid-delivered power 

While excess power is stored in batteries or returned to the grid with a use of transformer 

arrangements(Moriarty, 2010). 

HAWTs can lose significant power in turbulent or low wind conditions. Notably, the urban wind turbines 

ideally need locations which are open, exposed like their counter parts in rural areas experiencing high 

wind speeds but the wind speeds in urban areas are much lower than those in rural areas due to the 

obstacles, which can cause a standard HAWTs to remain stationary for almost 21% of the year (Ealing 

Borough Council Urban Wind Stud, 2003). As such, HAWTs must always face into the wind in order to 

perform well. This requires a yaw mechanism which allows the wind turbine to rotate and face the wind. 

As they are sensitive to changes in the direction of wind and turbulence, which have a negative 

consequence on performance and this is due to the required repositioning of the turbine to face the wind 

flow(Cace et al., 2007; Moriarty, 2010). 

In addition to the difficulty of working in turbulent and weak airflows, Small scale wind turbines have a 

problem on starting the rotor system at low wind speed. Since most small HAWTs don't have variable 

pitch blades, the angle of attack at start-up does not coincide with its low rotational speeds. This can cause 

a considerable delay in the rotor's acceleration. Some works have been published on wind turbine starting 

(Ebert and Wood, 1997; Wright and Wood, 2004). According to authors (Wright and Wood, 2004) the 

starting performance of a three bladed, 2m diameter horizontal axis wind turbine has measured in a field 

tests. Hence, their experimental study shows that small wind turbines start rotating at 4.6 meters per 

second on average; however this varied between 2.5 and 7.0 m/s(Pope, 2009). 

Smaller scale wind turbines mounted on a building have been also introduced in urban areas, in addition 

to the freely standing small scale wind turbines (SSWTs). This is due to the recent load demand increase  

in urban areas, a great numbers of those turbines (<10kW) are installed on the roof top of a residential 

houses, commercial buildings and high rising buildings (Salameh and Nandu, 2010). As it is illustrated in 

figure 2.11 SSWTs have been installed at many locations in urban areas and have significant potential in 

electricity generation, even though they have some drawback in need of high wind speeds to generate 

close to or at their highest output power. In urban areas with lower wind speeds, it is seldom for the 

turbines to reach to their optimal output levels; this makes it harder for the initial investment to recoup. 

 

                     (a) Skystream                                                (b) WES Tulipo 
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(c) Sirocco                                (d) Proven  

Figure 2.11: Examples of HAWTs in urban areas (Cace et al., 2007; Stankovic et al., 2009) 

2.8.2 Vertical axis wind turbine 

This type of wind turbines (VAWTs) are wind turbines usually developed for the purpose of urban 

deployment. The direction changes of the wind have less negative effects on VAWTs than HAWTs since 

no need of moving the wind turbine into the direction of the wind; as a result there is no need of yaw 

mechanism to direct the turbine in to the wind. Nevertheless, they have lower overall efficiency in 

electricity  generation than HAWTs (Cace et al., 2007). 

These turbines are historically grouped as Darrieus or Savonius types and this is due to the principles used 

to harvest the flowing wind. For the Savonius type, the rotational speed is always lesser than the speed of 

the wind and this is because the blades are pushed by the wind. On the other hand, the Darrieus shape of 

the rotor made it likely for the rotor to rotate faster than the wind speed(Cace et al., 2007). Three VAWT 

models are shown in figures 2.12. 

 

(a) Three blade VAWT                                                    (b) Wind Side VAWT 
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(c) Turby VAWT                                         (d) eggbeater (Quiet Revolution) VAWT 

Figure 2.12:Examples of VAWTs in urban areas (Cace et al., 2007; Moriarty, 2010) 

For quick an overview of the two wind turbine categories, they are compared as shown in table 2.1 below. 

Table 2.1: Comparison between HAWT and VAWT (FonzDekkers et al., 2009; Wineur Consortium, 

2006) 

 

Turbine type 

 

Advantages 

 

Disadvantages 

 

 

 

 

Horizontal Axis Wind Turbines 

Efficient Noise 

Proven to work Not Efficient when wind Frequently changes 

Widely used Creates Vibrations 

Most economic Visually unappealing 

Many products available    

 

 

 

Vertical Axis Wind Turbines 

Less sensitive to turbulence Not yet proven 

Wind direction immaterial Less efficient 

Silent Fewer models available 

Easier to install and maintain Fewer working examples 

Fewer Vibrations   
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2.9 Wind turbine power 

The power existing in the wind is presented as in Eq.2.31. However, this power cannot be extracted 

entirely by a turbine. When the wind flows by the turbine rotor blades, only part of the kinetic energy of 

the wind is transferred to the rotor and some of it carried away by the air leaving the turbine. The actual 

power produced by the rotor depends by the efficiency with which this energy transfers from the wind to 

the rotor. This efficiency is usually called as power coefficient (Cp), therefore, turbine power is defined as 

the actual power output of the rotor given by(Mathew, 2006):  

    
           Eq. 2-38 

The wind power equation above indicates that the energy content in wind will vary with the third power 

of the wind speed. For instance, if the wind speed doubles then the estimated energy generated will be 

approximately eight times as much energy as the previous wind speed (Gipe, 2004). For example, if the 

first wind speed is 4 m/s, then the power output will be equal to 64 watts and then doubling of the wind 

speed to 8 m/s this will increase the power output to 512 watt. Both of these power outputs will be 

differentiated by eight times. As wind power is a cubic function of the wind speed, an increase in wind 

speed by 10% will result in an increase of wind power by around 37% which is available in the wind 

(Gipe, 2004). Thus, the wind speed is a very crucial factor for the amount of energy production by the 

wind turbine. 

The turbine efficiency varies with wind speed, due to this, performance of wind turbines is described 

using the power curve that specifies wind turbine output power in terms of wind speed moving towards 

the turbine. The cut-in, rated and cut out speeds are among the several crucial features of the power curve 

of a wind turbine it has. The lowest wind speed where the wind turbine can generate power is known as 

cut-in speed. The rated speed is the minimum speed that the wind turbine has to produce at rated output. 

Since the wind speed increases starting from the cut-in speed to the rated speed, the output power from 

the turbine rises steadily to the rated output. The output power from the turbine is limited to the rated 

output above the rated speed (Gipe, 2009; Wizelius, 2007). It is unlikely to exploit the extra power in the 

wind above the rated speed. The turbine stops above the cut-out speed for safety reasons and no power 

production at extremely high wind speeds. Wind turbines also have a survival wind speed that is the 

maximum wind speed the turbine can withstand from damage. Wind turbine power curve is illustrated in 

figure 2.13 below. 

 

Figure 2.13: Power curve of  wind turbine with wind speed Vs power output(AECOM, 2011) 
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2.10 Wind Turbine Performance 

2.10.1 Annual energy production 

To compute the annual energy production (AEP) for  given wind turbine at a known location, the power 

curve method can be used as this technique gives the  most realistic results (Gipe, 2004). Therefore wind 

speed distribution frequency will be applied to estimate the AEP by multiplying the output power that is 

generated from the wind turbine at each wind speed interval with the amount of hours in each bin. But if 

the wind speed distribution frequency at the hub height is not existing, then wind speed at the this 

location of the wind turbine can be generated with the power law equation. The AEP is given as: 

           
   

   
        Eq. 2-39 

Where T is the number of hours in a year equal to 8760 hours and PT is power of the turbine at a velocity 

of V, Vco and Vcl are velocities at cut in and cut out of the turbine respectively. 

2.10.2 Turbine efficiency 

All the kinetic energy existing in the wind cannot be extracted with a wind turbine, as this would need 

reducing the wind speed to zero. According to Betz law the maximum amount of energy which can be 

harvested by the turbine at its nominal wind speed is about 59.3%, this is called as performance of the 

turbine, i.e. the turbine's efficiency which is below the limit placed by Betz limit. Turbines which are 

commercially existing today operates at their highest coefficient of performance (Cp) value up to 45% 

(Wizelius, 2007). Figure 2.14 illustrates efficiency of a turbine at a series of wind speeds. 

According to (Mathew, 2006)a turbine’s power coefficient depends on many factors like the profile of the 

turbines' rotor blades, blade arrangement and setting etc, in general on how good is the turbine design and 

how well it can grasp the energy in the wind(Hemami, 2011), so to attain a maximum Cp at a wide range 

of wind velocities designers should optimize (fix) these parameters. 

 

Figure 2.14: Example of efficiency for Siemens 1300 wind turbine  as a function of  wind speed(Wizelius, 

2007) 

2.10.3 Capacity factor 

In assessing the field performance of a wind turbine one of the important indices is the capacity factor CF 

(Mathew, 2006). Therefore, the CF of a wind conversion system that is on site could be defined as, the 

ratio of the actual energy produced by the system to the energy that could have been generated by it, if the 

device would have worked at its rated power throughout the time period. 
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 It is expressed by: 

   
   

   
 Eq. 2-40 

Where: 

           PR - rated power of the turbine, 

           T - the number of hours in a year (8760 hours). 

As author (Mathew, 2006) suggested that a reasonably efficient wind turbine at a potential site may range 

its capacity factor from 0.25 to 0.4. These turbines with capacity factor of 0.4 or above indicate that the 

system is working very efficiently with the regime. CF is usually expressed on annual basis. 

2.11 Environmental Impact and Setback of Urban Wind Turbine 

There have been many debates on the low environmental impacts of a wind turbine. As there is no carbon 

emission produces from wind generations, wind turbines are free(neutral) of carbon after a short period of 

time which is about 6 to 12 months (Stankovic et al., 2009). 

Environmental impacts from visual and noise sometimes considered as higher than impacts from the 

electricity generated by fossil fuel. Impacts may also include effect on birds and other animals, public 

safety, effects on land use, effects on communication, effects on culturally significant, effects on aviation, 

archaeological and historical sites. But these concerns are mainly for large and medium scale projects 

(Reuther et al., 2011). During an installation of small wind turbines, the main concern of the public is 

commonly related to sound emission (Gipe, 2004). This impact may place a practical limit on the size or 

design of wind turbines located in urban area; smaller turbines normally produce less noise. The impacts 

from flickering are also limited by the size and height of the turbine. 

Experiences recorded by EECA (Energy Efficiency and Conservation Authority) claims that the noise in 

wind turbines becomes higher only when the wind speed is high. In this sense, the noise of the wind itself 

creates the turbine noise so barley any wind turbine disturbance is experienced (EECA, 2009). As 

(Reuther et al., 2011) states that the same conclusions come out from other studies as well. While 

Gipe(2004) argues that even though the turbine noise perceived by most is unpleasant but it is generally 

audible to some degree. 

Several countries have developed guidelines for noise limits of wind turbine at the facade of dwellings. 

The Swedish identifies a value of 40 dB(A) sound limit near homes (Kathryn M. B. Haugen, 2011; 

Pedersen and Naturvårdsverket, 2003) and are used to determine a setback distances from the residences 

to the wind turbine, Since Sweden does not have a national polices on wind turbine setback distance from 

residences and no guidelines pertaining to shadow flickers. Municipalities has adopt their own guidelines 

for wind turbine sitting, including the setback distance to nearby residences but it is responsibility of the 

municipalities to make a decision whether to use these recommendations. For example many 

municipalities in north Sweden have adopted a setback of 1000 meters but in the southern where 

population is dense, this is not feasible. This will be determined by the local conditions and the sound 

limits (Kathryn M. B. Haugen, 2011). Nevertheless of these setbacks guide lines, planning permission for 

installing wind turbine with diameter greater than 3m and tower height of greater than 20m is still needed 

according to the planning and building Act in Sweden (Sweden Municipalities and county, 2009; 

Vindlove.se, 2013). As such permission for planning is another issue for installing of small wind turbines 

in the built environment and it is different on local level from municipality to municipality and from 

country to country even in Europe (i.e. as there is no fixed guide line for planning permission). 
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3 Chapter Three: Analysis Frame work 

3.1 Site Description 

The proposed small scale standalone wind system site is situated in the northern part of KTH campus 

around 30m away from Brinellvagen Street close to the ETD (Brinellvagen 68) and M-building. The whole 

area, under considered for the construction of the wind system, is covered with tall buildings mainly used 

for teaching-learning process, and partly for power generation.  

