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Abstract 

This report presents the feasibility of installing the vertical axis wind turbines at the passenger height in 

urban areas. Detailed review of literature showed that wind speed increase in the passages between the 

buildings along the passage centre line. Based on this analysis practical measurements were carried out to 

find the wind potential at the passenger height, considerable increase of wind speed was observed in most 

of the passages. To verify the most favorable location for highest wind potential, CFD simulations were 

performed. Practical results and Simulation results were quite matching, and they both agreed one specific 

location. Based on the wind potential at this site, wind turbine was selected that could be suitable at the 

passenger height. Technically and economically, selected turbine gave satisfactory results. When the 

velocity generated by the vehicles was analyzed and added to the previous available wind potential, the 

annual energy production increased and payback period reduced. The results of social survey showed that 

idea is accepted by most of the peoples.  
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                                                      Chapter 1 

                                                             Introduction 

 

1.1 Background 

Sweden electricity production is essentially based on only two sources, hydro power and nuclear power. 

To increase the security of supply, third source of energy must be developed like wind (w) .By 2020, 

Sweden must produce 49% share of renewable energy in its total energy consumption. To achieve this 

target, new wind energy development is essential. The development of wind energy in Sweden is not 

enough. Swedish Government has set the target to achieve 30 TWH from wind power by 2020, of which 

20 TWH on land [1]. According to Swedish energy statistics, wind power supplies about 4 TWH of 

energy annually [2]. This figure indicates that share of wind energy should be increased to meet the 2020 

targets.  

In order to achieve this target, it is necessary to utilize the available potential of wind. In Sweden, there is 

a lot of work being done to increase the growth of wind energy, but available resource of wind in the 

urban areas has not been accessed yet. 

1.2 Installed wind capacity in Sweden 

The development of wind energy in Sweden in the past is not consistent because two major sources of 

energy hydro and nuclear are able to provide electricity at low tariff. The total installed capacity of wind 

in Sweden is 440MW, but its growth rate is very low (10%) as compared to the other European countries. 

For the promotion of renewable energy sources, Sweden has introduced the certificate system based on 

the quota obligation system. For wind energy investments, subsidies of 15% and FIT (Feed in Tariff) of 

1.9c€/kWH is available. According to Swedish certificate system the generators of solar, biomass, wind 

and hydro producing less than 1.5 MW will be given one certificate for each MWH produced and all the 

customers are obliged to buy these certificates to cover the proportion of their use. [3]  

1.3 Urban wind turbines Future in Sweden   

The concept of urban wind turbines is quite new and technology is not yet fully developed, and the 

market is also at the growing stage. In some of the European countries like UK, France and Netherland, 

different feasibility studies have been made to install the wind turbines in the urban areas and in most of 

the cases their results has been positive. The socio-economic, administrative and planning issues for 

installation of urban wind turbines in these countries have also been addressed [4]. In Sweden there has 

been no any feasibility study made for urban wind turbines. Stockholm has been awarded as the European 

Green capital in 2010. There are many projects to make Stockholm fossil free till 2050. In the project 

„Vision for Stockholm 2050‟small scale urban wind turbines for built up environment has been planned 

[5]. In one other project Värtaterminalen - New ferry terminal, it is planned that terminal will generate its 

own energy from wind, solar and hydro [6]. These facts indicate that in the future, there will be the great 

demand of urban wind turbines in Sweden. To full fill the future targets, all the hidden potential of wind 
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in urban areas of Sweden must be identified and calculated to give suggestions to stakeholders to harness 

this potential. 

1.4 New way to harness urban wind potential 

Until now urban wind turbines were installed on the roof tops or in the streets at the height of 10-12m, 

and all the technical details and feasibility studies related to the urban turbines usually relate to roof top 

small wind turbines or they give details about the hybrid small micro turbines coupled with solar panels to 

be used with street lights at reasonable height from the ground.  

My supervisor gave a very good idea to use the urban wind potential in the streets, because the wind 

accelerates as it passes through narrow passages. The idea is to measure the wind potential at the 

pedestrian height and to make the feasibility of installing the small vertical wind turbines at this height. 

Reason to choose vertical wind turbines are that they don‟t make noise, they can perform in turbulent 

winds, and they don‟t need to be in the direction of wind, so they are very suitable for built-up 

environments. This would probably the first feasibility study to capture the urban wind potential in the 

passages. This feasibility study will provide the help to access the available potential of wind energy in 

Stockholm, and will also address the socio economic, administrative and planning issues related to the 

wind turbines in the urban areas of Sweden. 

 

1.5 Objectives 

 The objective of this study is to analyze the available potential of  wind energy in the urban areas 

of Sweden 

 To analyze the  wind energy potential in the passages 

 To evaluate the possibility and address the problems in installation of urban wind turbines 

 To address the administration and planning issues in urban areas for the installation of vertical 

wind turbines. 

 To inform the key stake holders (Manufacturers, Government, Customers) about the new ways of 

harnessing the wind energy. 

 To measure the wind energy potential generated due to the turbulence by the vehicles n the 

streets. 

 

1.6 Scope and limitations of feasibility study 

Since the time of thesis is limited to six months, so our study is restricted to only one place in Stockholm, 

and on the basis of these results we could make the general conclusion about the urban wind turbines at 

the pedestrian height. Usually wind data is gathered for the period of years to access the wind potential at 

the particular site by installing the anemometers. In our case time is short, and we don‟t have any huge 

anemometers to install at the sites, so I made some practical calculations of wind data at different sites 

with small anemometer and then used the metrological data to verify it with some numerical calculations. 

This feasibility study covered the economical, technical, environmental and social aspects for installing 
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the vertical axis wind turbines in urban areas. It will not tell about any design of the wind turbine, it will 

not explain about the installations details of wind turbines. 

 

1.7 Methodology 

I conducted the detailed literature review of the urban wind conditions in different kind of passages, then 

selected the type of passages which gave more increment in wind speed. On the basis of this analysis I 

made the practical calculations to verify it. I did practical measurements of wind data at different sites and 

then used the metrological station data of the year 2012 to get the average wind speed in each month to 

verify my practical results I compared them with the CFD analysis of wind conditions in the passages at 

the same locations. When CFD simulations and practical data gave the satisfactory results, I selected the 

type of turbine on the basis of available wind data and according to project requirements.  

 

      

1.8 Stakeholders and their involvement 

    Stake holders Roles 

  National Government  Provide legislation and other safety permit 

  R&D organizations 
Should support the development of ground based VAWT, conducting 

market and other researches 

   Manufacturers Development and manufacturing of ground based VAWT 

   Municipalities  Develop incentives, policies and plans  

   Architects  Aesthetic integration of VAWT with the road 

   Energy Agencies   Initiate ,facilitate and support  ground based VAWT  

   Engineering companies and 

consultants  

Project management support, market development, feasibility studies and  

other support activities 

 Installation  companies  Installing VAWT, providing maintenance services   

 Energy companies  Purchasing and distribution of the electricity produced by VAWT 

Financial Institutions  Financial support to people who are interested in business of small VAWT 

 Traffic and road organizations 
Since these turbines are installed on the road, traffic and road 
organizations should facilitate the development of  VAWT 

 NGO‟s 
NGO‟s should promote the green image and benefits of  road based 

VAWT 

                                              Fig 1.1  Stake holders and their involvement 
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                                                             Chapter 2                                                                                  

                                                        Urban wind energy 

 

2.1 Urban boundary layer  

The behavior of the wind 

completely changes as it approaches 

to urban areas, urban boundary 

layer is quite different from rural 

boundary layer due to surface 

roughness of the urban areas. In 

urban areas mean air flow changes 

from the prevailing winds due to the 

high rise buildings, industrial and 

vehicular activities. There are a lot 

of differences in wind frequency 

distributions at different vertical 

levels due to the following factors. 

Buildings,Vegetation ( Physical 

and thermal Obstacles/ 

Roughness)                                                                         Fig 2.1 Urban boundary layer                                         

 Air conditioners (thermal)  

 Natural Topography (moisture properties of the surface, undulations etc)  

 Street canal effects due to Vehicular movements. (Thermal)  

 Tall buildings – Turbulence, Roughness  

 Local Climatic conditions/ Seasonal Variations  

 Shelter from nearby buildings [8],                                                                        

 

Prediction of wind flow patterns in urban areas is 

complex and varies from location to location, so we 

cannot give the general conclusion about the flow 

patterns and speed of wind. When wind approaches near 

to building, different phenomenon‟s can occur. Bouncing 

back of the wind from the building walls can create 

turbulence in the winds. Wind speed might increase as it 
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passes through narrow passages between the buildings. So different wind conditions give rise to different 

kind of results. So to analyze wind conditions in different passages, detailed analysis of the different type 

of the building is necessary.                                                                                                                                                                                                                    

 

2.2 Analysis of the wind speed in between different building configurations 

Passages between the buildings can be responsible for increased wind speed at pedestrian level due to the 

venture effect [9]. There are different type of passages between the buildings including the passages 

between the parallel buildings, passages between the parallel shifted buildings and passages between the 

perpendicular buildings. Perpendicular buildings either converging or diverging, depending on the flow 

direction, makes the venturi throat. Since the focus of our project is to find the increased wind potential in 

passages between the buildings, so flow patterns of wind in different kind of the buildings is  analyzed 

and then the type of building and passage is selected for practical measurements. In this project, we used 

the analysis of wind behavior in between parallel and perpendicular buildings.  

 

2.3 Venturi effect between the parallel buildings 

CFD simulations performed in previous studies for a wide range of passage widths between parallel 

buildings show that wind speed amplification is only obtained at the passage centre line and at the 

pedestrian height, so in this chapter I only focused to analyze the wind speed amplification at the 

pedestrian height and at the passage centre rather than the whole passage. Fig 2.3 is showing the 

amplification of wind at various positions along the passage centre line, where x is the position of various 

poaints along building length D. It is quite clear that amplification of wind is more prominent at the 

pedestrian level. 

 

Fig2.3 Vertical profile of 

amplification factor at the 

width of 6m along the passage 

centre line and varying with 

height. Six lines showing the 

increment of wind speed at 

various points along the 

passage centre line and at 

various heights. 

 

 

In Fig 2.4, Graph is showing that increment in speed for various passage widths in the passage centre line, 

most increment in wind speed observed at the width of 10m and then it started decreasing, it reduced to 1.1 at 

the width of 100m. In narrow passages of widths 3m, 4m, venture effect is not much prominent due to the 

resistance of the walls. 
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Fig 2.4 Maximum amplification factor K pcl, max is (along te passage centre line), Kp, max anywhere in the 

passage, and Kc, max (in the corner stream at outer building corner), all at y=2m( pedestrian height) all as a 

function of passage width. 

To further see exact location where the amplification factor is more prominent along the passage centre 

line, we used the following 

graphs.  

