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ABSTRACT

This project is a part of the master thesis for the course Energy smart innovation in the built
environment at Halmstad University. This project is done to check the feasibility of VAWT on
replacing traditional horizontal axis windmills, costly offshore windmills, and other
renewables. As Micro VAWT are smaller, they can be placed where traditional windmills will
not be. To stress the point, these can be placed in places like traffic islands and open garden
areas. Lots of such projects are currently ongoing in different parts of the world. Sweden is
lagging in this technology diffusion. We concluded that VAWM couldn't alone be used to
replace traditional HAWTS or be enough to reach the full renewable target. They can be used
in conjunction with HAWT to boost production and efficiency, and we also found other similar
uses for VAWM. A business model is suggested so as for the optimal diffusion of VAWT. Our
proposal of a micro VAWT of 1.8 million numbers was able to produce 1.41TWh.We found
that it was not possible to achieve with VAWT alone.

Keywords - Vertical axis windmills, Feasibility, VAWT in Sweden, Business Model,
Renewable energy.
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1. INTRODUCTION

Due to technical and economic development around the world, the significance of energy
demand is increasing day by day. The global energy demand is set to descent by 5% in 2020,
energy-related CO2 emissions by 7%, and energy investment by 18%. This impact may vary
depending on fuel. The estimated falls of 8% in oil demand and 7% in coal use stand in a slight
rise in the contribution of renewables(IEA et al., 2020). According to the world energy outlook
2019, the current stated policy scenario shows energy demand rises by 1.3% per year to
2040(1EA et al., 2019). Industries from different energy sectors are producing contaminated
gas to pollute the environment. In the 21st century, dangerous atmospheric deviation and the
related changes in the world climate pattern are acknowledged worldwide as the gravest threat
to human beings (Zhang et al., 2008).

Sweden uses domestic renewable such as water, wind, sun, and biofuels. But Sweden also
imports energy from nuclear and fossil fuels. Swedish energy policies target 2040, 100 percent
renewable energy production. To reach this target, we need new renewable sources and a huge
amount of capital. Finding capital might be a big challenge for 2040 goals. The existing
horizontal axis windmills are very large, expensive, and cause noise pollution. So, they need
very specialized areas for their erection. We concure that it will be very hard to achieve the
2040 target with horizontal windmills alone. This is where micro vertical axis windmills come
into play. They are small, compact, cause significantly less noise pollution, and can also be
placed in urban areas with low visual impacts. In this project, we are taking a sample urban
area (where a typical horizontal axis turbine might not be possible) and installing mini vertical
axis windmills with a business model like BOT (built-operate-transfer) OR public
investments/business models. We are also analyzing how this works, scales country-wise to
achieve the 2040 target.

Wind power in Sweden drives the transition to a sustainable energy system in Europe. As in
many other countries, wind power expansion is expected in Sweden during the coming years.
This expansion is happening by increasing the prices of electricity and the need for increased
production of renewable energy (Bergstrom et al., 2012). Wind power is an excellent
contributor to renewable power generation in current climate change while ensuring energy
supply. When wind generation is established in areas with good wind conditions, it is
economically competitive and creates new jobs. At the same time, wind power is a popular
energy source for the public. Wind power and wind energy contribute to a better climate.

Before the construction of a wind firm, we need to analyze the environmental impact of wind
energy. When matched to other renewable energy sources, wind turbine does not produce any
harmful product during the working time. The only consideration is about the noise produced
by the rotor blades, visual impact, and death of birds and bats that fly into the rotor(Liu &
Barlow, 2016). Turbulence is another factor when considering the working of a Vertical axis
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wind turbine during power generation. Turbulence affects power output and causes random
fluctuating loads. Turbulence needs to be addressed during turbine design, structural excitation,
maximum load, and fatigue prediction, and also in power control routines (Mollerstrom, 2016,
n.d.). When associated to other renewable energy sources, wind energy is the most nature
friendly energy source(Vladimir, 2008).

Through the EU. burden-sharing agreement, Sweden has a renewable energy goal of 50% by
2020. In 2016 new target was announced, which is 100% renewable electricity production
2040. In 2012 the country already reached the 50% target. At the end of the year 2017, the
country's total installed capacity was 6691 MW from 3437 wind turbines. The Swedish energy
agency estimates that the country will need to install an additional 2.5 to 6 TWh of renewable
power capacity per year between 2030 and 2040 to reach that goal which can achieve by the
addition of wind power (FARM et al., 2017).

Aim of paper - Feasibility study of micro VAWTSs in fore-filling renewable energy target in
Sweden for 2040 and proposal of a business model for the successful implementation and
dissolution of the technology.

The windmill is a structure that converts wind power into rotational energy by using vanes-like
blades. Due to this simple operation, windmills have commonly been made all around the world
over the last one thousand years. When the usage of steam and electricity-powered machines
increased, the popularity of windmills drastically reduced, but now it is still used actively all
over the world. There are two methods, one for electricity production and the other windpump
windmills that are usually placed in remote areas for agriculture or accessing water from deep
underground sources.