The wind system location consists of two main areas; the eastern area is located on two buildings in an 

approximately north-south orientation while the western area is located on one building in an 

approximately north-south orientation. In between the two areas a lower plain area can be found. 

Considering the south-west and south-east of the southern part trees and buildings are located. 

 The aerographical terrain conditions can be classified as medium complex. The slopes of the buildings 

where the wind energy system has been proposed and the trees towards the south-east and south-west are 

adding some complexity to the vicinity of the wind site while the remaining area is flat or modestly hilly. 

Therefore, Site location of the wind turbine is located on the areal map of Stockholm city as shown in 

figure 3.1 and it is also located on figure 3.2 by red cross line and green arrow on the map of KTH main 

campus. 

 
Source: adopted from Google Map 

Figure 3.1: Map site location for wind turbine installation at KTH main campus. 
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Source: adopted from KTH information centre 

Figure 3.2: Small wind turbine site location in between ETD and M-building at KTH main campus 

3.2 Objectives of the study 

The main objective of this paper is to explore and understand the use of small scale wind turbines in 

urban areas in order to allow households, business, and communities to inexpensively measure their site’s 

wind energy potential and capture economies of scale by reducing their electric bill, installation, and 

maintenance costs using the progress in the field-scale application and testing considering the practical 

system to be installed in KTH.  

Thus, to fill some gaps in the previous and future research in the area, the specific objectives of this 
research are: 

 Assessing the suitability of the proposed site for installation 
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 Identifying the most suitable small standalone wind turbines to be installed at the proposed site 

 Estimating annual energy productions, performance coefficients and the amount of carbon 

savings of the chosen turbine 

 Determining the necessary electricity tariffs and funding amounts to achieve economic viability 

 Analyzing the payback period of installing the selected turbine 

3.3 Relevance of the study 

The study is intended to be used by anyone attracted in integrating small-scale wind turbines in urban area 

energy systems. The conclusions reached in the study will allow households, business, and communities in 

urban areas to better understand the current economic viability of small-scale wind turbines and what is 

required to create favorable project conditions of their own. The study also serves to give a clear 

understanding of the near, medium and long-term economic viability of small-scale wind turbines in urban 

areas for government bodies involved in energy issues. Furthermore, it highlights the current regulatory 

barriers to adoption and estimates the amount of financial support necessary to facilitate small-scale wind 

turbine system in urban areas. 

3.4 Methodology 

The central element of the approach is the feasibility study of a tower mounted standalone wind turbine 

proposed to be installed in between the Energy Technology Department (Brinellvagen 68) building  and 

M-building at KTH main campus. Thus, to provide the necessary input data, different literatures were 

studied carefully, and a document was supplied to find out the current ongoing project. With this, the 

analysis were made via excel. Basically, the assessment was based on the available potential, economic 

implication, and environmental implication on an annual basis. There were also three main stages to 

determine the feasibility and viability of the system.  

These include: 

1. The methods of data collection: 

 Secondary data - which have previously been gathered and analyzed by someone else 

 Parameters considered for the analysis 

 KTH electric demand at the Energy Technology Department building. 

 Electric price per kWh   

 GHG emission factors 

2. The Analysis: 

 Data organization and analysis using excel  

3. The main results of the analysis: 

 Annual energy production(AEP) 

 Performance coefficients 

 Electricity bill saved 

 GHG emission (particularly CO2) saved 

 Payback period 
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3.5 Limitations of the study 

One of the limitations in this research project was the accuracy of the measured wind data at the site and 

there is no data at the exact same height as the wind turbine installation. Though the measurement of the 

wind data at the site was done at 30 minutes interval for one year, the data provided by ETD and used on 

this study was only the average wind speeds for four seasons of the year and its annual wind direction. It is 

probable that the real wind speed at the area might be higher or lower. Nevertheless, it has been tried to 

minimize this limitation by making sensitivity analysis at various wind speeds to calculate the AEP. 

Furthermore, this limited wind data leads the analysis to use only Rayleigh distribution function instead of 

Weibull distribution which has a better accuracy to estimate the frequency of wind speed distribution at 

the site. However, as the wind speed distribution frequency determines the wind power potential and AEP 

of the turbine for each wind speed distribution throughout the a year, it has been tried to minimize this 

limitation using Rayleigh distribution as most manufactures use this to estimate AEP from their wind 

turbines. 

Another limitation was the turbines power curve, which is the most important factor in estimating the 

AEP of the wind turbines. This power curves are taken from the manufactures wind turbine specification 

data sheets and these data could be somewhat exaggerated, as manufactures interest is to get their 

products sell easily. As a result the study tried to select turbines from accredited manufacturers and 

provide warranty. 

Furthermore, there was a limitation in finding the cost of wind turbines from their manufactures as the 

wind turbine cost varies from place to place depending on the manufacturers. However to solve this 

problem it was taken that an average installed cost of a wind turbine to be US$5430/kW, which is an 

average installed cost in Canada and it is the highest of all average installed costs in the United States and 

China. The maintenance cost was taken to be US$0.03/kWh; this is also the average one in order not to 

exaggerate the turbines' installation payback period.  

The data for the energy consumption by the Energy Technology Department was also another limitation 

as it could not be found and even provided by the department. As such it was taken the energy 

consumption of the whole building block of Brinellvagen 66-80 that includes the ETD (Brinellvagen 68) 

since the annual energy consumption found was only for the whole building (Brinellvagen 66-80). 
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4 Chapter Four: Analysis, Results, and Discussions 

4.1 Site Location of Wind Turbine 

Small Scale standalone wind turbine is planned to be installed on the ground at the front yard of the ETD 

building and on the side of M-building in order to use an alternative renewable energy source and reduce 

the electricity bill at the department. It is obvious that SWT which will be fitted in between the two 

buildings in this urban site will not have the capacity to supply all the electricity needed at the ETD 

building which have annual consumption of 1259.8 MWh (KTH Fund & Business Administration). Thus 

the turbine can only cover only some part of the building. 

Based on KTH building site plan map from Google earth and according to(Chen and Sanz, 2012), the 

tallest buildings around KTH main campus are 15 meters approximately above the ground level and 

among these M-building is one of them, which is 3 meters apart from the installation area of the turbine 

and has an open roof top (see figure 4.1). Moreover, the ETD building is at 14 meters above the ground 

and 3 meters far from turbine installation at the ground. The roof top of this building have 2kW micro 

wind turbine, solar panels, chimney and other objects as shown in figure 4.1. Since the installation area is 

so close to the ETD building which is 3 meters, as a result the installation for the cable to connect the 

wind turbine with the energy department building grid will be easy and feasible. 

 

 

 ETD building                                                                       M- building 
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Site for the turbine installation 

Source: adopted from Google earth 

Figure 4.1: Small wind turbine site location at KTH main campus in between two buildings 

4.2 Wind Resource Assessment 

The two important aspects in evaluating the suitability of an area for the installation of a small wind 

turbine are the wind speed and wind directions(Carbon Trust, 2008; Gipe, 2004). Preferably, the actual 

measured wind speed and directions should be taken at the same place where turbine installation is 

proposed, since this will allow to give the energy output and carbon saving with the most precise 

estimates. The data used on this study is wind field measurements which was registered by Nabil Kassem 

in a meteorological station set on the roof top of the ETD (Brinellvagen 68) building at KTH main 

campus approximately at a height of 17m from the ground and 3m from the roof top. These data were 

taken every 30 minutes during one year (from the 1st February 2011 until the 31st January 2012). The 

measurement equipment didn’t work for a period of almost one month (from the 9th June until the 3rd 

July), thus the records of that period were missed. The records were analyzed and refined from double 

measurements by (Chen and Sanz, 2012). As such the data were divided into four different seasons: Spring 

(21st March-20th June), Summer (21st June-20th September), Autumn (21st September-20th December) 

and Winter (21st December-20th March). Table 4.1 illustrates the seasonal average wind speed data 

together with annual mean wind speed and their main respective directions and frequencies for each wind 

speed(Chen and Sanz, 2012) and figure 4.2 shows the variation of seasonal and annual average wind 

speeds. As it is indicated in (table 4.1 and figure 4.2) summer season had the lowest wind speeds whereas 

the highest in during winter seasons. 
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Table 4.1: Statistical data for annual and seasonal average wind speed and their respective main wind 

directions 

Period 
Average wind speed  

(m/s) 
Main direction  

Spring 4.31 NW (18%) 

Summer 3.94 S (21%) 

Autumn 4.68 NW (30%) 

Winter 4.7 NW (22.5%) 

Annual 4.41 NW (21%) 

 

 

Figure 4.2: Seasonal and annual average wind speed variations measured on roof top of ETD building at 

KTH main campus for one year. 

The annual wind speed direction for this particular site is also given in table 4.2 below (Chen and Sanz, 

2012), where the wind directions were grouped in to 16 segments around the compass (N, NW, NE, 

NNE, etc.) like the directions used in the weather forecasting. The annual wind directional values were 

taken with 22.5 degree increments, with 0 degrees being true north. 

Table 4.2: Statistical data of annual wind directions at KTH main campus on the roof top of ETD 

building 

Annual 

Angle (o) Direction No. occurrence Frequency (%) 

0 N 1609 10.42 

22.5 NNE 202 1.31 

45 NE 942 6.10 

67.5 NEE 156 1.01 

90 E 921 5.96 

112.5 SEE 113 0.73 

135 SEE 1282 8.30 

157.5 SSE 259 1.68 

180 S 1836 11.89 
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202.5 SSW 265 1.72 

225 SW 1579 10.22 

247.5 SWW 230 1.49 

270 W 1941 12.57 

292.5 NWW 543 3.52 

315 NW 3213 20.80 

337.5 NNW 353 2.29 

 

4.2.1 Wind speed angle distribution 

In sitting of wind energy conversion system, one of the most important factors is the direction of the 

wind. In this section the frequency with which the wind direction falls within each direction sector is 

evaluated, therefore, the data collected (table 4.2 ) are indicated using a wind rose as shown in figure 4.3, 

as the wind rose is a convenient tool for displaying anemometer data (wind speed and direction) for sitting 

analysis (Mirhosseini et al., 2011). This figure shows equally spaced concentric circles with 16 radial lines 

uniformly spaced and originated from the center of the circles (each of them representing a compass 

point). From the compass point, the line length is directly related to the frequency of the wind; with the 

circles forming a scale and showing the occurrence of calm conditions at the center. The prevailing wind 

directions at an area are indicated by the longest lines as shown below and in this case the most prevailing 

wind direction is around 315°. Consequently, there are two options in order to select the direction for 

positioning the wind turbine during installation, as the wind rose is indicating the prevailing annual wind 

direction is 315 in the direction of north-west, which contributes about 21%of the annual wind existing at 

the area. With this if the turbine be installed is a HAWT, the two possibilities below can be in use 

depending on the design of the HAWT but if the turbine is VAWT type the direction of the wind does 

not matter. 

1. If the HAWT design is an upwind type, then the turbine should facing towards the south-east 

direction where the wind flow is perpendicular to it. 