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 2.5 Amplification factor along the passage centre line for different passage widths 
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From the graph we can see that for narrow passages, amplification of wind takes place at the start of 

passage. Fig a showing the amplification factor for narrow passages ranging from 2-10 m, the highest 

amplification factor is at the width of 8m, and  at x/ D=0.2. For wide passages ranging from 15 to 100m, 

amplification factor location along the passage centre line is at the middle and end f the passage. For the 

width of 40m, maximum amplification factor is at the end of passage. For wider passage widths, like 

100m, there will be very little amplification of wind. 

 

2.4 Venturi effect between the perpendicular buildings 

Perpendicular buildings form two kinds of passages, converging and diverging.Where r  is the axis along 

which amplification factor is observed. 

                                                                    

 

 

 

 

 

 

 

 

 

Fig 2.6 a) Schematic top view of converging and diverging flow and r-axis. b) Amplification factor K pcl along 

the passage centre line at 2m height. 

CFD simulation performed in the previous studies for the passage widths of 20 and 75m.In both these 

passage widths, amplification factor in diverging passages is more than in the converging passage. For 

converging passages, wind blocking effect is more pronounced at the pedestrian height, so it does not give 

the high amplification factor [10].  

Regarding the choice of passage for the practical measurements and for CFD analysis in Gamla Stan, I 

choose to analysis the venture effect in parallel passages. Reason to choose this passage is that most of the 

buildings in Stockholm are arranged as the parallel arrangement; secondly it will be easy to analyze the 

installation of wind turbines along the passage centre line. 
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                                                                                Chapter 3  

                       Practical measurements and analysis of Wind data 

 

3.1 Introduction 

The detailed literature review showed us, that wind accelerates in the passages between the buildings and 

we analyzed this increment in different kinds of the buildings. On the basis of this analysis I decided to do 

the practical measurements to verify this amplification of wind speed practically. To do these 

measurements numbers of steps are required to get the good results that could match the amplification 

factor in the previous studies. 

3.2 Selection of Site for Wind measurements 

3.2.1 Site requirements  

The selection of site depends on the requirements of project. As this feasibility study is focusing on the 

urban wind turbines, so we need the place that is densely populated. On the basis of literature review, we 

selected the parallel buildings for practical measurements, so a place where number of parallel tall 

buildings is present is the second requirement. According to project requirement, we need to measure the 

wind speed in varying passage widths, so selected place should have different passage widths. The 

selected place should have free field in front of the buildings, so we could measure the venture effect in 

the passages as the air will enter from the free field to the passages. As we are going to access the wind 

potential at this site, so the probability of wind speed at this site should be high. 

 

3.2.2 Selected site 

The selection of site for practical 

measurement was tough, as it is hard 

to find the place that could full fill 

all the requirements. After 

discussion with my supervisor, we  

found out that  densely populated 

island having number of parallel 

buildings of varying passage widths 

could satisfy the project site 

requirements. So I finally selected 

the Gamalastan for practical 

measurements of wind speed data. 

Gamlastan is an island located in the 

centre of Stockholm, and it matches 

the site requirements for practical 

measurements.                                                       Fig 3.1 Gamlastan Top view  
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There a lot of tall parallel buildings in Gamalstan having varying passage widths. This is the very good 

site for providing the free field flow to the buildings located on the periphery of island. As all the 

buildings are surrounded by sea, so wind is entering in to the passages directly from sea, there are a very 

few obstacles involved that could lower the wind speed. Although it is densely populated urban area but 

due to direct contact with the sea, wind profile is quite different from the typical urban wind profile and 

surface roughness will be low. So, this selected site is fulfilling all the requirements for measuring the 

wind speed in the passages. 

3.3 Anemometer for measuring the wind speed  

Following the project requirement, we had to take the practical 

measurements at the pedestrian height, so it is not possible to 

install the big anemometer at the height of 2m in the densely 

populated area and at the number of different sites. Time was 

another constraint, so we needed some instrument that we could 

use easily and it is possible to move it from one location to the 

other. So small anemometer that could be held easily in hand 

was the good option and it was available also. We used 

SWEMA Air 30.It can measure the wind speed in the range of 

0-30m/s with the accuracy of 0.1.There are some limitations of 

this instrument that it only measures the wind speed, it does not 

tell about the direction of wind and  it does not record the wind 

data, only you could measure the data instantly. So to cope with 

these problems I wrote down wind data on the paper, the time I 

was measuring it.                                                                                                       Fig3.2 Anemometer     

 To know the direction of wind on that day and at that particular time, I got help from metrological station 

data. 

 

3.4 Measurement Technique   

To know the increment in wind speed in passages as compared to the free field flow, it was necessary to 

measure the wind speed inside the passages between the parallel buildings and outside the passages in a 

free field flow. Wind does not flow constantly, it changes its speed with time, for example wind speed 

now is 3m/ s, in the next minute it could to 6 m/s or 9 m/s, due to this reason all the metrological station 

measures the average wind speed for at least 3 hours. So if you are measuring the wind speed for a 

particular time with in the passage and after 30 minutes you go outside the passage to measure the wind 

speed in a free field, wind speed might have increased, it could be very much higher than the wind speed 

in the passages and vice versa, so venture effect cannot be observed or it will give the very high increment 

in wind speed.  So two anemometers with two persons were required that could measure the wind speeds 

within the passage and outside the passage at the same time, but we had only one anemometer and one 

person. To solve this problem, I devised a way to measure the wind speed at the same within and outside 

the passage with one person and one anemometer. On the first day of taking the practical measurements, I 

selected one site and took the almost 200 readings at the height of 2m for 3 hours and then I compared 
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these readings with the data from metrological station. All the metrological stations give the data at the 

height of 10m, but to compare with the practical measurements, we required the wind speed at the height 

of 2m. So I used the wind shear formula to convert the wind speed given by metrological station to the 

wind speed at the height of 2m. 

The wind shear formula is   

 v = v ref ln(z/z 0 )/ln(z ref /z 0 )  

 v = wind speed at height z above ground level.  

v ref = reference speed, i.e. a wind speed we already know at height z ref . ln (...) is the natural 

logarithm function.  

z = height above ground level for the desired velocity, v.  

z 0 = roughness length in the current wind direction.  

On 13/4/2013 at 10 Pm, I took 200 readings in GamlaStan and the height of 2m and the average wind 

speed was 2.40, metrological station gave the wind speed equal to 4.025 m/s. Converting this speed to the 

height of 2m, it turned out be 2.36, which is very close to 2.40.This analysis confirms that anemometer is 

giving   the correct readings and practical readings can be approximated to the data from the metrological 

station. It also solve the problem of measuring the wind speed with anemometer at two places, now 

anemometer can be used in the passages and the wind speed in the free field can be approximated with the 

data from the metrological station after converting it to 2 m height using wind shear formula. 
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3.5 Wind mapping 

                              Fig 3.51 Wind map of Gamla Stan (14-4-2013) 

                                   Fig 3.52 Wind Map of Gamla Stan (17-4-2013) 
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Where  

U= Wind velocity within the passage centre line. 

U’=Free field flow or wind speed outside the street 

 

And U/ U’=Amplification factor. 

Amplification factor refers to increment in wind speed as it passages through the passages. 

 

3.5.1 Risk of errors and assumptions 

The anemometer we used in this project does not record the data, and wind speed changes suddenly. To 

avoid this risk I took at least 150 readings for each location and took their average to calculate the mean 

wind speed. Still there is a risk of human error in recording the wind speed, the probe of anemometer 

might go in the wrong direction for some time, and there can be the errors in recording the speed. So 

some assumption was necessary for the analysis purpose. I assumed that if the direction of wind is 

towards given area, and if wind accelerates in most of the passages located in that specific area, then the 

data recording is correct. 

 

3.5.2 Wind Mapping Analysis: 

To choose the best locations in Gamla Stan for installing the wind turbines, it was necessary to make the 

wind map, and to measure the wind speed in different locations, so we could choose the sites where 

increment in wind speed was high enough. The most important thing in the wind mapping analysis is to 

know the direction of the wind at that particular time, because venture effect will be more prominent if 

the wind is blowing in the direction of passage. General analysis of wind mapping in Gamla Stan 

shows that amplification factor in most of the cases is more prominent in the buildings that are 

close to the periphery of the town, because town is surrounded by the sea and wind is coming 

directly from sea to the building passages. When I measured the wind speed in the buildings that 

are located in the centre of town, wind speed decreased in both days. In Fig 1.1 and 1.2, you can 

see the location 7 is giving the lowest wind speed. The reason of this decreased wind speed is 

due to the presence of obstacles which tend to decrease the wind speed.  On 14-4-2013, the 

direction of wind at 1-4 Pm was S-SW and SW, so the wind speed in building passages that were 

facing south should have been higher. You can see in Fig1.1 passages 1,2,3 and 4 are giving the 

higher wind speed as compared to other passages. The highest amplification factor I observed in 

passages 1,2 and 10.On 17-4-2013,direction of wind was SSW and S. During the time 4-5.15 

Pm, when I measured the wind speed in   So passages 1-4 in Fig1.1,direction of wind was SW. 

and passages 1,12 and 4 that are facing  south-west  gave the higher wind speeds and with very 

good amplification factor of 1.51,1.40  and 1.38. During 6-7 Pm, wind direction in Gamla Stan 
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was towards south, so location no 13 that is facing SW gave the highest wind speed with highest 

amplification factor of 1.508. In other locations like 8, 9 and 10 wind flow in the passages was 

always remained higher outside the passage, but amplification factor was not so much 

prominent. Location number 5 expected to give the highest amplification factor, as the passage 

shape forms the perfect venturi throat, but on both days it gave the very low amplification of 

wind speed. The reason of this low amplification of the wind is due to the presence of tall 

buildings on the both sides of its free flow, so wind gets turbulent. 

The wind mapping results shows that locations 1, 13, 12, and 10 are giving the highest 

amplification factor of 1.51, 1.50, 1.4 and 1.36 respectively. The most favorable locations for the 

highest wind potential are 1 and 13. As the result of practical measurements we have found out 

the passages that gave the highest increment in wind speed and they are most favorable for 

installations of wind turbines. Now to prove the authenticity of this work, CFD analysis of this 

location is required. 
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                                                       Chapter 4 

                 CFD Simulations of Windy Passages in Gamla Stan 

      A numerical model created in order to simulate the wind flow inside the island and observe 

the wind speed profile. The way of creating the geometry will be described, the code, grid design 

and simulation parameters will be explained. Finally, results will be presented to conclude on the 

feasibility of installing vertical-axis wind turbines in that area. 

 

4.1 General description of the problem and purpose of CFD simulation 

The area of Gamla Stan is composed of many small streets where the wind comes in and 

accelerates due to the smaller section. The wind can also be slow down because of buildings on 

its way. Thus wind profile is not easy to determine without simulating it numerically.  