2. If the HAWT design is a downwind type, then the turbine should facing towards the north-west 

direction where the wind flows on the same direction. 

 

 

Figure 4.3: Wind direction distribution 
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4.2.2 Estimation of wind speeds at different heights 

The secondary wind data collected was on seasonal bases measured only for a period of one year. Thus, 

these seasonal average values were applied to estimate the annual average wind speed at locations of 20m, 

24m and 30m above the ground. Those estimations are based on logarithmic law (Eq.2-1) of a wind shear 

formula (Ammari and Al-Maaitah, 2003; Mathew, 2006). ). It was considered a 0.80 meters roughness 

length for the roof top of the buildings at KTH close to the turbine site, according to the definition of 

urban area with tall buildings provided in the(Jain, 2010) and Danish Wind Industry Association’s 

reference manual (Danish Wind Industry Association, 2011) as illustrated in table 4.3. 

Table 4.3: Description of roughness classes and roughness length (m) for different types of landscapes 

Description 
Roughness 

class 

Roughness 

Length, m 

Very large cities with tall buildings and skyscrapers 4 1.6 

Large cities which have tall buildings 3.5 0.8 

Villages, Small towns, agricultural land with many or tall sheltering 

hedgerows, forests, and very rough and Uneven terrain 
3 0.4 

Agricultural land with many houses, shrubs and plants or 8m tall sheltering 

hedgerows with a distance of approx. 250 m 
2.5 0.2 

Agricultural land with some houses and 8m tall sheltering hedgerows with a 

distance of approx. 500 m 
2 0.1 

Agricultural land with some houses and 8m tall sheltering hedgerows with a 

distance of approx. 1250 m 
1.5 0.055 

Open agricultural area without hedgerows and fences, and very scattered 

buildings. Only softly rounded hills 
1 0.03 

Open terrain with a smooth Surface, like concrete runway, mowed grass 0.5 0.0024 

Open Sea 0 0.0001-0.003 

 Source: Adapted from Jain (2010) on page 35 

Since the given wind speed data is at 17 meters above the ground, these values were inserted into Eq.2-1 

to estimate the wind speed at the desired heights of 20, 24 and 30 meters. For instance, the seasonal 

average wind speed of 4.31 m/s on spring 2011 results to give the wind speed calculation at 24 meters as: 

  
        

  

    
 

   
  

    
 

            Eq.2-41 

The rest of the estimated wind speeds were also calculated in the same way as shown in table 4.4  
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Table 4.4: Seasonal estimated average wind speeds at various heights in KTH at the ETD building 

Seasons  20m  24m  30m 

Spring 4.54 4.80 5.11 

Summer 4.15 4.38 4.67 

Autumn 4.93 5.21 5.55 

Winter 4.95 5.23 5.57 

 

The maximums and minimums of the seasonal average wind speeds and their respective annual averages 

at the estimated positions are summarized in table 4.5. 

Table 4.5: Maximums and minimums of wind speeds, and Annual average wind speeds, at different 

heights levels above the ground at ETD. 

 

 20m  24m  30m 

Minimum seasonal 

Average speed (m/s) 4.15 4.38 4.67 

Maximum seasonal 

average speed (m/s) 4.95 5.23 5.57 

Annual average 

speed (m/s) 4.64 4.91 5.23 

 

Both tables 4.4 and 4.5 above prove that with increase in height the wind speed increases. The maximum 

seasonal average wind speeds at the selected heights range between 4.95 and 5.57 m/s and the annual 

mean wind speeds at these different heights range between 4.64 and 5.23 m/s. The wind speeds 

measurements were taken at the location where the turbine is going to be installed, has low annual average 

wind speed due to the presence of buildings as obstruction which can cause turbulence and wakes. Thus, 

this wind speed can be classified as low to moderate wind speed class according to the Beaufort scale of 

wind force shown in table 4.6 as the wind speeds are close to 5 m/s. 

Table 4.6: Beaufort scale of wind force 

Wind speed(m/s) Beaufort description 

0-1 Calm 

2-4 Low 

7-9 Moderate 

12-14 High 

Source: Adapted from Gipe (2004) on page 28. 

Turbine mounting location at this particular urban site should be completely exposed to the wind from all 

directions, particularly to the prevailing wind. According to the (Cace et al., 2007) the turbine  mast should 

be positioned approximately 50% taller than any  surrounding  object and according to (Best et al., 2008; 

Carbon Trust, 2008) the turbine must be position at least 1 to 1.5 times higher above trees,  buildings or 

any other obstacles at nearby that can cause  turbulence and abstraction  to the wind stream as shown in 

figure 4.4. Therefore, as the highest buildings at the turbine site are M-building with 15 meters height and 

the ETD building with 14 meters height above the ground, a 24 meter height location is chosen to fulfill 
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the rule of thumb (1.5 times higher than the obstacle or 50% taller) to position the wind turbine in KTH 

main campus at ETD with mid rotor height of less than 9m above the tallest M-building (Chen and Sanz, 

2012) and (Google earth). As there is no enough space to compromise the building height, so the only 

option to overcome the obstacles that can create the reduction of the wind speed is by placing the wind 

turbine at an elevated position as much as possible.  

 

 

 

Figure 4.4: Wind turbines which are closer to a taller objects their separation from taller objects are 

preferred(Best et al., 2008; Carbon Trust, 2008) 

With this selection, the next section will assess the wind speed frequency distribution at 24 meter height 

and at the measurement height. But the wind speeds has to be first binned at an interval of 0.50 m/s or 

1m/s in order to calculate the frequency at each wind speed bin using the Rayleigh distribution function 

which is the simplified way of Weibull distribution function.  

4.2.3 Rayleigh frequency distribution of wind speed 

The wind speeds for a given location can be characterized with several probability density functions as it is 

discussed on section 2.4. For wind data analysis, the Weibull probability density function is widely adopted 

but for this study the Rayleigh distribution function with a shape parameter k approximated as 2.0 were 

used because of the reason explained on section 2.4.4.2. The general form of the Weibull probability 

density function Eq. 2-11 could be used to describe the wind speed frequency distribution on this study as 

Rayleigh is the simplified form of Weibull probability density function with k=2 or the simplified form 

Eq.2-9 could be used directly since their value remains the same and mathematically it is expressed as: 



-35- 
 

     
 

 
 
 

 
 
   

 
  

 

 
 
 

           (k=2, V>0, C>0) 

or 

     
 

 

 

  
  

   
   

 

  
 
 
 
 

The cumulative Rayleigh distribution can be given by Eq.2-9 as it is described in section 2.4. 

        
   

   
 

  
 
 
 
 

Furthermore, as it is explained in section 2.4 of this paper, there are two factors that govern the shape of 

the Weibull distribution curve or the Rayleigh distribution curve. The first parameter is known as the 

shape parameter (factor) represented by k (dimensionless) and the other is called as the scale factor 

(parameter) represented by c (m/s) in which both are calculated from a wind data of one year taken from 

the site under study. A higher value of the scale factor implies the distribution is extended on a wider 

range and the probabilistic average wind velocity has a higher value. Shape factors with higher values 

(between 2 and 3) which indicates the distribution is more twisted towards a higher wind velocities on the 

contrary if the shape factor is between 1 and 2 that means the distribution is twisted towards lower 

velocities indicating a higher probability of lower wind velocities(Mostafaeipour et al., 2011). Of course, 

both parameters influence the peak distribution of the curve but one has major influence on the average 

value and the other primarily influences the skewness of the curve. For an exact feeling of the curve, the 

values for both parameters should be considered together. But on this study, the shape parameter is 

exactly 2 since the Rayleigh distribution is used as explained above on this section. 

The annual values for the scale parameter c (m/s) at measurement height (17 meters) and selected height 

(24 meters) are presented in table 4.7 which were calculated from the one year (2011) wind data for KTH 

main campus ETD. Formulas in Section 2.4 (Eq.2-26) were used for the calculation of c values knowing 

that c values are less than 8 most of the time (Mostafaeipour et al., 2011).  

Table 4.7: Wind distribution parameters at measurement and estimated heights. 

Parameters Value Hub Height(m) 

k 2 
17 

c (m/s) 4.973 

k 2 
24 

c (m/s)  5.601 

 

The wind speed distribution at a situated location is very crucial in assessing the wind potential and 

feasibility for the installation of a turbine(Celik, 2003; Gipe, 2004; Kreith and Goswami, 2007). Therefore, 

estimating the wind speed frequency distribution has been conducted using Rayleigh distribution at the 

measurement height (17m) and at the estimated hub height (24m). Calculating Rayleigh frequency wind 

speed distribution at each wind speed interval (or bin) is rather bulky and time consuming and thus values 

are established using Eq.2-9 via excel as depicted in figure 4.5, this figure shows that the distribution at 

24m height have a higher scale factor as shown in table 4.7 and results the distribution to have a better 

distribution spread over a wider range with better probabilistic average wind velocity values than the 

distribution at 17m height. The cumulative distribution is also illustrated in figure 4.6 using equation Eq.2-

10. Moreover, the respective Rayleigh probability and cumulative distribution function values at each wind 

speed can be seen in appendixes 1 and 3. 
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. 

 

 

 

Figure 4.5: Wind speed distribution at hub heights of 17 and 24 m. 

 

 

Figure 4.6: Cumulative wind speed distribution at hub height of 17 m and 24 m 
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4.2.4 Wind power and energy density calculations 

It is well known that power in the wind that moves at speed (V) through the rotor blade area (A) of a 

turbine increases as the cube of its velocity. Therefore, to evaluate the wind resource available at the 

potential site (i.e. in KTH at ETD) for the heights of 17m and 24m, the best way is calculating the power 

density in order to indicate how much energy is available at the site to be converted into electricity by a 

wind turbine. Thus, there are mainly two possible ways to estimate the power density at the 

site(Mostafaeipour, 2010). The first method is using the measured data from the site and the second one is 

using the probability distribution function which is used on this study. The formula used for calculating 

wind power per unit area (P/A) or wind power density and the energy density are given in Eq.2-36 and 2-

37.  Estimating the air density at these heights can be done using Eq.2-35 but as the change from the 

standard density of air (ρ =1.225kg/m3) is so small for the chosen area, therefore the air standard density 

in this study was presumed to be1.225kg/m3 for most of the practical cases, the calculated annual power 

density and energy density for each wind speed intervals at heights of 17 and 24 meters are illustrated in 

appendixes 1 and 3 respectively. Table 4.8 summarizes the total annual power density in W/m2 and energy 

density in Wh/m2 of appendixes 1 and 3 at the given heights. 

Table 4.8: The total annual wind power density and energy density at 17m and 24m height at ETD 

building 

Height 17m 24m 

Total annual Power density (W/m2) 6879.21 8820 

Total annual Energy density (Wh/m2) 847182.10 1199946.68 

 

As a result, table 4.8 indicates the wind power density and energy density at 24 meter height has a better 

energy density potential with 1199.95 kWh/m2 compared to the 17 meter height with only 847.18 

kWh/m2 potential which is approximately 41.64% higher. To this end, the next section will discuss the 

selection (identification) process of the most suitable small scale wind turbines to be tower mounted in 

between the M-building and ETD (Brinellvagen 68) building in KTH at a height of 24 meters above the 

ground. However, a turbine called Windon 10kW is already selected by the ETD to be installed at a hub 

height of 17 meters. Therefore, the performance of this wind turbine will be evaluated on the way by 

comparing with the one to be installed at a hub height of 24m. 

4.3 Wind Turbine Selection 

As mentioned in previous sections, the small wind turbine will be installed in between the energy 

department building and the M-building of KTH main campus. Thus, the important aspects that should 

be taken under consideration for the installation of the wind turbine are: the hub height, low cut-in speed, 

diameter and the impact of noise from the turbine to the responsive receptors, which in this case are the 

students in the M-buildings and in the laboratories of energy department as well as the staff members who 

works in their offices in the energy department building. 