Wind data are known for the area studied and can be integrated in the simulation. The geometry 

can be created by observing satellite views. By defining the physical model, boundary 

conditions, turbulence model and creating an adapted mesh, it will allow us to simulate the real 

flow and have a good approximation of wind speed profile over the island. The advantage of 

numerical methods is to simulate the flow throughout the whole neighborhood from only one 

data set. Another method would be to put anemometers at every corner of the neighborhood but 

this would obviously involve much more time and money. 

 

 

4.2 Code chosen for solution of problem 

The code chosen for running the simulation is STAR CCM+. This code is a solver for 

Computational Fluid Dynamics, CFD, problems involving flow (of fluids or solids), heat transfer 

and stress. It allows creating geometry and easily defining boundaries; creating a mesh that can 

also be adapted to the geometry; and defining physical models and turbulence parameters in 

order to simulate the flow as close to reality as possible. Furthermore, some tools in this code 

allow displaying the results every iteration too.  

 

  4.3 Computing platform used for run 

Windows 7 Enterprise was used for running the simulations. The processor of the PC was 

Intel(R) Core(TM) i7 CPU 860 @ 2.80GHz 2.93GHz. The corresponding installed memory 

(RAM) was 8 GB with a 64-bit operating system 
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5 Schematic diagram of the region of interest with all key dimensions, flow inlets and outlets 

 

 

                     Figure 4.1 Map of Gamla Stan (left) and sketch of our geometry (right) 

 

 

The region represented in Fig. 4.1 is the neighborhood of Gamla Stan, Stockholm. The 

geometry has been sketched by using the map view of Google Maps[11]. Instead of modeling 

each building – which would take too much time and resources for no better results – blocks 

have been defined between streets showed on the map. Only main streets have been taken into 

account and a scale of 1:10 respect to reality has been used. 

Furthermore, a bigger octagon block representing the island and surroundings has been sketched 

around and extruded. The octagon shape is recommendable in cases where the flow is wind since 

wind data are normally categorized by their cardinal directions. Buildings‟ heights considered 

range between 8m and 25m in the real scale. In order to have the wind shear over the buildings 

as a constant value for it to not to alter the flow in the parts where we are interested in, the height 

of the octagon‟s extrusion was chosen as three times larger than the tallest building on the island, 

i.e. 75m in the real scale. Buildings have been extracted from this main boundary block in order  
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to mesh only the streets and observe the wind profile inside. The result of these extrusions can be 

observed in Fig. 4.2. 

 

 

 

 

 

 

 

     

 

      Figure 4.2 View of the geometry and detail of inlet (red) and outlet (green) faces 

4.4 Grid design 

A surface and a volume mesh have been created to calculate the wind speed values in between 

buildings. Some conditions were respected in order to adapt the mesh to the geometry. Thus, a 

polyhedral mesh has been chosen since the geometry is not that regular and straight, and a 

detailed view of it can be observed on Fig. 4.3 In order to improve the mesh on the boundaries, 

the prism layer mesher is also chosen. Finally the surface remesher increases the quality of the 

mesh on surfaces and will allow having more precise results. 

 

 

 

 

 

 

 

 

                                                Figure 4.3.Detail of the polyhedral mesh 
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A space of 3m is used between each knot. A space of 2m has been tried but took too much 

resource to create the corresponding mesh. Therefore, 3m is considered to be precise enough to 

have some representative values along a building around 10m high. In total, the software created 

approximately 1,2 million cells with its corresponding 8,5 million cell faces for this case study. 

 

4.5 Boundary conditions  

Our volume control is an octagon where four faces are defined as inlets and the other four as 

outlets – see the difference in colors in Fig. 2. This is set according to the wind direction 

observed over the year. The values for initial velocity conditions are divided in four different 

seasons in order to do simulations in different conditions and moments of the year. By 

calculating these average directions of the wind, angles of seasonal wind direction are found to 

be between 190° and 208°, meaning that wind is mostly coming from south-west, all year long. 

Thus, the four sides of the octagon facing south-west are defined as inlets, meaning that the 

four faces where the wind can come in – in red color in Fig. 2 – are defined as inlets. Different 

boundary inlets are possible but in these simulations velocity inlet will be used instead of 

pressure inlet. Wind speeds and directions are known and it is therefore easier to define inlets 

using velocity. The software proposes by default to insert the inlet flow orthogonal to the inlet 

faces. However, in order to be as close as possible to reality, a wind speed vector is defined as 

velocity inlet condition. The direction of the vector is chosen according to the seasonal average 

direction of the wind vector and its length calculated by the seasonal average wind speed. 

Furthermore, the use of scale on the geometry needs to be considered in order to maintain the 

Reynolds number constant. Considering that the average width of streets in Gamla Stan is 

decreased by a factor of 10 in our scale, the wind speed needs to be increased by a factor of 10 

too while assuming density and dynamic viscosity of air constant. 

The four other faces of the octagon are defined as outlets – see the green-colored faces in Fig. 4.2 

Flow split outlet is chosen in order to let the flow pass through the volume control and through 

the four outlet faces. The split ratio on these faces is set to 1. This ratio is used in the event of 

multiple outlet boundaries on one continuum, but in this case there is only one outlet boundary 

composed by four faces of the geometry, and setting the ratio to 1 means that the total fraction of 

the air mass flow must pass – exit – through this outlet boundary. No other constraints are 

applied on these outlet faces. 

Concerning the roof of the volume control, we define it as a fixed wind speed value. The roof 

should be high enough to reach a constant velocity at its surface which should correspond more 

or less to the wind speed entering the volume control. Thus, a vector of the same direction and 

magnitude of the inlet vector is set for the roof boundary. 

Regarding the ground face, it is obviously considered as a wall. 
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4.6 Initial conditions  

Initial conditions are defined before running the simulation. In addition to the velocity inlet 

previously described, pressure and turbulence values need to be set. The pressure is chosen to be 

atmospheric, at 1 bar. For turbulences, the model k-epsilon is chosen to represent them as much 

precisely as possible. The main issue is to define the turbulent kinetic energy, k, and the 

turbulent dissipation rate, epsilon, with a good precision. Some estimation can be made using 

approximate values for turbulence length scale and turbulence intensity. 

In order to determine the turbulence intensity, Reynolds number needs to be first calculated. 

Density of air is assumed to be 1,18kg/m3 and dynamic viscosity as 1,855.10-5kg/m.s as they are 

the values by default on the software. Considering then the average annual wind velocity in 

Gamla Stan as 5m/s and the average width of streets in Gamla Stan as 5m, Reynolds number is 

calculated as follows 

 

Re =
ρuL

μ
=

1,184 ∙5∙5

1,855 ∙10−5 = 1,596 ∙ 106            (1) 

 

Reynolds number is very high, thus wind flow in this area will be considered as highly 

turbulent and literature [12] says that for a free flow with a high turbulence, a turbulence 

intensity of around 10% should be considered.k value can be then calculated by the relation 

        k =  
3

2
(uav ∗ I)²                               (2) 

with I as the turbulence intensity and uav  as the average wind speed – corrected due to the use of 

scale. Hence the average wind speed used on the turbulent kinetic energycalculation is 50m/s. 

These values give k equal to 37,5J/kg.  

For calculation of the turbulent dissipation rate, the length scale may be approximated to    

 

      l = 0,07 ∗ L                                 (3) 

being L the average width – in scale – of the streets where the wind passes through. This 

approximation means that eddies cannot be bigger than the distance in between buildings. The 

length scale is thus calculated and becomes around 0,035 counting 0,5m average width between 

two blocks of buildings in our scaled geometry. Finally, epsilon is found by using 

 

            ϵ = Cμ
3/4 k3/4

l
                                (4) 
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withCμ  constant (approximately 0,09), k the turbulent kinetic energy and l the length scale. 

Therefore, epsilon representing turbulent dissipation rate can be estimated as 71J/kg.s[13]. These 

values are defined in the software as initial conditions. 

 

4.7 Fluid properties 

Firstly, in our case the fluid studied is a gas, air, and it is considered as a single phase fluid – no 

solids or liquids involved – and without any mixture i.e. homogeneous fluid. Secondly, the wind 

flow is due to the difference of pressure between the inlet and outlet but this does not imply a 

really high flow velocity. Therefore the fluid is considered incompressible and the density 

constant and equal to 1,18kg/m3. Finally, the viscosity of the fluid is taken at atmospheric 

conditions and it is 1,855.10-5kg/m.s. Our fluid is thus a Newtonian fluid: stresses are linearly 

proportional to its strain rate. 

4.8 Modeling option selections 

Before running the simulation, physical models have to be chosen in order to simulate a flow 

close to reality. These models are used to define the fluid type and properties, the flow, energy 

and turbulence modeling, and other conditions. Following the questions of STAR CCM+, all 

models are selected.  

For space conditions, a 3 dimensional flow is chosen and therefore this implies using also 

gradient model. For time conditions, the simulation is run at steady state. The fluid is obviously 

gas, composed only of air so this option is chosen. Segregated flow option is preferred to the 

coupled flow since there are no big variations in the fluid. The density of the fluid is considered 

constant, i.e. the flow is incompressible. A turbulent flow is chosen since the Reynolds number is 

quite high and, moreover, k-epsilon model is selected since it fits with our free flow problem. 

Then, the software selects automatically 3 models which are the following ones: Realizable K-

Epsilon two layer, Two-layer all y+ wall treatment, and Reynolds-averaged Navier-Stokes. 

4.9 Solution algorithm choices  

Among the modeling capabilities of STAR CCM+ we can find both the segregated flow 

solution method and the coupled flow solution method. In both of them, the discrete governing 

equations of the mathematical model are linearized in order to produce a system of equations for 

the dependent variables in every cell of the mesh. The resultant linear system is then solved to 

achieve an updated solution. Depending on how these set of equations are linearized the method 

may be implicit or explicit with respect to the dependent variables of interest. In the coupled 

solution method one can use either implicit or explicit linearization of the equations. On the other 

hand, in the segregated solution method each governing equation may be linearized only 

implicitly with respect to the equation's dependent set of variables. Implicit form means that, for 

a given variable, the unknown value in each cell is calculated using a relation between both 

existing and unknown values from neighboring cells. Therefore these unknowns appear in more 

than one equation and the system must be solved simultaneously [14].  
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In our case study we used segregated flow solution method which solves the flow equations 

(for pressure and all components of velocity) in an uncoupled way. Since implicit linear 

multistep methods provide additional difficulties due to the fact that often we cannot solve 

simply for the newest approximate, both the momentum equations and continuity equation 

describing our flow need to be linked by the predictor-corrector approach algorithm [15]. This 

methodfirstly predicts a rough approximation of the desired quantity and, secondly, it corrects it 

by refining the initial approximation using the implicit method. The segregated flow solution 

method is the default method in most commercial finite volume codes. It has been chosen for this 

simulation because it is recommendable for incompressible [16]. Furthermore, even if the 

implicit form may appear as too complex compared to the explicit one – where each unknown 

appears in only one equation in the system thus equations can be solved one at a time – implicit 

methods generally have better properties than the explicit one [17].  