The tower height of the turbine is considered as one parameter in the selection of the wind turbines as the 

turbines is going to be install at a height of 24m above the ground to overcome the obstruction and 

turbulence created by the buildings and other objects at nearby. Hence, a turbine with this tower height is 

needed and this tower must be a tube and free standing tower as there is no enough area for guyed towers. 

The low cut-in speed is considered as one factor in the identification and this is due the fact that wind 

speed in urban areas are so low, to overcome this low wind speeds small wind turbine technologies with 

low starting wind speeds and accordingly can produce power at low wind speeds are required. As the wind 

speed at ETD is classified in between low and moderate. 
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Another parameter considered in the selection wind turbine is the rotor diameter for three reasons: First; 

the ice throwing risk from the turbine is considered since most Nordic countries have a heavy snowing 

issue during winter times. Thus, the ice fragment falling from a wind turbine while it is in operation and at 

standstill might cause a safety risk to the public (i.e. to the students and the staff members around the 

wind turbine). To minimize this health risk the distance of ice throwing must be minimized  and according 

to (Exhibit, 2010) the distance formula for ice throwing calculation has a directly relationship with the 

wind rotor diameter during both operational and standstill. Secondly, the small wind turbine installation is 

among the two buildings that are 6 meters apart to each other. Taking this under consideration, the 

processes for installation of a small wind turbine with three blades and having a hydraulic tower that can 

minimize the payment for Crain during installation, easy to maintain and reduces the risk for safety during 

maintenance and installation, as the wind turbine assembly is done at the ground for this kind as shown 

(figure 4.7). Therefore, with this limited space for assembly and maintenance at the ground of the 

installation area the rotor diameter has been compromised. The third reason is the shadow flickering that 

can happen. It is defined as an "alternating changes in light intensity which is caused by the moving wind 

turbine blades casting a shadow on the ground and stationary objects, such as the windows  at a 

dwelling"(Nielsen, 2005). This can be reduced from happening by minimizing the turbine blade diameter 

since shadow flickering is significant with wind turbine diameters up to 10 meters and above (Stankovic et 

al., 2009). 

 

Figure 4.7: Wind turbine installation at KTH (Picture: by Kalekirstos G.) 

The noise emission is another main parameter that has to be concerned for the selection of small tower 

mounted wind turbine installation at the ETD. Noise is defined by (Rogers et al., 2006) as an unwanted 

sound. There are two types of noise which are associated with wind turbines (Pedersen and 

Naturvårdsverket, 2003; Stankovic et al., 2009). The first is the aerodynamic noise which is radiated from 

the blades and is mainly related to the interaction of turbulence with the surface of the blades. The second 

is the mechanical noise which is normally associated with the gearbox, generator and the control 

equipment’s movement. However, with the technology improvements, the noise emissions from wind 

turbines have been showing a significant reduction. For instance, to reduce the mechanical noise a better 

acoustic insulations have been used (Aplesiasfika, 2009; Gipe, 2004). Furthermore, to reduce the 

aerodynamic noise the size, rotational speed and direction of the turbines' blades have been modified 
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(Aplesiasfika, 2009). The weighted sound levels and human responses for wind turbines can be seen in 

table 4.9.  

Table 4.9: Weighted sound levels and human responses 

Source/ Activity Indicative Noise Level (dB) Human Response 

 140 Threshold pain 

Jet aircraft at 250m 105  

Shout (15m) 100 Very annoying  

Pneumatic drill at 7m 95  

Heavy track (15m) 90 Hearing damage 

Motor way traffic at 15m 70 Intrusive  

Track at 30mph at 100m 65  

Busy general office 60  

Car at 40mph at 100m 55  

Normal speech at 5m 50 Quiet   

Wind farm at 350m 35-45  

Soft whisper at 5m 30 Very quiet 

Rural night-time background 20-40  

Broadcasting Studio  20  

 10 Just audible  

Source: Stankovic et al (2009) on page 90 

Now, from the catalogue of the Nordic Folkecenter for Renewable Energy 2012, there are 327 small wind 

turbines available on the current market from 32 different countries all over the world. However, for this 

study only turbines with 24 meter tower height, low cut in speeds between  2m/s  and 3.5 m/s, a rotor 

diameter of 7 to 8 meters, and rated power capacity between 10kW to 20 kW are considered from these 

bunch of turbines, as small wind turbines with swept area 50m2 have a rated power range from 10kW to 

20kW (Gipe, 2004) and also capacity of small urban wind turbines are generally range between 1 and 

20kW (Cace et al., 2007). 

Next to the selection of wind turbines with rated power capacity of 10kW to 20kW, their suitability were 

assessed further based on product design, maintenance requirements, life span, operating temperatures 

and the wind turbine manufacturing standards. Finally, only five most qualified turbines namely Aircon 

(10kw), Alize (10 kW), Windon(10kW), Hummer (10kW) and JonicaImpianti (20kW) were chosen from 

33 wind turbines with rated power capacity of 10 kW to 20 kW and their detail specifications for some of 

them were taken from the catalogue of European urban wind turbine manufacturers (urbanwind.org, 

2013), some from their manufacturers datasheets and for others were also contacted directly by email. 

These turbines were selected given the annual average wind speed at KTH Energy department building 

site estimated at 4.41 m/s and the lowest seasonal wind speed measured in the summer estimated at 3.94 

m/s along with the other criterion mentioned above. The turbines' specifications are presented in table 

4.10 below. 
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Table 4.10: Different wind turbines specification from the catalogue of European urban wind turbine 

manufacturers and others 

Turbine 1 2 3 

 

4 

 

5 

Power Aircon Alize JonicaImpianti 

 

Windon 

 

Hummer 

Rated power 
10 kW 10 kW 20 kW 

 

10 kW 10 kW 

Cut-in wind 

speed 2.5 m/s 3 m/s 3.5 m/s 

 

2.5 m/s 3 m/s 

Rated wind 

speed 11 m/s 12 m/s 12.5 m/s 

 

10 m/s 10 m/s 

Cut-out wind 

speed 32 m/s N/A m/s 37.5 m/s 

 

18 m/s 25 m/s 

Allowable 

maximum 

wind speed  190 km/h 60 km/h 153 km/h 

 

180 

km/h 180 km/h 

Dimensions 
            

 
      

Rotor 

diameter 7.1 m 7 m 8 m 

 

8 m 8 m 

Swept area 
39.6 m2 38.5 m2 50.3 m2 

 

50.3 m2 50.3 m2 

Rotor weight  
144 kg 285 kg 100 kg 

 

495 kg 287 kg 

Tower height 
12/18/24/30 m 18-36 m 12/18/24 m 

 

12/16/24 m 14/16/24 m 

Other Data 
            

 
      

Maximum 

rotational 

speed 130 rpm 300 rpm 200 rpm 225 rpm 200 rpm 

Transmission 
Gearless No gear box not present 

 

N/A 

 

No gear box 

Safety 
Pitch-control +generator 

overload regulation 

short circuit of 

generator 

Aerodynamic with 

pitch control 

Hydraulic disc brake 

+1x15kW Stainless 

loads. 

electromagnetic 

brake and 

manual/electrical 

hydraulic brake 

Material of 

blades 
Composite fiber glass Composite fiber glass Composite fiber glass Fiber Glass 

Glass reinforced 

plastic 

Maintenance Simple greasing Free Low very low  Free 

Blade 

number 3 3 3 

 

3 

 

3 

Voltage 

Output 400 V 120-400 V 380 V 240 V 

110/220/

380 V 

Lowest 

operating 

temperature -20 OC -30 OC -20 OC 

 

 

-30 

 

 
OC 

 

 

-45 

 

 
OC 

Highest 

operating 

temperature 40 OC 50 OC 50 OC 

 

 

60 

 
 

OC 

 

 

45 

 
 

OC 
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Warranty 5 years 5 years 2 years 5 years 2 years 

Noise 

<40 (Acoustic 

level at a 

distance of 

20m(wind 

=5m/s))   

dB 

<50 

(Acoustic 

level at a 

distance of 

20m (wind 

=10m/s )) 
dB 

50 

(Acoustic 

level at a 

distance 

50m (wind 

= 9 m/s))  
dB 

 

44.5 (At a 

distance of 

12m(wind

=8m/s)) 

 

 

 

 

 

 

dB 

 

34(At a 

distance 

of 

5m(wind

=5m/s)) 

 

 

 

 

 

 

dB 

Life 

expectancy  > 20 years 20 years 20 years 

 

20 

 

years 15 years 

Upwind or 

downwind 
upwind upwind upwind 

 

 

upwind 

 

 

upwind/downwind 

Mounting 

system 
Hydraulic/Free standing 

tower 

Hydraulic /Free 

standing tower 

Hydraulic /Free 

standing tower 

 

Hydraulic /Free 

standing tower 

 

Hydraulic /Free 

standing 

Standards  

MCS and EN 50438  

 

 

AWEA/MCS/IEC,C

AN/CSA 

certification in 

process  N/A 

 

SS-EN 61400-1 

SS-EN 61400-2 

SS-EN 61400-11 A 1 

 

 

CE certified 

Yaw  

control 

System Azimut motor Wind vane Wind vane 

 

 

Electric motor 

 

 

Electrical yawing 

Is the 

machine self-

starting yes yes yes 

 

yes 

 

yes 

 

The five wind turbines in the specifications table 4.10 for wind turbines indicates that, they have noise 

emission(acoustic) level of below 50db(decibel) at their given wind speeds. Therefore, based on the 

weighted sound levels shown in table 4.9, the turbines sound level is actually below the motor way traffic 

or an office. Moreover, the installation area (KTH) is not a residential area, hence it can be categorized as 

working area like an office and a sound limit for an office or industry in Sweden is less than 50dB 

(Wizelius, 2007). For this reason, it is assumed that the turbine installation at the ETD will not have major 

noise impacts to the students, staff members and people who come for visit. 

4.4 Wind Turbine’s Performance Assessment 

The wind turbines performance were analyzed in terms of AEP, capacity factor and carbon saving for the 

potential wind turbines but the payback period were analyzed only for the chosen wind turbine from these 

potential turbines. Therefore analyzing these analytically in order to evaluate the feasibility of the small 

wind turbine installation at the ETD is exhausting and time consuming, as such Microsoft Excel was used. 

4.4.1 Estimation of annual energy production 

Annual energy production (AEP) from the three potential turbines were estimated analytically using the 

power curve method (Gipe, 2004). For this study, manufacturer's power curves are used (appendex5), 

though a long-term study of small wind turbine performances (particularly in urban areas) would be 

extremely beneficial in producing reliable empirical curves. Figure 4.8 illustrates the existing power within 

the distribution of the wind speed and the power curves of the potential turbines. The intersection of 

these highlights the existing power beneath the intersection of the curves for each wind speed bin. Since 

energy is expressed as the product of power and time, so the percentage of occurrence of each wind speed 
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interval in the wind speed distribution curve of the site multiplied by the number of hours in a year (8760 

hr) will give the number of hours at that wind speed bin throughout the year. Therefore, using Eq.2-39, 

the annual energy production from a given machine at ETD is calculated by the sum of the product of 

power output that the wind turbines generate at that wind speed interval multiplied by the number of 

hours in a year with the wind speed. With this, the performance of the potential wind turbines is presented 

in (appendix 3). It is also summarized as shown in table 4.11 below including the estimated AEP of the 

wind turbine selected by the ETD at 17meters height as illustrated in (appendix 2). 