A 2nd order upwind scheme was chosen for discretization purposes instead of 1st order 

scheme and, in this way, accuracy was enhanced.  

At the same time a method to speed up convergence for our simulation was also used, a multi 

grid scheme. This type of schemes is useful when simulations are done with large number of 

cells and/or large cell aspect ratios [18]. A multi grid scheme is applied in order to accelerate the 

convergence of a basic iterative method by global correction from time to time [19]. These 

schemes combined with any of the common discretization techniques are one of the fastest 

solution techniques known today.There are two basic types of multi grid schemes: geometric and 

algebraic multi grid schemes, AMG. Geometric multi grids rely on mesh information since they 

involve direct discretization of the equations at the coarse levels. This scheme has several 

inherent problems and this is why AMG is preferred in this case study. The AMG schemes do 

not require any further discretization once the equations have been discretized by, in our case, 

the 2nd order upwind scheme. One of the main interesting characteristics of AMG is that 

equations are not restricted by the geometry or boundary conditions of the domain thus they can 

be easily applicable to unstructured solvers [20]. In this case study, AMG is applied to Gauss-

Seidel iterative solver in order to speed up its convergence. Gauss-Seidel is a relaxation scheme 

particularly important for unstructured grids which provides better convergence than Jacobi 

method. This solver will iteratively correct – relax – the linear equation set during multi-grid 

cycling [21]. One disadvantage of Gauss-Seidel scheme is that, although it rapidly removes local 

errors, global errors are complicated to reduce using this solver. However, if the grid size is 

increased, global errors become local errors and Gauss-Seidel can be applied. This property is 

the one used by the AMG scheme meaning that it increases the rate of convergence of Gauss-

Seidel solver by the use of iterations on successively coarser meshes, i.e. uses equations with a 

hierarchy of coarse level solutions [20]. Under-relaxation factors in the range of 0,3 and 0,7 were 

used as they were default values on the software and showed good results. Finally, the multi grid 

cycling strategy was specified as Flex Cycle which is a more economical cycling strategy 

compared to the Fixed cycle for linear systems that are not very stiff. Flex cycle strategy does not 

use all multigrid levels but the residuals are monitored after every sweep on a given grid level 

javascript:WWHClickedPopup('webworks',%20'169-algebraicMultigrid-4.html');


28 
 

instead. If the ratio of the residuals exceeds a given value, the solution continues on a coarser 

level. In the contrary, if the limit is not exceeded the solution movesto a finer level. A limit needs 

to be imposed on the number of sweeps that are allowed at any level thus the value of 30 – 

default value – was taken in our case[22]. 

 4.10 Iterative convergence criteria choices 

The simulation is run until satisfying the convergence criteria or until reaching a number of 

iterations previously set. Usually, convergence criteria satisfaction means that simulations are 

not considered as converged if residuals are not really close to 0. However, in this case studywe 

run the simulation until a maximum number of iterations – which was fixed to 1000 was reached. 

The residuals graph – see Fig. 4 – proves that this maximum number is enough to reach 

convergence according to our criteria. For both simulations shown on the results section, 

turbulence residuals appear to remain in the magnitude of 10-1 even after modifications of initial 

conditions of the turbulence model are done. In the contrary, all other residuals drop to a 

magnitude of 10-2 and stay constant after around 300 iterations. The residual for turbulent 

dissipation rate, epsilon, has the magnitude of 10-2 which is not too low but seems to be enough 

good in order to reach convergence. Therefore, these values are considered as fulfilling our 

convergence criteria. 

 

 

 

 

 

 

 

 

       Figure      4.4 Residuals for the different equations in the model 

 

 

4.11 Results  

The goal of this study is to specify the best location(s) for installation of VAWTs in some 
urban area thus we need to firstly decide at which heights we wish to analyze/observe the wind 
speed profile. The best locations will be assigned where the wind flow is faster. Walls of 
buildings generally redirect wind over the roof, thus if a vertical-axis wind turbine is mounted on 
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a rooftop, the wind speed at that location is expected to be higher than at ground level. This 
phenomenon has been studied and the results are shown in this section.  

Wind data for Stockholm city have been used for our simulations and taken from a reliable 

source such as Meteonorm dataset is [23]. These data was found in an hourly basis but only the 

seasonal average speed and direction of wind was used. As it can be seen on Table 1, wind is 

mostly coming from south-west at any time of the year. 

TABLE I.  Wind data for Gamla Stan 

Season of the 

year 

Wind speed 

(m/s) 

Wind 

direction 

Winter 6,22 207,7° 

Spring 5,59 198,9° 

Summer 5,11 191,2° 

Autumn 6,49 207,3° 

 

Once all parameters are set, the simulation can be started. In order to observe the results, 
scalar and vector scenes are created. Residuals and results can be displayed in real time, at each 
step of the calculation.  

The first simulation is realized for the winter case, with wind coming from South-West (207°) 

and with an average value for its seed of 6,22m/s. After 1000 steps, the simulation is stopped and 

the scalar scene at 1,5m height from the ground is shown on Fig. 5. 

It has to be kept in mind that, in order to read the real wind speed values, the scale shown on Fig. 

5 has to be divided by 10 as the geometry has been done at scale 1:10. While increasing the wind 

speed figures, we maintained the Reynolds constant between simulation and reality. 

 

 

 

 

 

 

 

                   

                     

                          Figure 4.5Scalar scene of wind profile in winter at pedestrian level 
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Wind coming from South-West – see dark yellow region –has an almost constant velocity 

corresponding to the inlet one, 6,22m/s, before reaching the buildings. Few meters before 

reaching the first raw of buildings facing S-W face, the flow starts to be influenced by the impact 

wind experiences against buildings, i.e. part of the wind going back. Therefore a decrease in 

wind speed is observed on that region. Moreover, it can also be seen that in the middle of Gamla 

Stan velocities are quite low. In that region, turbulences are created because of flows coming 

from different streets and then mixing together. Hence wind velocity is reduced and the potential 

for a wind turbine installation is lower. The impact of the palace – the big building in the North 

of the island– is also clear: a large blue area shows the shadow that it creates. These few 

observations confirm the validity of our model and allow us to analyze the places with higher 

wind speed. From this scene, the first streets on the South-East of the island have the highest 

wind velocities with around 8m/s – see point 1 on Fig. 4.5 Because of the shape of those streets, 

wind is accelerated by venturi effect. Points 2 and 3 on Fig. 5could also refer to good places for 

VAWTs installation as the wind speed is quite high also. Two larger red parts can be observed 

on the top left corner and bottom right corner of our volume control. These are due to the island 

configuration and the wind going out of the volume control. These areas are not next to buildings 

and a wind turbine cannot be installed consequently on their wall. However, a vertical wind 

turbine mounted on a mast could eventually be considered at these two locations. 

Wind speed distribution has been presented at a height of 1,5m on Fig 4.5, i.e. at pedestrian 

height. This gives a first estimation of the velocity and repartition throughout the island. 

However, as previously mentioned wind can be accelerated by redirection by walls and therefore 

reach more interesting values for our goal at the top of the buildings for example. Thus, another 

scalar scene is created with the same scale in order to compare these velocity values. We focus 

on the results in the part where wind velocities are the highest, and the area for point 1 on Fig. 5 

seems a very interesting area. Those three streets are Järntorgsgatan, Triewaldsgrän and 

Funckensgränd, from East to West. Buildings on that corner of these three streets have a height 

of approximately 12m by average, thus wind profile at a height of 11m is also analyzed in order 

to observe if it is more convenient to install a VAWT near the rooftop or on the ground level. 
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            Figure 4.6 Detailed scalar scene of wind profile in winter at 1,5m (up) and 11m (down) heights 

By zooming in the part where we are interested in, differences between 1,5m and 11m height 

wind profiles can be observed – see Fig. 6. It is clear that wind speed at 11m height is higher in 

the region of point 1 than at the height of 1,5m. Furthermore, it also reveals more potential in 

other streets where wind speed was not that high at ground level. Therefore it is proved that, by 

following the shape of the buildings, wind is accelerated when rising along the walls. As a 

conclusion, the potential for wind power is higher if VAWTs are installed near the top of the 

building, and more precisely, the best location would be in the streets near point 1. 

Because of this observation, one could wonder if putting the turbine on the roof would not be 

more efficient. But the fact is that turbulences appear at the rooftop and thus reduce the useful 

wind speed. The vector scene shown on Fig. 7 shows perfectly the turbulences that occur at the 

top of the roofs and behind certain buildings. This vector scene is taken at 12m height, above 

most of the buildings in Gamla Stan area. 

 

 

 

 

 

 

 

 

 

                  Figure 4.7 Vector scene of wind profile in winter at 12m height 
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The wind speed at the top of the first line of buildings against the direction of wind flow is 

lower than the one in the streets around.  Moreover, roofs in Gamla Stan neighborhood are not 

suitable for putting any kind of wind turbine on it. Turbulences after the castle at the top of the 

scene on Fig. 4.7 can also be clearly observed since eddies are created, slowing down the wind 

and disrupting the flow. 

All previously shown results are based on average wind speed for the winter season. 

However, a VAWT would only be installed if the wind potential is high enough during most part 

of the year. This is why some simulations were run for the summer season wind profile, which is 

the season when average wind speed is the lowest and average direction of the wind differs the 

most from the winter season case. Therefore, wind is coming from South/South-West faces 

(191,2°) and with an average value for its speed of 5,11m/s. A zoomed in vector scene of the 

wind speed profile near the rooftop of our interesting buildings – at 11m height – in summer is 

shown on Fig 4.8 

 

 

 

 

 

 

 

 

Figure4.8 Detailed view of the vector scene of wind profile in summer at 11m height 

 

As it should be expected, wind speeds are much lower in general compared to the winter case. 

However, still the three interesting streets show higher wind speeds near the corner of point 1 

than in the surroundings, just like as they did in the winter case. 

 

4.6 Discussion  

According to the wind direction in Gamla Stan, the place discussed before – point 1 – seems 

once again to be the best location for installation of wind turbine. However, this conclusion may 

be compared with results developed by other researchers so they can be proved.  

1 
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We can compare our results with the Analysis of Wind Mapping in Gamla Stan.In this 

project, one of the aims is to experimentally verify the venturi effect, thus between 100 and 150 

measurements of wind speed in selected 13 different locations on Gamla Stan were carried out 

by the use of anemometers. Even if, unluckily, only one of the measurements was done on any of 

the streets suggested as best locations for VAWT installation on our study, some other streets can 

be compared in addition. 

Only comparisons with views at 1,5m can be done since the focus of the research  is on 
vertical axis wind turbines at the pedestrian level in urban areas. Furthermore, simulation for 
spring season must be carried out because these experimental data were taken on April 2013. 
Table 2 shows the experimental data of just five of the thirteen points measured. The location of 
these points is shown on Fig. 9. It must be pointed out that these points do not correspond to the 
ones previously defined on this section. 

 

 

TABLE II.  Experimental data for Gamla Stan wind speed[15] 

Poin

t 

Wind speed 

inside (m/s) 

Wind speed 

outside (m/s) 

1 6,8 4,5 

2 4,2 - 

3 2,5 2,2 

4 6,5 4,7 

5 6,1 4,36 

 

 

Figure 4.9 Scalar scene of wind profile in spring at 1,5m height 

 

The direct way of comparing our results with the experimental data from anemometers is 
checking our scale on Fig.4.9 and comparing roughly values by guiding ourselves by the colors. 

1 

2 

3 

4 

5 
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On Table II, there are two sets of data because measurements on both the middle of the street and 
outside the street facing the sea were taken. In all cases and according to the experimental data, 
wind speed will be lower outside the street than inside. The lowest wind speed is supposed to be 
point 3 according to the table and as it can be observed this agrees with our simulation results. 
Furthermore, points 1, 4 and 5 all face S-W and all are supposed to have higher wind speeds 
inside the street and lower outside. This is accomplished by profiles in points 1 and 4 but it is not 
that clear for point 5. Point 2 is supposed to be around 4m/s and according to the color on our 
scale it seems reasonable with our simulation. Finally, point 1 on Fig 4.9 is one of the interesting 
streets according to our previous results and, more specifically, it is Funckensgränd street. 
According to experimental data, that street is the one with highest wind speed inside compared to 
the other four points measured, thus it supports our decision of using one of those three streets 
for installation of VAWT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

                                                               Chapter 5 

                                                        Turbine Selection  

5.1 Wind speed data 

For any kind of wind turbine, wind data of 12 months is required to know the energy potential. 

Master thesis time is limited to 6 months, and in these six months, only one month was reserved 

for the practical measurements. So I used the metrological station data of year 2012, it gives the 

data after every three hours in a day, I took the average of different times to the average wind 

speed in a day and then took the average of each day to calculate the monthly average wind 

speed.  

 

 

                                                             Table 5.1  Wind speed data  

 

V1 is the monthly average wind speed from metrological station, but this speed is at the height of 10m, 

we need to know the monthly average wind speed at the height of 2m, because we need to know the 

accelerated wind speed in the passages. Where V2 is the wind speed at 2 m height by using the wind 

shear formula 

 

                                    v = v ref ln (z/z 0 ) / ln(z ref /z 0 )                                             

Months 
V1 from 

metrological station V2 at 2 m height V3=1.5*V2 

January  5.548 4.476698374 6.71504756 

February 5.806 4.684879372 7.027319058 

March 5.561 4.487188114 6.730782171 

April 4.92 3.96996323 5.954944844 

May 4.521 3.648008895 5.472013342 

June 4.107 3.313951013 4.97092652 

July 4.05 3.267957537 4.901936305 

August 3.807 3.071880084 4.607820127 

September 5.317 4.290303759 6.435455638 

October 4.98 4.018377415 6.027566123 

November 6.11 4.930177913 7.39526687 

December 5.42 4.373414777 6.560122166 



36 
 

Where V ref is V1, Z ref is 10m and Z is 2m.Only tricky variable here is Z0. Z0 is the surface roughness 

length that vary according to type of surface. Its value is lowest on ice and sea and highest in urban areas. 

Usually, Z0 is taken as 1 for urban areas, but we are calculating the wind speed on island, and our most 

favorable locations are located on the periphery of island, that are in close contact with sea ,so Z0 cannot 

be takes as 1, it should be very close to the surface length at sea, so I took its value as 0.0024. From the 

wind mapping analysis and CFD simulations in Gamla Stan, we have chosen our most favorable location 

that gives the amplification factor of 1.5.So by multiplying V2 with 1.5, we can get the desired wind 

speed in the passage. Now V3 is the accelerated wind speed in the passage and our further calculations 

will be based on this wind speed. 

5.2 Selection of turbine 

Now we have found out the monthly average wind speeds at the specific location, now we can find the 

energy potential of this specific site by choosing the vertical axis wind turbine. Our study focused to 

know the wind potential at the pedestrian height of 2m, so we needed to choose the wind turbine that has 

been designed to install at 2m height. All the available urban wind turbines have been designed for roof 

tops or in street at the height of 10-20m, so it was hard to find the small vertical axis wind turbine for 

pedestrian height. My project supervisor Prof. Reza Fakhri suggested me Tesnic turbine that has been 

designed for 2m height and then I made the comparative analysis of this turbine with some other turbines 

of same specifications to finalize it.  

5.3 Tesnic wind turbine 

The combination of rotor, stator and the 200 disks inside the rotor makes its very unique in its design. The 

stator outside the rotor neutralizes the turbulence on the rotor and also directs the wind tangentially on to 

the blades. The turbine extracts the energy in several ways. First it extracts the energy via life and drag 

principle by the swirled blades on the periphery of the rotor. Then it extracts the energy by the air 

adhesion of air on to the disks. The two way extraction of energy makes it very efficient vertical axis 

wind turbines for urban areas [1].  

5.4Turbine Specifications 

 

 

 

 

 

 

 

 

                   Fig 5.1 Technical Specifications 
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Tesnic turbine specifications are matching the requirements of the project. Turbine is quite small, 

does not acquire much space. Rotor diameter is only 1m, and height is only 2.8m, these 

specifications make it more suitable for ground level.  

 

5.5 Analysis of ideal prototype 4 KW Tesnic turbine: 

The power curve of 4KW Tesnic turbine 

 

 

 

 

 

 

 

 

 

 

                                                     Fig 5.2   Turbine Power Curve 

According to this graph, and the specifications given, I calculated the Cp of Tesnic turbine; it turned out 

to be more even more than 0.59 which is practically impossible. 

Rated Power=4 KW 

Rated wind speed=14m/s 

Swept area=2.8 m2 

So applying the power extraction formula,  

                                 Cp= P/0.5*ρ*A*V3 =4000/ (0.5*1.23*2.8*14*14*14) = 0.846 which is not 

possible. They claim that their designed turbine will be able to extract the kinetic and heat energy of the 

air, without contradicting the Betz limit.Thier designed turbine will be able to extract some portion of heat 

energy other than the kinetic energy. According to white Tesnic paper, if there is an ideal turbine able to 

extract the 59.3, then the ideal turbine would have the fontal surface area of 100 square meters, then the 

kinetic energy extracted by the ideal turbine will be  
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Ek=0.5*1.23*100*1000*0.593=36.32 KJ 

According to Tesnic, there is the device in turbine, which is able to lower the temperature of incoming air, 

so 50% of air flow exiting the turbine will have temperature of 0.1 degree less than the incoming flow.So 

thermal energy extracted the turbine is  

Et= air density*air volume exhaust/sec* temperature difference*air specific heat 

=1.225(100m
2
*10m/s*1sec*50%)*0.1*1.005KJ/kg=61.55KJ 

Etotal=Ek+Eth=61.55+36.32=97.87 which is 2.69 times more than Betz limit……………… [1] 

 

Tesnic manufacturer has only developed the prototype and has not launched their product in the market, 

and energy production using both the kinetic and thermal energies is still controversial. Due to these 

reasons, I did not calculate the energy production using Tesnic power curve values. Rather I choose the 

Cp value of 0.4 and got the following results. 

 

Months 

V1 from 
metrological 

station 
V2 at 2 m 
height V3=1.5*V2 Hours P=0.5ρAV3  (W) 

Energy 
produced(KWH) 

January  5.548 4.476698374 6.71504756 720 216.9070944 156.1731079 

February 5.806 4.684879372 7.027319058 672 248.5967771 167.0570342 

March 5.561 4.487188114 6.730782171 930 218.4354314 203.1449512 

April 4.92 3.96996323 5.954944844 720 151.2724037 108.9161306 

May 4.521 3.648008895 5.472013342 930 117.3729231 109.1568185 

June 4.107 3.313951013 4.97092652 720 87.99105159 63.35355714 

July 4.05 3.267957537 4.901936305 930 84.37804701 78.47158372 

August 3.807 3.071880084 4.607820127 720 70.0830558 50.45980017 

September 5.317 4.290303759 6.435455638 930 190.9256951 177.5608964 

October 4.98 4.018377415 6.027566123 720 156.8745264 112.949659 

November 6.11 4.930177913 7.39526687 930 289.7263734 269.4455272 

December 5.42 4.373414777 6.560122166 720 202.2377659 145.6111915 

     
                   Total  1642.300 KWH 

                                Table 5.2 Energy Produced using wind potential of 10m Wide Street  

Tesnic manufacturers has only displayed the 4 KW VAWT, however some specifications are available for 

2 KW Tesnic turbine [25].Average available wind speed is 6m/sec, so 2 KW turbine  is compatible for 

this speed range. Using these specifications, I analyzed the energy potential of 2 KW for same conditions. 
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5.6  2 KW Tesnic turbine Energy Potential 

            Rated wind speed=10m/s 

            Rated Power= 2KW 

            Cut in wind speed= 1.8m/s 

            Cut out wind speed= 25m/s 

            Rotor diameter=1.5 m 

            Rotor height= 1.5m  

Months 

V1 from 
metrological 

station 
V2 at 2 m 
height V3=1.5*V2 Hours P=0.5ρAV3  (W) 

Energy 
produced(KWH) 

January  5.548 4.476698374 6.71504756 720 160.8926249 115.84269 

February 5.806 4.684879372 7.027319058 672 184.3987083 123.915932 

March 5.561 4.487188114 6.730782171 930 162.0262816 150.6844418 

April 4.92 3.96996323 5.954944844 720 112.2075522 80.78943757 

May 4.521 3.648008895 5.472013342 930 87.06233307 80.96796976 

June 4.107 3.313951013 4.97092652 720 65.26808772 46.99302316 

July 4.05 3.267957537 4.901936305 930 62.58811179 58.20694397 

August 3.807 3.071880084 4.607820127 720 51.98468425 37.42897266 

September 5.317 4.290303759 6.435455638 930 141.6207079 131.7072584 

October 4.98 4.018377415 6.027566123 720 116.3629729 83.78134048 

November 6.11 4.930177913 7.39526687 930 214.9069253 199.8634405 

December 5.42 4.373414777 6.560122166 720 150.0115297 108.0083014 

     
             Total    1218.189  KWH 

                                    Table 5.3 Energy Produced by 2 KW Tesnic Turbine 

So 2 turbines having the same specifications can generate more power than the single 4 KW turbine. 
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                                                     Chapter 6 