 

Figure 4.8: Wind speed distribution Vs Five potential power curves of wind turbines. 

Table 4.11: Estimated annual energy production using power curve method 

S/No. 
Turbine name AEP(Wh/m2) Area(m2) AEP(kWh/year) 

Energy consumption 

at ETDB 

(Berllinvagen 66-80) 

(kWh/year) 

Percentage of 

saved energy  

(%) 

Wind turbines  at 24 meter height 

1 Aircon 10kW 601900.64 38.49 23163.85 1259800 1.84 

2 Alize, 10kW 346090.91 39.59 13702.40 1259800 1.09 

3 JonicaImpianti/20kW 437884.00 50.27 22010.45 1259800 1.75 

4 Wndon 10kW 335877.8 50.27 16883.06 1259800 1.34 

5 Hummer 10kW 442688.20 50.27 22251.94 1259800 1.77 

Wind turbine  at 17 meter height 

6 Windon (10kW) 264113.22 50.27 13275.78 1259800 1.05 
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Figure 4.9: Comparison of AEP of Aircon and Windon turbines at their respective hub heights 

The results from table 4.11 shows that turbine Aircon (10kW) gives the best AEP than the four 

comparative potential wind turbines listed and even from the wind turbine(Windon) selected by the ETD, 

as indicated in figure 4.9 for comparison. The electricity consumption at ETD (Berllinvagen66-80) 

building is estimated to be 1259.8 MWh per year (KTH Fund & Business Administration). Thus, the AEP 

from Aircon turbine can displace only 1.84% of the current energy consumption of the whole building 

from the main grid. Nevertheless, the turbine selected by the energy technology department, Windon 

(10kW) at 17 meters can cover only 1.05% of the energy required at the department. Therefore, as the 

intension of the installation of the wind turbines by the department is to partially provide electricity to 

ETD building in KTH and Aircon 10kW can potentially reduce 1.84% of the electricity needed, as a result 

installation of the turbine can be considered as a potential renewable energy source for the ETD. 

4.4.2 Estimation of capacity factor 

The capacity factor of the potential wind turbines are calculated using Eq.2-40. As this is one of the 

important indices for wind turbines to measure their performance in a field(Mathew, 2006) or the 

productivity of any other power production facility. Therefore, CF is calculated for one of the potential 

wind turbines called Aircon (10kw) as an example as shown below and the rest CF values for the potential 

wind turbines are listed in table 4.12 using the same formula. 

   
        

       
          Eq.2-42 

 

 

 

 

 

 

 

0.00 

500.00 

1000.00 

1500.00 

2000.00 

2500.00 

3000.00 

3500.00 

4000.00 

4500.00 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

A
E

P
 (

k
W

h
) 

Wind speed (m/s) 

AEP Of Wind turbine vs. Wind speed 

AEP of windon(10kW) AEP of Aircon (10kW) 



-44- 
 

Table 4.12: Analysis of capacity factor for five potential wind turbines at 24m hub height and Windon 

turbine at 17m hub height 

Wind turbines at 24 meter height 

S/No. Turbine name CF values 

1 Aircon 10kW 0.264 

2 Alize, 10kW 0.156 

3 JonicaImpianti/20kW 0.126 

4 Windon 10kW 0.193 

5 Hummer 10kW 0.254 

Wind turbine  at 17 meter height 

6 Windon 10kW 0.152 

 
From the results in table 4.12 Aircon wind turbine has the best capacity factor of 0.264% compared to the 

other wind turbines listed in table 4.12 including the turbine selected by ETD. As author (Mathew, 2006) 

suggested that a reasonably efficient wind turbine at a potential site may range its capacity factor from 0.25 

to 0.40, Aicon wind turbine will work efficiently with this regime as its result lies in between the intervals 

despite of the wind speed at the site has between low and moderate wind speeds.  

Furthermore, this wind turbine has a reasonable efficiency (power coefficient) Cp value of 31.2% at its 

rated wind speed and it was calculated using Eq. 2-38. As theoretically 59.3% of the wind energy can be 

harnessed by wind turbines according to Betz limit but in practice a maximum of about 45% of the 

available wind energy is harnessed by the best modern horizontal axis wind turbines (Mathew, 2006; 

Wizelius, 2007). Thus, figure 4.10 is depicted below to show how much of the available energy in the wind 

could be harvested by the selected wind turbine Aircon as compared to the available wind energy and Betz 

theory. 

 

Figure 4.10: Energy density 
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4.4.3 Environmental Analysis 

In this analysis the performance of the wind turbines will be analyzed based on their carbon savings as the 

carbon or CO2 is the main cause for GHG emission. Therefore, the selected wind turbine which could 

have a better CO2 saving from the five potential wind turbines will be compared with the one selected by 

the energy technology department.  

Having the annual energy production for each potential wind turbines from the above calculations, the 

predicted CO2 savings from each turbine is shown in table 4.13. In this analysis, CO2 displacement has 

been taken as 0.03kg CO2/kWh of energy generated (ABB, 2012). This displacement of CO2 value is 

based on 2012 and with a consideration of electricity from nuclear energy as a renewable energy in 

Sweden.  

Table 4.13: The annual CO2 saving analysis from each wind turbines 

Wind turbines at 24 meter height 

S/No. Turbine name 
AEP 

(kWh/year) 

Annual energy 

consumption at  

ETDB 

(kWh/year) 

Annual CO2 

saving(kg/year) 

Annual CO2 

Emission 

from  

ETDB 

(kg/year) 

% CO2 

saved 

1 Aircon 10kW 23163.85 1259800.00 694.91 37794.00 1.84 

2 Alize, 10kW 13702.40 1259800.00 411.07 37794.00 1.09 

3 JonicaImpianti/20kW 22010.45 1259800.00 660.31 37794.00 1.75 

4 Windon 10kW 16883.06 1259800.00 506.49 37794.00 1.34 

5 Hummer 10kW 22251.94 1259800.00 667.56 37794.00 1.77 

Wind turbine  Selected by ETD at 17 meter height 

6 Windon 10kW 13275.78 1259800.00 398.27 37794.00 1.05 

 

From the results in table 4.13, it is clear that carbon savings from small wind turbines are dependent on 

AEP, as the largest carbon savings comes from high AEP. Therefore, Aircon 10kW wind turbine gives the 

most significant carbon savings from the other potential wind turbines and windon 10kW wind turbine at 

17m height. It can reduce nearly 1.84% (694.91kg per year) of the carbon emission of the ETD building 

from using electricity for different activities. Hence, installation can be seen as a promotion of small scale 

renewable energy source for urban areas as the department is engaged in teaching and learning as well as 

conducting research related to energy and environment.  

4.4.4 Economic analysis 

Having obtained the estimation of annual energy production for the turbines form the previous 

calculations, the economic assessment of the potential turbines installation could be analyzed using 

different methods to recoup the returns on an investment such as, the annuity method, the present value 

method, the payback method and cash flow analysis method. All these calculations are, however, fairly 

uncertain since they are based on assumptions of future power production (while winds vary), power 

prices, interest rates and so forth that cannot always be accurately predicted. Therefore, the economic 

analysis should be followed with a sensitivity analysis that will show the risks and opportunities of the 

investment (Wizelius, 2007).  With this,  The simple payback method is used on this study to estimate the 

economic aspect as this is the most common method used for urban wind turbines (Stankovic et al., 

2009). 

As payback period of a small wind turbine is a main aspect of owning a system (Renewable Energy 

world.com, 2012; windustry.org, 2013), the simple payback method is used to assess the economic 
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feasibility of the potential turbines installation using Eq.2-43 (Wizelius, 2007) and the following financial 

indicators in (i) and (ii) below: 

            
          

                 
   Eq.2.43 

i. Annual income saving in US$ = AEP x electricity tariff (US$/kWh) 

ii. Total annual income saving in US$ = Annual income saving in US$ + (AEP x incentives given 

US$/kWh)   

Therefore, estimating the payback period will consider the investment cost (cost of turbine, cost of an 

inverter, installation), operation and maintenance cost, and annual energy production of the turbine and 

electricity tariff.  

The price for a wind turbine may vary from place to place, for instance, according to the International 

Renewable Energy Agency (IRENA, 2012)price of a small wind turbines could vary broadly upon the 

market competitiveness and some factors that might influence installation, however, the costs for turbines 

which are well located tend to range in between US$3000 to US$6000 per installed kW. In the United 

States and Canada, the average price of installation for a small wind turbine system is US$4400/kW and 

US$5430/kW respectively whereas in China costs are significantly lower and ranges in between US$1500 

to US$3000/kW depending upon their quality and reliability(IRENA, 2012). Therefore, on this study the 

average installed price for the small wind turbine is taken as US$5430/kW. With this in mind, the installed 

cost of the selected 10kW wind turbine (Aircon 10kW) will be US$54300.  

The specifications of turbines' in table 4.10 above shows that most manufacturers indicate the turbines 

have small maintenance or free of maintenance. However, an average of US$0.03 per kWh has been 

considered as the estimated operations and maintenance (O&M) cost of a small wind turbines that range 

between US$0.1/kWh to US$0.05/kWh (IRENA, 2012).  

The current electricity tariff at KTH is US$0.16 per kWh (SEK1.07 per kWh) and it is also used in this 

calculation.  

With the mentioned assumptions, the net annual income saving and payback period were assessed based 

on two scenarios. First scenario assumes only the sum of the annual income saving and the second 

scenario assumes the implementation of the green electricity certificate system which have been 

introduced in Sweden since 2003 to promote the electricity produced from renewable sources of energy 

by providing suppliers a certificate of electricity for each MWh of generated electricity, accordingly the 

providers for this electricity will get an additional income besides to the sale of electricity from selling the 

certificates (Ministry of sustainable development, 2006). The average price of the green certificate based 

on 2010 is taken to be US$0.039 per kWh (SEK270 per MWh) according to (KraftoVind, 2013). 

Therefore, the second scenario allows how the government funding schemes will influence the installation 

of small wind turbines economic performance in the upcoming years if those grants are applied on small 

wind turbines. According to(Intertek, 2013)other schemes like feed-in tariff, which have even a higher 

tariff when selling electricity to the grid which their  discussions are underway to implement these on MCS 

(Microgeneration Certification Scheme) certified small wind turbines in Sweden, which is already in place 

in many European countries. The results of the financial feasibility analysis for both scenarios based on 

the above equations are summarized in tables 4.14 as follows:  
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Table 4.14: Results for financial analysis of two scenarios 

Turbine Aircon 10kW 

Scenarios Scenario 1 Scenario 2 

Annual electric bill at ETD (US$) 199111.67 199111.67 

Annual Energy production (kWh) 23163.85 23163.85 

Annual income saving  (US$) 3661.05 3661.05 

Incentives with Green certificate (US$) - 923.82 

Total annual income saving (US$) 3661.05 4598.55 

Percentage of annual income saving (%) 1.84 2.31 

Estimated investment cost (US$) 54300.00 54300.00 

Annual Operational and Maintenance (O&M) 

cost (US$) 
694.92 694.92 

Annual net income(US$) 2966.14 3889.95 

Payback period (years) 18.31 13.96 

 

The results of the first scenario in table 4.14 shows that the turbine Aircon 10kW could be economically 

feasible due to its estimated payback period which is less than its expected life time given by the turbines' 

manufacturers’ specification in table 4.10 and this is without any government grant schemes 

considerations. However, the payback period of 18.31 years is still risky with a minimum estimated turbine 

lifetime of 20 years stated by the manufacturer as the possibility of the turbine to stop working before 20 

years’ time may exist which can make the turbine economically infeasible as the owner of the turbine is 

obliged to pay for the rest of the investment cost without any output energy generated from the turbine. 