            Final energy use and Economical Feasibility 

  

6.1 Technical potential of various streets. 

The analysis of wind potential in Chapter was the real analysis of street located in Gamlastan, and its 

width is 10m, but when you plan to install wind turbines on the passage centre line, width of the street 

should be more, and amplification factor will reduce ( discussed in the previous chapters). So wind 

potential at the width of 15 m, using the same Tesnic turbine is  

Months 

V1 from 
metrological 

station 
V2 at 2 m 
height V3=1.4*V2 Hours P=0.5ρAV3  (W) 

Energy 
produced(KWH) 

January  5.548 4.476698374 6.267377723 720 130.8116631 94.1843974 

February 5.806 4.684879372 6.558831121 672 149.9229794 100.7482422 

March 5.561 4.487188114 6.282063359 930 131.7333679 122.5120321 

April 4.92 3.96996323 5.557948521 720 91.22889575 65.68480494 

May 4.521 3.648008895 5.107212452 930 70.78490132 65.82995823 

June 4.107 3.313951013 4.639531418 720 53.06537265 38.20706831 

July 4.05 3.267957537 4.575140551 930 50.88645297 47.32440126 

August 3.807 3.071880084 4.300632118 720 42.26547365 30.43114103 

September 5.317 4.290303759 6.006425262 930 115.1428807 107.0828791 

October 4.98 4.018377415 5.625728382 720 94.6074067 68.11733282 

November 6.11 4.930177913 6.902249079 930 174.7272898 162.4963795 

December 5.42 4.373414777 6.122780688 720 121.9649296 87.81474932 

 

 

 
 

 

 
 
 
 

 
                                                  

 
   990.433 KWH 

                                   Table6.1 Energy Produced at the street width of  15m.  

Wind potential is reduced in this case, because amplification factor is reduced to 1.4 for the width of 15m. 

6.2 Final use of urban wind potential 

The best use of wind potential in the streets is for street lights, because they are also located in the 

passage centre line and there are no transmission lines are required. But to calculate the energy 

requirement of street lights, it is necessary to know the wattage of street lights and the lighting hours.   

For the analysis I assumed all the streets lights are LED‟s, because in most of the developed countries all  

Table 6.2 Energy  requirement of single street light  
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the conventional lights are being replaced by energy efficient street lights. The average wattage of 

LEDfor minor roads and streets is 60W [23]. Street lights will remain on for time of sunset to sun rise, so 

I used these lighting hours to calculate the energy consumption of a single LED street light [24] . 

 

  Total Annual energy consumption= 264.6 KWH 

 

Annual energy potential of one wind turbine = (990.433*2) = 1980.86 KWH 

Annual energy consumption of one street light= 264.6 KWH 

1980.86/264.6= 8, So one turbine is enough to power the 5 street lights. Depending on the length of street, 

number of turbines can be decided.  

 

6.3 Economical Analysis of wind turbines 

 Cost of single 2 KW turbine= 2500 US dollars (average price of 2KW turbine, because manufacturer did 

not give any price. 

 Cost of two 2 KW turbines= 5000 US dollars=33333.33 SEK 

 According to manufacturer installation cost is included in this cost. 

 Life of turbine= 25 years [26]. 

Maintenance and insurance cost = 1.5% of capital cost, because turbine is small [27]. 

Period Sunrise Sunset lighting hours Energy use by 
single light 

January  8:47am  2:55pm  18.5 33300 

February 8:01am 4:01pm 16.5 29700 

March 6:48am 5:12pm 14.5 26100 

April  6:17am  7:26pm  11.5 20700 

May  4:52am  8:37pm  9 16200 

June  3:47am  9:44pm  6.5 11700 

July  3:40am  10:02pm  6.5 11700 

August  4:35am  9:13pm  7.5 13500 

September  5:46am  7:50pm  10.5 18900 

October  5:54am  5:21pm  13 23400 

November  7:08am  3:54pm  15.5 27900 

December  8:19am  2:54pm  17.5 31500 
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VAT on unit price of electricity= 25% … [28] 

Unit price of electricity is not the fixed value, and it varies over the year. Following table and graph will 

explain it. 

 

                            

                                                                                        

                                                                                       

 

 

 

 

 

 

                                                                

                                        Table 6.3 Unit price of electricity in past 12 years [29]         

 

 

 

 

 

 

 

 

 

 

                                           Fig  6.2 Trend of change in unit price of electricity                                    

Year  
Unit 
Price(SEK/KWH) 

Unit price with 
tax(SEK/KWh) 

% change in unit 
Price 

2000 0.256 0.32   

2001 0.27 0.3375 5% 

2002 0.352 0.44 30% 

2003 0.758 0.9475 115% 

2004 0.426 0.5325 -44% 

2005 0.356 0.445 -16% 

2006 0.517 0.64625 45% 

2007 0.427 0.53375 -17% 

2008 0.617 0.77125 44% 

2009 0.644 0.805 4% 

2010 0.876 1.095 36% 

2011 0.821 1.02625 -6% 

2012 0.535 0.66875 -35% 

2013 0.563 0.70375 5% 

    Average change in unit price 13% 
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The unit price of electricity varies over the year, so I tried to find the average unit price of electricity from 

the Swedish energy agency website. Table 6.1 shows that price of electricity is varying over the past 12 

years and it is also clear from the graph, that variation trend is not clear and predictable. For financial 

calculations, if I had used the average % change of unit price, which is 12.90% per year, then unit price of 

electricity would be 5 SEK/KWH, which is not realistic.  So for analysis purposes I assumed the unit 

price as 1 SEK/KWH for next 10 years and 1.25 SEK/ KWH for years onward from 10. 

                                                             

 

                                           Table 6.4 Economical Analysis of Tesnic Turbine 

According to this analysis, the payback period of this project is 15 years, which is quite good as compared 

to other urban wind turbines. 

 

 

 

 

 

 

 

 

 

 

 

Year 0 1 2 3 4 5 6 7 8

Investement -33333.33

Maintenance -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 1980.87 1980.87 1980.87 1980.87 1980.87 1980.87 1980.87 1980.87

Cash flow -31382.18 -29431.03 -27479.87 -25528.72 -23577.56 -21626.41 -19675.26 -17724.10

IRR -32951.29 -32447.71 -31811.39 -31030.32 -30091.61 -28981.46 -27685.06 -26186.57

Year 9 10 11 12 13 14 15 16

Investement

Maintenance -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 1980.87 1980.87 2476.08 2476.08 2476.08 2476.08 2476.08 2476.08

Cash flow -15772.95 -13821.80 -11375.43 -8929.05 -6482.68 -4036.31 -1589.94 856.43

IRR -24469.02 -22514.25 -19455.84 -16035.30 -12224.07 -7991.63 -3305.38 1869.47



44 
 

                                                                        Chapter 7 

              Effect of vehicle induced turbulence on technical potential of Wind 

 

 7.1 Velocity generated due to vehicles turbulence 

Moving vehicles generate a lot of turbulence in the atmosphere, and this turbulence has the significant 

velocity, so the wind potential of the street can be increased. To measure this additional potential of the 

wind, I got help from the previous CFD studies on vehicle induced turbulence. In this study, turbulent 

kinetic energy generated by SUV (Sport utility vehicle), PV (Passenger vehicle) and truck was analyzed 

for different speeds.  

                                

Fig7.1   TKE contours along the centre line of vehicle                                                          

It is clear from the graph that wake region is only created behind the vehicle up to some distance. This 

graph also that magnitude of TKE is different for all vehicles.SUV produces two times more TKE than 

the passenger vehicle and truck produces almost 5 times more TKE than the passenger vehicle. It can also  

be noted that TKE magnitude decays with the distance behind the vehicle.  
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Fig 7.2 TKE of passenger vehicle at speeds of 28m/sec, 21m/sec and 14m/sec respectively 

turbulent kinetic energy increases with increase in vehicle speed. Following graph shows that average 

total kinetic energy of the passenger vehicle increases with increase in speed and has the linear 

relationship with speed. The total kinetic energy is calculated at the distance of 3m behind the vehicle, 

because after this distance TKE magnitude is almost negligible. 

                                   Fig 7.3   Relationship between velocity of vehicle and TKE 

                          TKEavg@3m=0.057 (velocity) +0.005     SO,   V = √ 2{0.057(velocity) +.005} 
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On the basis of this equation, I calculated the turbulent velocity generated by the vehicle.  

 

7.2 Measurement of wind potential (vehicle induced turbulence+ wind) 

 

                                          Fig 7.3 Traffic flow on minor road or street on average day in Stockholm 

The average vehicle speed in Sweden is 10- 13m/s or urban streets [30], so at the speed of 13m/sec, 

vehicle will generate turbulent velocity of 1.22 m/sec. Using the traffic flow data of Stockholm [31], I 

calculated the average flow of traffic. In fig The X-axis label shows the time and Y-axis shows the traffic 

flow/h. 

 Average flow of traffic  

=(700+4000+9900+12000+14300+11800+9700+11000+13800+14700+12600+11300+8000+5000+2000

)/15= 9386.667 vehicles /h= 157 vehicles /min  

As previously discussed that total kinetic energy decays after the distance of 3m behind the vehicle, so the 

velocity generated by the vehicles are =157*3/60=7.85m/sec. All of this velocity will not be utilized by 

the turbines, I assumed that only 20% of this potential is used by the turbines which is roughly 2 m/sec, so 

adding this potential to the previous wind potential, annual energy production is increased. 
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Year 0 1 2 3 4 5 6 7 8

Investement -33333.333

Maintenance -71.65 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 4776.91 4776.91 4776.91 4776.91 4776.91 4776.91 4776.91 4776.91

Cash flow -28628.08 -23880.88 -19133.68 -14386.48 -9639.29 -4892.09 -144.89 4602.31

IRR -30059.48 -26328.67 -22149.63 -17486.86 -12302.44 -6555.87 -203.87 6799.70

 

                                                                                       Total Annual energy produced= 2388.415 KWH            

                                      Table 7.1 Combined wind potential of street and vehicles 

Where V4 is the velocity of wind+ velocity generated by the vehicles turbulence which is 2 m/sec.  

 

7.3 Economic Analysis of new wind potential (wind+ vehicle induced turbulent velocity) 

 

  

                       Table 7.2 Economical Analysis of wind turbines using combined wind potential  

 

7.4 Conclusion 

The energy produced by the turbines due to this velocity is 2.4 times higher than the previous case.        

Energy produced by the two 2 KW turbines=2388.415*2= 4776. 9105 KWH .Energy consumption of one 

street light=264.6 KWH, so available wind potential is enough to full fill the energy consumption 

Months 

V1 from 
metrological 

station V2 at 2 m height V3=1.4*V2 V4=V3+2 
Operating 

Hours 
P=0.5ρAV3  

(W) 
Energy 

produced(KWH) 

January  5.548 4.476698374 6.26737772 8.2673777 720 300.2563 216.1846 

February 5.806 4.684879372 6.55883112 8.5588311 672 333.1442 223.8729 

March 5.561 4.487188114 6.28206336 8.2820634 930 301.8593 280.7291 

April 4.92 3.96996323 5.55794852 7.5579485 720 229.4038 165.1708 

May 4.521 3.648008895 5.10721245 7.1072125 930 190.7598 177.4066 

June 4.107 3.313951013 4.63953142 6.6395314 720 155.5253 111.9782 

July 4.05 3.267957537 4.57514055 6.5751406 930 151.0442 140.4711 

August 3.807 3.071880084 4.30063212 6.3006321 720 132.905 95.69158 

September 5.317 4.290303759 6.00642526 8.0064253 930 272.7124 253.6225 

October 4.98 4.018377415 5.62572838 7.6257284 720 235.6312 169.6545 

November 6.11 4.930177913 6.90224908 8.9022491 930 374.8764 348.635 

December 5.42 4.373414777 6.12278069 8.1227807 720 284.7758 205.0386 
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requirement of 18 lights (4776.9105/264.6).Payback time is also reduced to 7years, so if we consider the 

wind potential due to vehicle induced turbulence, then this project is very much profitable. 

 

                                                                    Chapter 8 

                   Comparative Analysis of wind turbines, Street Design and Environmental Effects 

 

8.1  300 KW vertical axis wind turbine  

                                

                                                       Fig 8.1      300 KW   VAWT  

8.1.1 Product Specifications 

Rated Power = 300 W 

Rated Wind speed=13m/s 
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Diameter= 0.5 m 

Height= 1.560m 

              Weight= 28 Kg 

            Starting wind speed= 1m/s 

              Cut in wind speed= 2.5m/s 

             Operating temperature range = -40 
0
C  to 70 

0
C….[33 

8.1.2 Energy Produced using wind potential of street  

 

Months 

V1 from 
metrological 

station 
V2 at 2 m 

height V3=1.4*V2   
Operating 

Hours 
P=0.5ρAV3  

(W) 
Energy 

produced(KWH) 

January  5.548 4.476698374 6.267377723   720 16.80476 12.0994248 

February 5.806 4.684879372 6.558831121   672 19.2599 12.9426509 

March 5.561 4.487188114 6.282063359   930 16.92316 15.7385422 

April 4.92 3.96996323 5.557948521   720 11.71975 8.43821671 

May 4.521 3.648008895 5.107212452   930 9.093402 8.45686387 

June 4.107 3.313951013 4.639531418   720 6.817058 4.90828164 

July 4.05 3.267957537 4.575140551   930 6.537142 6.07954235 

August 3.807 3.071880084 4.300632118   720 5.429646 3.90934499 

September 5.317 4.290303759 6.006425262   930 14.79186 13.7564318 

October 4.98 4.018377415 5.625728382   720 12.15377 8.75071208 

November 6.11 4.930177913 6.902249079   930 22.44639 20.8751425 

December 5.42 4.373414777 6.122780688   720 15.66826 11.2811462 

    
Total Annual energy produced 127.2363 

 

                                 Table 8.1 Energy produced using wind potential of street  
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Year 0 1 2 3 4 5 6 7 8

Investement -86095.933

Maintenance -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45

Income 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02

Cash flow -83965.36 -81834.79 -79704.22 -77573.65 -75443.07 -73312.50 -71181.93 -69051.36

IRR -88163.63 -90222.86 -92267.60 -94291.25 -96286.60 -98245.76 -100160.12 -102020.31

Year 9 10 11 12 13 14 15 16 17

Investement

Maintenance -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45

Income 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02

Cash flow -66920.79 -64790.21 -62659.64 -60529.07 -58398.50 -56267.93 -54137.36 -52006.78 -49876.21

IRR -103816.10 -105536.43 -107169.25 -108701.52 -110119.08 -111406.65 -112547.67 -113524.29 -114317.19

Year 18 19 20 21 22 23 24 25 26

Investement

Maintenance -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45 -32.45

Income 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02 2163.02

Cash flow -47745.64 -45615.07 -43484.50 -41353.92 -39223.35 -37092.78 -34962.21 -32831.64 -30701.07

IRR -114905.58 -115267.01 -115377.31 -115210.49 -114738.53 -113931.36 -112756.62 -111179.58 -109162.94

8.1.3 Economic Analysis   

                        Table 8.2 Economical Analysis of wind turbine using street wind velocity  

          8.1.4 Energy Produced using combined wind potential of street and vehicles 

         

                                 Table 8.3 Energy produced using combined wind potential of street and vehicles  

 

Months 

V1 from 
metrological 

station 
V2 at 2 m 

height V3=1.4*V2 V4=V3+2 
Operating 

Hours 
P=0.5ρAV3  

(W) 

Energy 
produced(KWH) 

January  5.548 4.476698374 6.26737772 8.2673777 720 38.57252 27.77221098 

February 5.806 4.684879372 6.55883112 8.5588311 672 42.79746 28.75989281 

March 5.561 4.487188114 6.28206336 8.2820634 930 38.77843 36.06394341 

April 4.92 3.96996323 5.55794852 7.5579485 720 29.47043 21.2187064 

May 4.521 3.648008895 5.10721245 7.1072125 930 24.506 22.79058434 

June 4.107 3.313951013 4.63953142 6.6395314 720 19.97961 14.38531598 

July 4.05 3.267957537 4.57514055 6.5751406 930 19.40393 18.04565663 

August 3.807 3.071880084 4.30063212 6.3006321 720 17.07367 12.29304533 

September 5.317 4.290303759 6.00642526 8.0064253 930 35.03407 32.58168413 

October 4.98 4.018377415 5.62572838 7.6257284 720 30.27043 21.79471085 

November 6.11 4.930177913 6.90224908 8.9022491 930 48.1586 44.78749691 

December 5.42 4.373414777 6.12278069 8.1227807 720 36.5838 26.34033523 

    
Total Annual energy produced 306.83KWH 
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Year 0 1 2 3 4 5 6 7 8

Investement -35451.267

Maintenance -32.22 -32.22 -32.22 -32.22 -32.22 -32.22 -32.22 -32.22

Income 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84

Cash flow -33335.65 -31220.03 -29104.41 -26988.80 -24873.18 -22757.56 -20641.94 -18526.33

IRR -35002.43 -34420.08 -33692.00 -32805.05 -31745.18 -30497.31 -29045.29 -27371.82

Year 9 10 11 12 13 14 15 16 17

Investement

Maintenance -32.22 -32.22 -32.22 -32.22 -32.22 -32.22 -32.22 -32.22 -32.22

Income 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84 2147.84

Cash flow -16410.71 -14295.09 -12179.47 -10063.86 -7948.24 -5832.62 -3717.00 -1601.39 514.23

IRR -25458.40 -23285.20 -20831.03 -18073.24 -14987.59 -11548.19 -7727.38 -3495.62 1178.63

 

To fulfill the energy requirement of 8 street lights, 7 wind turbine of 300 watt will be required and they 

will acquire more space. 

8.1.5 Economic Analysis  

Price of single turbine= 5064 SEK, 

Price of 7 wind turbines= 35451 SEK, Using the same rate of electricity and same interest rate 

 

Pay back in this case is reduced 

                                 Table 8.4 Economical Analysis of combined wind potential  

 

8.2 Spiral small Scaled Vertical Wind turbine 

 

8.2.1 Product Specifications 

Start up wind speed= 2m/s 

Cut in wind speed= 3m/s 

Rated wind speed= 14m/s 

Height of the blade=2m 

Diameter of the blade= 1.5m 

Rated Power = 900 W                                       

Weight =110 KG…….. [34]                                                            Fig 8.2 Spiral Wound VAWT  
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Year 0 1 2 3 4 5 6 7 8

Investement -40000

Maintenance -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52

Cash flow -37691.19 -35382.38 -33073.57 -30764.76 -28455.95 -26147.14 -23838.33 -21529.52

IRR -39575.75 -39009.07 -38286.79 -37394.76 -36317.80 -35039.67 -33542.92 -31808.90

Year 9 10 11 12 13 14 15 16 17

Investement

Maintenance -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52 2338.52

Cash flow -19220.71 -16911.90 -14603.09 -12294.28 -9985.47 -7676.66 -5367.85 -3059.04 -750.23

IRR -29817.63 -27547.70 -24976.23 -22078.75 -18829.09 -15199.25 -11159.37 -6677.49 -1719.53

 

8.2.2 Energy production of street wind potential  

                     

                          Table 8.5 Energy produced by spiral wound VAWT using street velocity  

 

8.2.3 Economic Analysis  

 

                  Table 8.6 Economical Analysis of spiral wound VAWT based on wind potential of street  

Months 

V1 from 
metrological 

station 
V2 at 2 m 

height V3=1.4*V2 
 

Operating 
Hours 

P=0.5ρAV3  

(W) 

Energy 
produced(KWH) 

January  5.548 4.47669837 6.267377723 
 

720 77.2152178 55.59496 

February 5.806 4.68487937 6.558831121 
 

672 88.4962031 59.46945 

March 5.561 4.48718811 6.282063359 
 

930 77.7592796 72.31613 

April 4.92 3.96996323 5.557948521 
 

720 53.8503899 38.77228 

May 4.521 3.64800889 5.107212452 
 

930 41.7827543 38.85796 

June 4.107 3.31395101 4.639531418 
 

720 31.3233102 22.55278 

July 4.05 3.26795754 4.575140551 
 

930 30.0371424 27.93454 

August 3.807 3.07188008 4.300632118 
 

720 24.9483699 17.96283 

September 5.317 4.29030376 6.006425262 
 

930 67.9662838 63.20864 

October 4.98 4.01837742 5.625728382 
 

720 55.8446498 40.20815 

November 6.11 4.93017791 6.902249079 
 

930 103.137636 95.918 

December 5.42 4.37341478 6.122780688 
 

720 71.9931876 51.8351 

    
Total Annual energy produced 584.6308 KWH 
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Year 0 1 2 3 4 5 6 7 8

Investement -40000

Maintenance -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71 -29.71

Income 5639.41 5639.41 5639.41 5639.41 5639.41 5639.41 5639.41 5639.41

Cash flow -34390.30 -28780.61 -23170.91 -17561.22 -11951.52 -6341.83 -732.13 4877.56

IRR -36109.82 -31730.62 -26823.23 -21345.77 -15253.51 -8498.65 -1030.18 7206.38

 

8.2.4 Combined wind potential of street and vehicles  

 

Months 

V1 from 
metrological 

station 
V2 at 2 m 

height V3=1.4*V2 V4=V3+2 
Operating 

Hours 
P=0.5ρAV3  

(W) 
Energy 

produced(KWH) 