Moreover, there is a possibility that the estimated wind speed at the location may be different as the 

anemometer did not work almost for one month, the wind data was taken in a seasonal interval and the 

data was made by a double measurement to be a one year data, the wake effect produced from the 2kW 

wind turbine and turbulence from the solar panels on the roof top of ETD, and if any taller buildings are 

built around the turbine site in the future. Therefore, if the actual wind speed becomes lower than the 

estimated one, the turbine will produce less electricity as a result it will make the payback period even 

longer than the estimated one. 

Considering the second scenario in (table 4.14), this was made to show how the turbine economic 

performance is significantly enhanced by the implementation of the green certificate as a financial 

incentive for the SSWTs which is given to renewables in Sweden. Thus, with the addition of green 

certificate as shown in table 4.14, the net annual income saving of the turbine will rise from US$2966.14 in 

the first scenario to US$3889.95 in the second scenario approximately 31.15% increase and reduce the 

payback period approximately by 4.35 years. After the turbine's investment cost is recover, the electricity 

produced will be for free. However, this grant (green certificate) only works up to 2030 (Ministry of 

sustainable development, 2006), that means the grant will end 2 years before the turbine life expectancy 

(20 years) which makes the turbine to use the grant for 18 years of its operation time starting from now. 

Therefore, the free electrical energy generated from the wind turbine will start to pay money for bills of 

electricity and make profits. It is estimated that, the electricity which will be generated from this turbine 

can gain a net annual income saving of US$3889.95per year for about 4 years. With this, addition of the 

grant have an outstanding change on the economic performance of the small wind turbine (Aircon 10kW) 

and makes it much better to be economically feasible than the first scenario. Nevertheless, this estimated 

amount is without considering the inflation factor, as determining the effect of inflation on the turbine 
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performance is not that easy and this is due to the fact that inflation rate varies every year, either it rises or 

declines. According to some sources, in the coming years it is predicted that inflation will rise. Hence, as 

the electricity tariff is assumed to be in line with the inflation rate in this study, so it is expected that the 

economic performance of the turbine will not be affected by inflation factor or else it will get additional 

revenue to the turbine economy. 

4.4.5 Sensitivity analysis 

As discussed above, all calculations used for the economic feasibility study are fairly uncertain. Therefore, 

the economic analysis should be followed with a sensitivity analysis to show the risks and opportunities of 

the investment (Wizelius, 2007). Based on the economic feasibility study that has been conducted, the 

revenue derived from the wind turbine is affected by two essential factors, the AEP and the cost of 

electricity generated. Considering the electricity that will be produced by the wind turbine, will displace the 

electricity which is going to be bought from the energy provider, in that case the produced energy by the 

turbine will have an equivalent  price with the electricity provider's retail rate (Gipe, 2004). This means the 

cost for clean electricity produced from the wind turbine lies on the electricity tariff. Furthermore, the 

earnings that can be produced from the turbine is dependent on the amount of annual electricity 

production from the wind turbine. The AEP is strongly dependent on the wind speed since the wind 

speed has a cubic relationship with the power as shown in the equation of the wind power (Eq.2-31). 

Therefore, the sensitivity analysis was conducted in order to further assess the turbine performance using 

the wind speed and tariff of electricity. 

4.4.5.1 Wind speed variation 

It is known that the turbine's performance is strongly determined on the amount of power it generates, 

since its relationship with wind power equation (Eq.2-31) is a direct relation and the power changed to 

energy from the turbine is directly related to the third power of the wind speed. Consequently, the annual 

energy will increase as a function of cubic proportion with higher wind speeds. The sensitivity analysis on 

varied wind speeds was carried out to see the AEP generated from the chosen turbine at different wind 

speed conditions, which are between 3 and 7m/s, as the annual average wind speed at 24 meter height is 

4.91 m/s and the sensitivity analysis has been checked at 2m/s below and above the annual average wind 

(Jain, 2010). Furthermore, it will also estimate the turbines economic performance with the addition of 

incentives from green certificates if it is applied on this small turbine (Aircon 10kW) using scenario 2.  The 

results for this analysis are indicated in table 4.15. 

 

Table 4.15: Sensitivity analysis of turbine Aircon with wind speed variations for scenario two 

wind 

speed  

(m/s) 

AEP 

(kWh) 

Annual 

income 

saving  

(US$) 

Green 

certificate 

exemption 

(US$) 

Total Annual 

income saving                      

(US$) 

Annual 

(O&M) cost 

(US$) 

 Annual net 

income saving 

(US$) 

Payback 

period 

(years) 

CO2 

Saving 

(kg) 

3 5575.19 892.03 222.35 1114.38 167.26 947.12 57.33 167.26 

3.1 6151.50 984.24 245.33 1229.57 184.55 1045.03 51.96 184.55 

3.2 6766.22 1082.60 269.85 1352.44 202.99 1149.46 47.24 202.99 

3.3 7420.58 1187.29 295.95 1483.24 222.62 1260.62 43.07 222.62 

3.4 8115.83 1298.53 323.67 1622.21 243.47 1378.73 39.38 243.47 

3.5 8853.20 1416.51 353.08 1769.59 265.60 1504.00 36.10 265.60 

3.6 9633.93 1541.43 384.22 1925.65 289.02 1636.63 33.18 289.02 

3.7 10459.27 1673.48 417.13 2090.62 313.78 1776.84 30.56 313.78 

3.8 11330.44 1812.87 451.88 2264.75 339.91 1924.84 28.21 339.91 

3.9 12248.70 1959.79 488.50 2448.29 367.46 2080.83 26.10 367.46 

4 13215.27 2114.44 527.05 2641.49 396.46 2245.03 24.19 396.46 
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4.1 14231.40 2277.02 567.57 2844.60 426.94 2417.66 22.46 426.94 

4.2 15298.33 2447.73 610.13 3057.86 458.95 2598.91 20.89 458.95 

4.3 16417.29 2626.77 654.75 3281.52 492.52 2789.00 19.47 492.52 

4.4 17589.53 2814.32 701.50 3515.83 527.69 2988.14 18.17 527.69 

4.5 18816.28 3010.60 750.43 3761.03 564.49 3196.54 16.99 564.49 

4.6 20098.78 3215.80 801.58 4017.38 602.96 3414.42 15.90 602.96 

4.7 21438.27 3430.12 855.00 4285.12 643.15 3641.97 14.91 643.15 

4.8 22835.99 3653.76 910.74 4564.50 685.08 3879.42 14.00 685.08 

4.9 24293.18 3886.91 968.86 4855.77 728.80 4126.97 13.16 728.80 

5 25811.08 4129.77 1029.39 5159.17 774.33 4384.83 12.38 774.33 

5.1 27390.92 4382.55 1092.40 5474.95 821.73 4653.22 11.67 821.73 

5.2 29033.95 4645.43 1157.93 5803.36 871.02 4932.34 11.01 871.02 

5.3 30741.41 4918.63 1226.02 6144.65 922.24 5222.41 10.40 922.24 

5.4 32514.53 5202.32 1296.74 6499.06 975.44 5523.63 9.83 975.44 

5.5 34354.55 5496.73 1370.12 6866.85 1030.64 5836.21 9.30 1030.64 

5.6 36262.71 5802.03 1446.22 7248.26 1087.88 6160.38 8.81 1087.88 

5.7 38240.25 6118.44 1525.09 7643.53 1147.21 6496.32 8.36 1147.21 

5.8 40288.41 6446.15 1606.78 8052.92 1208.65 6844.27 7.93 1208.65 

5.9 42408.43 6785.35 1691.33 8476.67 1272.25 7204.42 7.54 1272.25 

6 44601.55 7136.25 1778.79 8915.04 1338.05 7576.99 7.17 1338.05 

6.1 46869.00 7499.04 1869.22 9368.26 1406.07 7962.19 6.82 1406.07 

6.2 49212.02 7873.92 1962.67 9836.59 1476.36 8360.23 6.50 1476.36 

6.3 51631.86 8261.10 2059.17 10320.27 1548.96 8771.32 6.19 1548.96 

6.4 54129.76 8660.76 2158.79 10819.56 1623.89 9195.66 5.90 1623.89 

6.5 56706.94 9073.11 2261.58 11334.69 1701.21 9633.48 5.64 1701.21 

6.6 59364.66 9498.35 2367.57 11865.92 1780.94 10084.98 5.38 1780.94 

6.7 62104.14 9936.66 2476.83 12413.49 1863.12 10550.37 5.15 1863.12 

6.8 64926.64 10388.26 2589.39 12977.65 1947.80 11029.86 4.92 1947.80 

6.9 67833.38 10853.34 2705.32 13558.66 2035.00 11523.66 4.71 2035.00 

7 70825.60 11332.10 2824.65 14156.75 2124.77 12031.98 4.51 2124.77 

 

The results in table 4.15 shows that the annual energy production increases with an increase of the wind 

speed; this is due to the fact that the wind power in the equation of the wind power is directly related to 

the third power of the wind speed. Therefore, the minimum and maximum annual energy production is at 

3m/s and 7m/s. As the electrical consumption in ETDB at KTH is around 1259800 kWh per year and its 

equivalent annual power is 143.8kW, if the Energy technology department desires the turbine to provide 

all the needs of the department, it is impossible to cover this amount of energy consumption even with 

the maximum average wind speed of 7m/s which is 70825.60 kWh per year that can cover only 5.62% of 

the total consumption. But this doesn't mean that the turbine is not feasible because it did not cover the 

whole electricity demand at ETD building. As long as the turbine can produce clean and reliable electricity 

to minimize carbon emissions from the use of electricity and its payback period should be less than its 

estimated lifespan, the installation can be regarded as feasible. The selected wind turbine Aircon 10kW has 

an estimated lifespan of >20 years as urban wind turbines life expectancy is generally known as 20-25 

years (Turesson, 2011). Therefore, wind speeds which can be considered as feasible for the turbine 

installation are the ones that are capable of having payback below its lifetime. As shown in table 4.15 and 

figure 4.11, with a minimum wind speeds  of 4.4 m/s at the site, the turbine installation may still be viable 

with the inclusion of the economic incentives from green certificate (using scenario 2) since its expected 

payback period is below 19 years. The payback period of the turbine installation is shorter provided that 

the wind speed is higher, so the electricity that could be produced will higher. 
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Figure 4.11: Payback period for Aircon turbine at various annual average wind speeds 

4.4.5.2 Tariff variation  

The tariff of an electricity is another aspect which plays an important role in finding out the performance 

of a wind turbine, particularly its economic (Bahaj et al., 2007; Gipe, 2004). The value of electricity which 

can be generated from the turbine is effected by the rate of electricity and as a result the turbine 

installation payback period (Gipe, 2004). 

 According to (IEA, 2007) the price for energy will keep on to rise as the global energy need increases as a 

result of the impact from the growth of population continuously and depleting of the source for fossil fuel 

(specially oil). Therefore, as the rate for electricity is subjected to the cost of oil, it is expected that the 

tariff for electricity will continuously rise in line with the increasing of the cost  for oil (Aplesiasfika, 2009; 

Freris and Infield, 2008). Moreover, another important aspect in the rise for the rate of electricity is its 

connection with inflation (Gipe, 2004).  

In this research study, the sensitivity analysis was done using different electricity tariffs in order to see the 

influence of raised electricity price on the wind turbines economic performances. Therefore, to make the 

economic calculations, scenario 2 (with green certificate incentives) was used at the predicted wind speed 

of the area (ETD)(4.9m/s at a height of 24 meters) together with ten different tariffs as shown in table 

4.16. The tariffs variation was done by starting with the current tariff US$0.16/kWh at KTH, with this the 

other nine tariffs were predicted by considering an increment of 10% between each tariffs, until the 

electricity tariff reached 100% increment from the current electric price, which is US$0.32/kWh. These 

electricity tariff predictions are also based on the past and current tariff rate increments history at KTH, 

for example, in 2011 and 2012, it was SEK0.996, SEK1.05 per kWh respectively and currently (2013) it 

costs SEK1.07 per kWh (KTH Fund & Business Administration). The analysis results are illustrated in 

table 4.16 below. 
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Table 4.16: Sensitivity analysis of a turbine (Aircon 10kW) with tariff variation for electricity. 

Electricity 

Tariff per 

kWh 

Increase 

Electricity 

Tariff (%) 

AEP 

(kWh) 

Annual 

income 

saving   

(US$) 

Green 

certificate 

exemption 

(US$)  

Total 

Annual  

income 

Saving 

(US$) 

Percentage 

Increase of 

cost saving 

(%)  

 Annual  

net 

income 

Saving 

(US$) 

Payback 

time 

(years) 

0.16 0.00 23163.85 3661.05 923.82 4584.87 0.00 3889.95 13.96 

0.17 10.00 23163.85 4027.16 923.82 4950.97 7.99 4256.06 12.76 

0.19 20.00 23163.85 4393.26 923.82 5317.08 15.97 4622.16 11.75 

0.21 30.00 23163.85 4759.37 923.82 5683.18 23.96 4988.27 10.89 

0.22 40.00 23163.85 5125.47 923.82 6049.29 31.94 5354.37 10.14 

0.24 50.00 23163.85 5491.58 923.82 6415.39 39.93 5720.48 9.49 

0.25 60.00 23163.85 5857.68 923.82 6781.50 47.91 6086.58 8.92 

0.27 70.00 23163.85 6223.79 923.82 7147.60 55.90 6452.69 8.42 

0.28 80.00 23163.85 6589.89 923.82 7513.71 63.88 6818.79 7.96 

0.30 90.00 23163.85 6956.00 923.82 7879.82 71.87 7184.90 7.56 

0.32 100.00 23163.85 7322.10 923.82 8245.92 79.85 7551.00 7.19 

 

 

Figure 4.12: Tariff variation of electricity with Payback period and Total annual income saving 

The results in table 4.16 and figure 4.12 shows that with an increase of the tariff for electricity, the value 

of electricity that will be produced from the turbine increases as well. Therefore, for every increase of the 

electricity tariff by 10%, the total annual income saving will increase by 7.99%. Hence, there will be a 

higher returns and lowers the payback period of the turbine installation. Thus, this study shows the overall 

turbine's economic performance by implying the rise in the tariff of electricity for which the turbine could 

produce electricity.  
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5 Chapter five: Conclusion and Recommendation 

5.1 Conclusion 

On this research, feasibility study of a small scale standalone wind turbine installation was conducted at 

KTH main campus in front of the ETD building as a case to represent the application for urban areas. 

The site survey was done by the department in 2011 and thus only the areal map location and wind 

characteristic analysis to determine the suitability of the site and select suitable wind turbine for installation 

are conducted for the site. The performance, environmental, and economic evaluations of the turbine was 

also done analytically with the help of excel as described in the following paragraphs.  

Annual mean wind speed at KTH energy technology department site is estimated to be 4.41 m/s at 17 

meter height above the ground and this was estimated to be 4.91 m/s at 24 meters height, where the 

selected turbine is going to be installed, based on the logarithmic wind shear formula considering a 

roughness length of 0.8 m for urban areas with tall buildings. This range of wind speed is classified as low 

to moderate wind speed class according to Beaufort wind force scale. Therefore, Aircon 10kW, a turbine 

with low cut in wind speed of 2.5 m/s to start power production was selected as the most appropriate 

small scale wind turbine to be installed at the site under study. To this effect, the annual energy production 

of the turbine was calculated using the power curve method and it is found that around 1.84% 

(23163.85kWh/year) of the annual electricity need by the ETD building could be met using the selected 

turbine. This can also reduce the carbon dioxide emission produced from the current electricity sources 

connected to the main grid by 1.84% (694.91kg) annually. Likewise, the turbine has a better capacity factor 

of performances (CF) value of 0.26 which fits a reasonably efficient wind turbine at the potential site with 

CF value that ranges between 0.25 and 0.40. The turbine has also reasonable wind energy conversion 

efficiency (Cp) of 0.312 as compared to the maximum possible theoretical Betz limit of 0.593. 

Knowing the turbines' annual energy production, the coefficients of performance, and the possible carbon 

saving, another key factor considered in determining the feasibility of the wind turbine installation is the 

economic performance of the chosen wind turbine. In this case, the economic performance of the turbine 

was primarily determined by the payback period of the chosen small wind turbine as it is the simplest 

method to evaluate the economic feasibility of the turbine installation. Thus, as the payback period of the 

turbine was found to be 18.31 years without any incentive which is less than the turbine’s working life of 

minimum of 20 years. However, if the green certificate grant given for renewables is applied on this small 

wind turbine application, the payback period becomes lower nearly to 14 years. The results show that the 

implementation of the green certificate shortens the payback period time. Therefore, Installation of the 

small standalone wind turbine at KTH is more appropriate if the green certificate incentive for renewables 

is implemented on small scale wind turbines as well. Then again, as the payback period analysis is not 

certain, sensitivity analysis considering essential factors affecting the feasibility of the turbine installation 

was done to sow the influence of speed variation and energy tariff on the payback period of the 

installation. 

To sum up, the results from this study has shown that the proposed tower mounted small scale standalone 

wind turbine installation in front of the ETD building at KTH is technically feasible and economically 

viable as a source of alternative renewable energy in order to produce clean energy and reduce electricity 

bills if the incentives given are in place.   
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5.2 Recommendation 

Installation of the small wind turbine at the proposed place requires further study using CFD or any other 

tools. As positioning of the wind turbine in between two buildings (i.e the ETDB and M-building) which 

are only 6 meters apart and having a 2 kW small wind turbine and solar panels installed on the roof top of 

ETD building makes it very difficult to understand the effect of turbulence created by these obstacles on 

the turbines' performance and economic viability. Therefore, to recoup the turbulence effect from the 

buildings, the wind turbine, solar panels and other objects on the roof top, a further study on the wake 

effect of these objects is required as this will have an effect on the wind speed flow around the area and 

may decrease the performance of the turbine. For instance, the most frequent wind direction moving 

throughout the year is from NW (21%) where the 2kW small wind turbine and solar panels on the roof 

are installed, this could cause a significant reduction on the AEP of the wind turbine and decrease the 

lifespan of the turbine by creating fatigue stress in its components. As a result, there are some potential 

sites at KTH main campus which are recommendable for turbine installation according to a preliminary 

study which have been made by (Lauwerier and Wisznia, 2012; Schlaifer and Gosselin, 2012). The studies 

were used two different software's to identify the potential sites for wind turbine installation around the 

campus namely CFD and StarCCM+ softwares. The potential sites are as shown in figures 5.1 and 5.2 

respectively.  

 

 

a) if the wind stream comes from the South 
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b) if the wind stream comes from the South East. 

Figure 5.1: Possible location for wind turbines on the ground at KTH main campus, if the wind stream 

comes from two different directions as in a) and b)(Schlaifer and Gosselin, 2012). 

 

 

a) Wind distribution (South-west, 70m) 
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b) Wind distribution (South-west, 60m) 

 

c) Wind distribution (South-west, 55m) 

Figure 5.2: Wind distribution at potential sites around the KTH main campus in the direction of south- 

west at 55m, 60m and 70m.(Lauwerier and Wisznia, 2012) 

It is recommended that the installation of the turbine at the most potential wind site around KTH main 

campus area with the following three options: 

1. The turbine has to be installed at 24m height at the existing area instead of at 17 meters height 

proposed by the ETD like as the study proposed on this paper, since installation of the wind 

turbine at 17 meters hub height will not make the turbine expose to the wind as the building 
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maximum height is 15m which is M-building and the minimum height of the building is 14m 

ETD building. Therefore as the turbines' diameter is 8m that means almost 1m part of the turbine 

blade is not exposed to the most prevailing wind speed coming from NW and 2 meters part of 

the turbine blade will not exposed to the wind which is coming from the M-building direction as 

well. 

2. It has to be installed in the site which is the most suitable from all the site locations in the 

campus, where the small wind turbine is more exposed to the wind and has fewer obstacles and 

turbulence effects from nearby objects, and that have a better economic value. According to 

(Schlaifer and Gosselin, 2012) and (Lauwerier and Wisznia, 2012) preliminary study the most 

suitable areas for the installation of a wind turbine on the ground around the campus are as 

shown in figure 5.1 a and b with a red rectangle and with numbers 3, 5 and 6 on figure 5.2a. 

3. The purpose of the installation of the wind turbine on the campus to reduce the building 

electricity bill is not that much rewarding economically as the buildings annual energy 

consumption in terms of electricity is very high, the minimum energy consumption around the 

campus is 10.3MWh per year in the Miljostation building. As reduction of electricity bill from 

wind energy in this sense might not that satisfactory as the energy demand for electricity increases 

from time to time according to the need. Therefore, using this small wind turbine for another 

purpose like for charging electric cars in the future at the selected potential sites might have an 

outstanding use in reduction of GHG, dependency from fossil fuels and as a source of income. 
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APPENDIX 

Appendix 1: Wind power potential at KTH Energy Technology Department site at Measurement  

height of  17meters. 

wind speed 
bins 

 Rayleigh  
Rayleigh 

cumulative  
no. of hours 

WPD (Power/A) 
[W/m2]  

Energy/A 
[Wh/m2]  

0 0.00 0.00 0.00 0.00 0.00 

0.5 0.02 0.01 175.30 0.08 13.40 

1 0.04 0.04 340.13 0.61 207.99 

1.5 0.06 0.09 485.06 2.06 1001.04 

2 0.07 0.15 602.57 4.89 2947.68 

2.5 0.08 0.22 687.71 9.55 6570.74 

3 0.08 0.31 738.42 16.51 12191.38 

3.5 0.09 0.39 755.41 26.22 19804.99 

4 0.08 0.48 741.88 39.14 29033.39 

4.5 0.08 0.56 702.85 55.72 39163.72 

5 0.07 0.64 644.49 76.44 49261.83 

5.5 0.07 0.71 573.36 101.74 58330.91 

6 0.06 0.77 495.74 132.08 65477.35 

6.5 0.05 0.82 417.13 167.93 70048.42 

7 0.04 0.86 341.93 209.74 71716.10 

7.5 0.03 0.90 273.28 257.97 70496.86 

8 0.02 0.92 213.08 313.08 66712.26 

8.5 0.02 0.95 162.19 375.53 60906.42 

9 0.01 0.96 120.56 445.77 53742.73 

9.5 0.01 0.97 87.55 524.27 45901.54 

10 0.01 0.98 62.14 611.49 37995.89 

10.5 0.00 0.99 43.11 707.87 30515.34 

11 0.00 0.99 29.24 813.89 23800.00 

11.5 0.00 1.00 19.40 929.99 18041.12 

12 0.00 1.00 12.59 1056.65 13300.98 

12.5 0.00 1.00 7.99 0.00 0.00 

13 0.00 1.00 4.96 0.00 0.00 

13.5 0.00 1.00 3.02 0.00 0.00 

14 0.00 1.00 1.79 0.00 0.00 

14.5 0.00 1.00 1.04 0.00 0.00 

15 0.00 1.00 0.60 0.00 0.00 

15.5 0.00 1.00 0.33 0.00 0.00 

16 0.00 1.00 0.18 0.00 0.00 

16.5 0.00 1.00 0.10 0.00 0.00 

17 0.00 1.00 0.05 0.00 0.00 

17.5 0.00 1.00 0.03 0.00 0.00 

18 0.00 1.00 0.01 0.00 0.00 

18.5 0.00 1.00 0.01 0.00 0.00 

19 0.00 1.00 0.00 0.00 0.00 

19.5 0.00 1.00 0.00 0.00 0.00 

20 0.00 1.00 0.00 0.00 0.00 

20.5 0.00 1.00 0.00 0.00 0.00 

21 0.00 1.00 0.00 0.00 0.00 

21.5 0.00 1.00 0.00 0.00 0.00 

22 0.00 1.00 0.00 0.00 0.00 

22.5 0.00 1.00 0.00 0.00 0.00 

23 0.00 1.00 0.00 0.00 0.00 

23.5 0.00 1.00 0.00 0.00 0.00 
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24 0.00 1.00 0.00 0.00 0.00 

24.5 0.00 1.00 0.00 0.00 0.00 

25 0.00 1.00 0.00 0.00 0.00 

  Total annual wind power and energy density 6879.21 847182.10 

 

Appendix 2: The Estimated annual energy production of the turbine using power curve method at hub  

heights of 17 m and 24m for Windon 10kw wind turbine. 