January  5.548 4.47669837 6.267377723 8.267378 720 177.23465 127.6089 

February 5.806 4.68487937 6.558831121 8.558831 672 196.647606 132.1472 

March 5.561 4.48718811 6.282063359 8.282063 930 178.180814 165.7082 

April 4.92 3.96996323 5.557948521 7.557949 720 135.411978 97.49662 

May 4.521 3.64800889 5.107212452 7.107212 930 112.601243 104.7192 

June 4.107 3.31395101 4.639531418 6.639531 720 91.8031499 66.09827 

July 4.05 3.26795754 4.575140551 6.575141 930 89.1580198 82.91696 

August 3.807 3.07188008 4.300632118 6.300632 720 78.4508512 56.48461 

September 5.317 4.29030376 6.006425262 8.006425 930 160.976045 149.7077 

October 4.98 4.01837742 5.625728382 7.625728 720 139.08788 100.1433 

November 6.11 4.93017791 6.902249079 8.902249 930 221.281199 205.7915 

December 5.42 4.37341478 6.122780688 8.122781 720 168.096811 121.0297 

    
Total Annual energy produced 1409.852 KWH 

 

    Table 8.5 Energy produced by spiral wound VAWT using combined street velocity and velocity of vehicles   

 

 

8.2.5 Economic Analysis  

 

     

  Table 8.6 Economical Analysis of spiral wound VAWT based on wind potential of street and vehicles  
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8.3 Comparative Analysis of wind turbines  

This analysis is performed to choose the best turbine that is technically and economically viable, 3 

turbines models are analyzed on the basis of five factors. These five factors will decide the turbine 

selection on the basis of wind potential in the street i.e. accelerated wind potential and combined wind 

potential of passing vehicles and street wind potential. 

                                               Table 8.7 Comparative Analysis of wind turbines  

The factors are the total annual energy produced by the turbines in KWH, payback period, Cost/ KWH, 

number of street lights that can be lightened by the produced energy and number of turbines required. 

Cost/KWH =Annual cost / Annual Energy output  

Annual cost= [Total cost of wind turbine/expected turbine life] + Annual operational cost  

On the basis of these criteria, the most suitable turbine is Tesnic. Using the full wind potential of street 

and passing vehicles, payback time of Tesnic turbine is very less, cost /KWH is also very low, only 2 

turbines are required to light the 18 street lights.  

 

 

Turbine Model Tesnic Helical axis Spiral wound 

Wind potential Street only  Combined 

potential of 

street and  

vehicles  

Street only   Combined 

potential of 

street and  

vehicles 

Street only  Combined 

potential of 

street and  

vehicles 

No of turbines 

required 

2 2 7 17 4 4 

No of street lights 

lightning by the 
turbines  

8 18 8 8 8 21 

Cost /KWH 1.683 

SEK/KWH 

0.348 

SEK/KWH  

1.99 

SEK/KWH  

0.825 

SEK/KWH 

   0.85  

SEK/KWH 

0.35 

SEK/KWH 

Payback period 

(years) 

16  8  More than 

30 years 

17  18 8 

Energy 

Produced(KWH)  

990.433 2388  2163 2147 2338 5639 
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 8.4 Street Design and Environmental Effects                                                  

8.4.1 Design of the street 

On the basis of analysis, I found out that maximum 

amplification factor is located in the passage centre 

line between the parallel buildings. Street lights are 

also located in the middle of the road in most of the 

cases. So according to my recommendation wind 

turbines should be located in the middle of road, so 

they can get maximum speed of wind. One more 

reason to place wind turbine in the centre of road that 

velocity generated by the vehicle induced turbulence 

on both sides of the road will counteract each other 

and will reinforce the effect. On the passage width of 

15-20m, amplification factor of 1.4-1.3 is obtained at 

the passage centre line. So ideal width of the street 

will be 15m.The lane width on each side is 6 m, and 

width of the green belt is 2m, remaining space of 0.5m 

will be left on each side of street.                                                                                                                                                                                                                                                         

                                                                                                                   Fig 8.3 Top view of street                                                 

8.4.2 Environmental effects of wind turbines. 

 

 

 

 

 

 

 

 

 

 

                                                   

                                                           Fig 8.4 Isometric view of street  
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Wind turbines are located on the ground, so environmental impacts will be different from other urban 

wind turbines. 

 

8.4.3 Noise and vibration 

Although urban settings are inherently noisier than rural areas, an additional noise can affect a small 

minority of people. A popular concern with the use of large-scale wind turbines for power generation is 

noise. The majority of large HAWT noise is generated from the gearbox and the aerodynamic noise of the 

blades. With small-scale VAWT‟s, however, a gearbox is not required, and VAWT blade speeds are 

much lower than small HAWTs, so noise is also much lower. In a 2007 test by McMaster University, a 

small VAWT was tested for noise generation, which revealed that the overall noise level of the turbine 

remains below 50 decibel (dB) for all normal operating conditions (the turbine rarely operated at a wind 

speed beyond 15 m/s). When this range is converted to the dBA scale, based upon the average human 

hearing capability, the level drops to 20 dBA. This is because the majority of the turbine noise is 

produced in the infrasound range (frequencies below human perception), which is quieter than a whisper. 

Ultimately, the test determined that the noise level produced by the small VAWT is insignificant and 

poses no threat to the comfort of nearby persons or wildlife [32]. 

8.4.4 Visual Impact and flicker  

Visual impact and flicker are usually associated to the large wind turbines, small urban wind turbines are 

aesthetically compatible with the built up environment so there will be no visual impact for small urban 

wind turbines. Tesnic wind turbines are encased in a box, so drivers will not be able to see the movement 

of rotor. It will not create any flicker. Because of lower height, this turbine will not create any hindrance 

to the birds.   
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                                                                   Chapter 9   

                                           Social Survey on the wind turbines 

This chapter presents the results and analysis of the survey about urban wind turbines, and their 

installation at road centre. The survey can help us to understand the social acceptance of urban wind 

turbines. This survey is based on the sample of 200 people in different areas of Stockholm.  

 

                         Fig9.2 Distribution of peoples in different areas of Stockholm  

The age of peoples range from 18 to 60, you can see the distribution of ages in next graph. 

 

                                                  Fig9.2 Age distribution of people 
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You can see in the graph that age range between 19-25 predominate over others, because we asked mostly 

from young people, as they are learning new technologies and can understand the things well. We asked 8 

questions, each next question depends on the answer of  the previous question. Each question consists of a 

graph and its analysis.  

Q1 Have you ever heard about wind turbines? 

 

                                       Fig 9.4 Knowledge about wind turbine  

It is clear from the graph that almost everyone knows about wind turbine, only a few people had no idea 

about wind turbine. 

Q2. Do you know something about wind turbine? 

 

 

 

 

 

 

 

                            Fig 9.5 Detailed acquaintances about wind turbine 

Yes, 94% 

6%, No

94%

6%
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All the peoples who know about wind turbines know something about wind turbines. This question was 

asked to extract additional information that how many people know really about wind turbines.Below are 

some of the most relevant answers by the peoples. 

1. They produce energy 

2. They are source of electricity. 

3. It‟s the growing business and a good source of energy. 

4. They generate noise. 

5. It‟s the kind of green energy. 

Q3. A complete definition of wind turbines was told to the peoples, that they convert energy in the 

wind in to electrical energy and then asked, you think that wind turbines are  

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 Fig 9.6 Different views about wind turbine  

This was the multiple choice question and most of the peoples gave the positive feedback. Mostly people 

think that they are efficient source of electricity as it is renewable and its good source of energy for the 

future.  
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Q4. Have you ever heard about Urban Wind turbine? 

 

 

 

 

 

 

 

 

 

 

 

                                   Fig 9.7 Knowledge about Urban wind turbines 

Very less people know about urban wind turbines.  As shown in the graph, only 31% peoples know about 

it.  

Q5. Have you ever seen such kind of wind turbines?  
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These pictures were shown to the peoples and same percentage of peoples who know about urban wind 

turbines also saw the urban wind turbines. 

 

 

 

 

 

 

 

 

 

 

 

                Fig 9.8 Percentage distribution about knowledge of urban wind turbines 

Q6. Would it be a problem to have these kinds of turbines in urban areas, in the road centre line on 

the green belt as shown in this figure?  
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                       Fig 9.9 Views about installing the urban wind turbine in the street  

This question is very important from thesis point of view and concludes the social survey about installing 

the urban wind turbines on the passage centre line. Most of the people agreed to install the small vertical 

axis wind turbine on the passage centre line.17% of the peoples say they can create problem for the 

drivers on the road. According to 10% people, small wind turbines can be dangerous for traffic. 9% of 

people say that aesthetic beauty of the road will be enhanced. Although  20% of the people don‟t agree at 

all for installing the urban wind turbines on the road. 

Q7. Do you think that these turbines could help to generate electricity for Street lights on the road? 

 

 

 

 

 

 

 

 

 

 

                                            Fig 9.10 Wind turbines for street lights  
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70% of the people liked the idea of generating electricity for street lights from nearby source of energy, 

but 30% of the people did not like the idea due to the following reasons.  

1) Wind energy is very unstable energy; electric energy generated by the wind turbines is not 

constant. 

2) Yes but street lights would need another source of energy, like solar photovoltaic‟s in case of 

wind is not blowing. 

3) There is not much wind in urban areas, and wind turbines are small, so energy generated by wind 

turbines will not be enough for the whole street. 

4) It is very odd to put the wind turbines in the street centre; they can create the problems for 

pedestrians. 

 

Q8. Do you know about problems that may appear from these wind turbines? Like shadows, noise 

and vibrations. 

 

                                Fig 9.11 Environmental effects of wind turbines  
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Conclusion: 

This project work showed that accelerated wind speed in the passages can be utilized to install the wind 

turbine at Pedestrian level. The selected site for practical measurement, Gamlastan, gave very good 

results and speed amplification was observed in most of the places. The choice of turbine and the place to 

install this turbine very tricky. The amplification of wind speed is obtained at height of 2m, and in the 

passage centre line, so after doing comparative analysis based on technical and economic feasibility, I 

choose the wind turbine that could be installed at the height of 2m and in the passage centre line. The 

passing vehicles also generate velocity due to turbulence, so I calculated that velocity and then calculated 

the combined wind potential of street and passing vehicles. The energy potential of the wind turbines is 

enough to light up the whole street. Then I proposed the design of street using Solid Edge. The social 

survey for this project showed that most of the peoples like the idea, and some people think that these 

turbines can create troubles for traffic. Environmental effects of these turbines are very less, as they are 

compact, small and not installed at height, and they will make very less noise. This feasibility study gave 

satisfactory results to convince all the stake holders for urban wind turbines at the pedestrian level.   
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