17m  24m 

Wind 
speed 
bins 

(m/s)                

Rayleigh 
Probability 

Rayleigh 
cumulative 

no. of 
hours (h) 

Windon 
10kW       

TP [kW] 

AEP 
[kWh] 

Rayleigh 
Probability 

Rayleigh 
cumulative 

no. of 
hours (h) 

Windon 
10kW       

TP [kW] 

AEP 
[kWh]  

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.50 0.02 0.01 175.30 0.00 0.00 0.02 0.01 141.83 0.00 0.00 

1.00 0.04 0.04 340.13 0.00 0.00 0.03 0.03 276.81 0.00 0.00 

1.50 0.06 0.09 485.06 0.00 0.00 0.05 0.07 398.61 0.00 0.00 

2.00 0.07 0.15 602.57 0.00 0.00 0.06 0.12 501.96 0.00 0.00 

2.50 0.08 0.22 687.71 0.16 110.03 0.07 0.18 583.01 0.16 93.28 

3.00 0.08 0.31 738.42 0.27 199.37 0.07 0.25 639.54 0.27 172.68 

3.50 0.09 0.39 755.41 0.43 324.83 0.08 0.33 671.02 0.43 288.54 

4.00 0.08 0.48 741.88 0.64 474.80 0.08 0.41 678.51 0.64 434.25 

4.50 0.08 0.56 702.85 0.91 639.59 0.08 0.48 664.43 0.91 604.63 

5.00 0.07 0.64 644.49 1.25 805.61 0.07 0.56 632.21 1.25 790.26 

5.50 0.07 0.71 573.36 1.66 951.77 0.07 0.63 585.89 1.66 972.57 

6.00 0.06 0.77 495.74 2.16 1070.79 0.06 0.69 529.75 2.16 1144.27 

6.50 0.05 0.82 417.13 2.75 1147.11 0.05 0.75 467.97 2.75 1286.92 

7.00 0.04 0.86 341.93 3.43 1172.82 0.05 0.80 404.30 3.43 1386.74 

7.50 0.03 0.90 273.28 4.22 1153.22 0.04 0.84 341.88 4.22 1442.71 

8.00 0.02 0.92 213.08 5.12 1090.99 0.03 0.88 283.15 5.12 1449.71 

8.50 0.02 0.95 162.19 6.14 995.84 0.03 0.91 229.81 6.14 1411.03 

9.00 0.01 0.96 120.56 7.29 878.89 0.02 0.93 182.86 7.29 1333.08 

9.50 0.01 0.97 87.55 8.57 750.33 0.02 0.95 142.71 8.57 1223.03 

10.00 0.01 0.98 62.14 10.00 621.37 0.01 0.96 109.27 10.00 1092.68 

10.50 0.00 0.99 43.11 11.58 499.20 0.01 0.97 82.10 11.58 950.73 

11.00 0.00 0.99 29.24 13.31 389.22 0.01 0.98 60.55 13.31 805.96 

11.50 0.00 1.00 19.40 0.00 0.00 0.01 0.99 43.85 0.00 0.00 

12.00 0.00 1.00 12.59 0.00 0.00 0.00 0.99 31.18 0.00 0.00 

12.50 0.00 1.00 7.99 0.00 0.00 0.00 0.99 21.77 0.00 0.00 

13.00 0.00 1.00 4.96 0.00 0.00 0.00 1.00 14.93 0.00 0.00 

13.50 0.00 1.00 3.02 0.00 0.00 0.00 1.00 10.06 0.00 0.00 

14.00 0.00 1.00 1.79 0.00 0.00 0.00 1.00 6.66 0.00 0.00 

14.50 0.00 1.00 1.04 0.00 0.00 0.00 1.00 4.33 0.00 0.00 

15.00 0.00 1.00 0.60 0.00 0.00 0.00 1.00 2.77 0.00 0.00 

15.50 0.00 1.00 0.33 0.00 0.00 0.00 1.00 1.74 0.00 0.00 

16.00 0.00 1.00 0.18 0.00 0.00 0.00 1.00 1.07 0.00 0.00 

16.50 0.00 1.00 0.10 0.00 0.00 0.00 1.00 0.65 0.00 0.00 

17.00 0.00 1.00 0.05 0.00 0.00 0.00 1.00 0.39 0.00 0.00 

17.50 0.00 1.00 0.03 0.00 0.00 0.00 1.00 0.23 0.00 0.00 

18.00 0.00 1.00 0.01 0.00 0.00 0.00 1.00 0.13 0.00 0.00 

18.50 0.00 1.00 0.01 0.00 0.00 0.00 1.00 0.07 0.00 0.00 

19.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.04 0.00 0.00 

19.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.02 0.00 0.00 

20.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.01 0.00 0.00 

20.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.01 0.00 0.00 

21.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

21.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
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22.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

22.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

23.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

23.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

24.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

24.50 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

25.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 

Total annual wind energy production (kWh) 13275.78 Total annual wind energy production (kWh) 16883.06 

 

Appendix 3: Estimated wind power potential at KTH Energy Technology Department site at height  

of 24 meters. 

Wind speed 
bins (m/s) 

Rayleigh 
Probability 

Rayleigh 
cumulative 

no. of hours 
(h) 

WPD 
(Power/A) 

[W/m2] 

Energy/A 
[Wh/m2] 

0 0.00 0.00 0.00 0.00 0.00 

1 0.06 0.03 553.61 0.61 339.09 

2 0.11 0.12 1003.92 4.90 4919.21 

3 0.15 0.25 1279.08 16.54 21152.77 

4 0.15 0.41 1357.02 39.20 53195.13 

5 0.14 0.56 1264.41 76.56 96806.47 

6 0.12 0.69 1059.51 132.30 140173.05 

7 0.09 0.80 808.59 210.09 169875.05 

8 0.06 0.88 566.29 313.60 177589.82 

9 0.04 0.93 365.73 446.51 163302.03 

10 0.02 0.96 218.54 612.50 133852.89 

11 0.01 0.98 121.11 815.24 98729.61 

12 0.01 0.99 62.35 1058.40 65992.32 

13 0.00 1.00 29.86 1345.66 40186.14 

14 0.00 1.00 13.32 1680.70 22386.81 

15 0.00 1.00 5.54 2067.19 11446.30 

16 0.00 1.00 2.15 0.00 0.00 

17 0.00 1.00 0.78 0.00 0.00 

18 0.00 1.00 0.26 0.00 0.00 

19 0.00 1.00 0.08 0.00 0.00 

20 0.00 1.00 0.02 0.00 0.00 

21 0.00 1.00 0.01 0.00 0.00 

22 0.00 1.00 0.00 0.00 0.00 

23 0.00 1.00 0.00 0.00 0.00 

24 0.00 1.00 0.00 0.00 0.00 

25 0.00 1.00 0.00 0.00 0.00 

   Total annual wind power and energy density 8820.00 1199946.68 

 

 

 



-64- 
 

Appendix 4: The Estimated annual energy production of the turbines using power curve method at hub height of 24 m above the ground. 

Wind speed 
bins 

[m/s] 
 
 

Rayleigh 
Probability 

Rayleigh 
cumulative 

no. of hours 

 

Turbines power (kW) from Manufacturers 

 

Turbine Annual Energy Production(kWh) 

1 2 3 5 1 2 3 5 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.00 0.06 0.03 553.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2.00 0.11 0.12 1003.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3.00 0.15 0.25 1279.08 0.40 0.00 0.25 0.33 511.63 0.00 319.77 426.36 

4.00 0.15 0.41 1357.02 0.90 0.40 0.50 0.83 1221.32 542.81 678.51 1130.84 

5.00 0.14 0.56 1264.41 2.30 1.00 1.50 1.67 2908.15 1264.41 1896.62 2107.33 

6.00 0.12 0.69 1059.51 3.30 1.80 2.50 3.17 3496.38 1907.12 2648.77 3355.10 

7.00 0.09 0.80 808.59 4.90 2.80 4.00 4.50 3962.10 2264.06 3234.37 3638.66 

8.00 0.06 0.88 566.29 6.70 3.90 6.00 6.17 3794.17 2208.55 3397.76 3492.15 

9.00 0.04 0.93 365.73 8.10 5.20 8.60 8.17 2962.40 1901.78 3145.26 2986.78 

10.00 0.02 0.96 218.54 9.30 6.80 11.80 10.00 2032.38 1486.04 2578.72 2185.35 

11.00 0.01 0.98 121.11 9.80 8.50 15.60 11.67 1186.83 1029.40 1889.24 1412.89 

12.00 0.01 0.99 62.35 9.80 9.80 20.00 13.00 611.04 611.04 1247.02 810.56 

13.00 0.00 1.00 29.86 9.80 10.00 20.00 14.17 292.66 298.63 597.27 423.07 

14.00 0.00 1.00 13.32 9.80 10.00 20.00 15.00 130.54 133.20 266.40 199.80 

15.00 0.00 1.00 5.54 9.80 10.00 20.00 15.00 54.26 55.37 110.74 83.06 

16.00 0.00 1.00 2.15 9.80 4.00  14.33 0.00 0.00 0.00 0.00 

17.00 0.00 1.00 0.78 9.80 3.00  13.33 0.00 0.00 0.00 0.00 

18.00 0.00 1.00 0.26 9.80 3.20  12.17 0.00 0.00 0.00 0.00 

19.00 0.00 1.00 0.08 9.80 3.40  11.08 0.00 0.00 0.00 0.00 

20.00 0.00 1.00 0.02 9.80 3.50  10.00 0.00 0.00 0.00 0.00 
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21.00 0.00 1.00 0.01 9.80 3.80   0.00 0.00 0.00 0.00 

22.00 0.00 1.00 0.00 9.80 4.00   0.00 0.00 0.00 0.00 

23.00 0.00 1.00 0.00 9.80 4.10   0.00 0.00 0.00 0.00 

24.00 0.00 1.00 0.00 9.80 4.40   0.00 0.00 0.00 0.00 

25.00 0.00 1.00 0.00 9.80 4.90   0.00 0.00 0.00 0.00 

Total Annual Energy production (kWh) 23163.85 13702.40 22010.45 22251.94 
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Appendix 5: Some of the power curves of the potential wind turbines from their manufactures 

 

 

 

a, Aircon 10kw wind turbine power curve 

 

b, Alize 10kW wind turbine power curve 
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c, JonicaImpianti/ 20 kW wind turbine power curve 

 

d, Hummer 10 kW wind turbine power curve 