History of Windmills

The first Windmills were placed in Iran and Afghanistan in the period from the 7th to 10th
century. These were mainly used to pump water or to grind wheat. They had a vertical axis and
used the drag component of wind power: This is one of the reasons for low efficiency. The first
windmills built in Europe and inspired by the Middle East ones had the same problem, but they
used a horizontal axis. So, they replace the drag with the lift force (Pane, 2018). Horizontal
axis windmills were used throughout Europe till the twelfth century. They were mainly used
as grinds mill. During the following centuries, many modify were made until the invention of
mills driven by steam engines. During the 1800s in America, small multi-bladed wind turbines
became widespread for pumping water irrigation. They had a high number of steel-made blades
and characterized a huge economic potential because of their great quantity: about 8 million
were built all over the country. The first attempt to generate electricity was made at the end of
the 19th century, and they developed more and more frequent in the first half of the following
century (Bennui et al., 2007). Almost all those models had a horizontal axis, but in the same
period (1931), Georges Jean Marie Darrieus designed one of the most well-known and common
types of VAWT, which still bears his name (Pane, 2018). The recent advances led to the
realization of a great diversity of types and models, both with vertical and horizontal axis, with
rated power from the few kW to the 6 M.W and more for the modern erections. In the electricity

2



generation market, the HAWT type currently has a large predominance (D'Ambrosio &
Medaglia, 2010).

Modern windmills as we know them today started first seeing in around the 81 and 9" centuries
in western Asia and the middle east (History of Windmills - Ancient Windmills, n.d.).The
popularity increased when arrived in India, China, Europe, where they went through several
cycles of transformation with incredible innovation (History of Windmills - Ancient Windmills,
2020.). Among the European countries, England and Netherland firstly adopted windmills and
their usefulness. Netherland has so many windmills, and the country has a strong landmass area
to the foundation of the windmill-based industry. Immigrants in North America have brought
knowledge of making windmills which are mostly used in the creation of wind pumps.



2. LITERATURE REVIEW

In the article "Numerical study of the aerodynamic performance of a 500W Darrieus-type
vertical axis wind turbine” Young-Tae Lee studied characteristics and performance of a
Darrieus-type vertical axis wind turbine with NACA airfoil blades. To calculate the optimum
shape of Darrieus-type wind turbine with various types of design parameters, aerodynamic
characteristics, vicinity of the blades, the flow, and the blade, and torque, performance
characteristics also examined and studied in this work(Lee & Lim, 2015).

"A review on combined vertical axis wind turbine™ by Parth Rathod, analyzed the increased
efficiency is achieved based on the characteristics such as tip speed ratio, velocity, and other
geometric parameters. The experiment is conducted to increase the efficiency of the wind
turbine and efficiency. The experiment result indicated that the efficiency, and power
production depending upon the wind speed and climatic conditions(Cm et al., 2017).

In the article "Design, Development, and Testing of a Combined Savonius and Darrieus vertical
axis wind turbine,” the authors show that a vertical axis windmill is more efficient than a
horizontal axis wind turbine. In this, they are discussing the self-starting capability of each
turbine(Abid, 2015).

Altab Hossain published a literature™ Design and development of a 1/3 scale vertical axis wind
turbine for electrical power generation”. In this literature, electric power is produced from wind
turbines by wind power and belt power transmission system. The blade and drag device is
designed in the ratio of 1: 3 to the wind turbine (Hossain et al., 2007).

Niranjana S.J experimented with vertical axis wind turbine in the literature "Power generation
by vertical axis wind turbine.” In this paper, the power is generated from the windmill, which
is fixing on road highways. The power is generated when the vehicles passed through the
highways at high speed, and the turbine will rotate. Vertical axis turbine can capture air from
all directions and generate 1kW from 25m/s wind speed. The efficiency can be increased by
changing the size and shape of the wind turbine.

In the article” Noise emission of a 200kW vertical axis wind turbine™ the authors explained
noise emission in the vertical axis wind turbine. The noise emission from a wind turbine was
measured at different wind speeds. When compared with horizontal axis wind turbine indicates
a noise emission at the absolute bottom of the range. From the analysis inflow turbulence is the
major factor(Mollerstrém, Ottermo, Hylander, et al., 2016).

Erik Mollerstrom published an article,” Turbulence influence on wind energy extraction for a
medium-size vertical axis wind turbine.” In this article, the relation between power
performance and turbulence intensity for a VAWT H-rotor is studied. They took two
approaches, one that can be compared to power curves consistent with the International
Electrotechnical Commission standard and the other one isolating the effect of turbulence from
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the cubic variation of power with wind speed. From the approaches, the turbine shows slightly
high efficiency at higher turbulence. Finally, the article proposed that H-rotor is suited for wind
areas with high turbulence.

Noise and turbulence are the major factors of wind turbines for installation and power
generation. Noise is considered as one of the disadvantages with wind turbines, and noise levels
from the different sensitive areas are regulated by national legislation(Méllerstrom, Ottermo,
Hylander, et al., 2016). In Sweden, the recommendation for wind turbines is set by the Swedish
Environmental Protection Agency. The noise range is 40dBA for dwellings which are further
lowered to 35dBA(Médllerstrom, Ottermo, Hylander, et al., 2016). Noise means unwanted
sound. The sound producing from the wind turbine is also an unwanted sound, therefore it is
referred to as noise. Turbulence is a factor that causes or affects power output and random
fluctuating loads which make stress on turbine and turbine structure. Excessive turbulence will
reduce the lifetime of a wind turbine.

The shortage of oil resources and other environmental concerns create an interest in developing
alternative energy resources like wind energy for electricity production. The share of U.S.
electricity generation from wind energy increased from 1% in 1990 to 8.4% in 2020 (History
of Wind Power - U.S. Energy Information Administration (EIA), n.d.). In Europe, the incentives
help to improve more usage of wind power. China the most populated country which invested
more in wind energy generation, which makes it the world's large wind electricity generator.
According to U.S. Energy Information Administration in 1990, 16 countries generated a total
of about 3.6 billion kWh of wind electricity, and in 2019, 127 countries generated a total of
about 1.42 trillion kWh of wind electricity generation (History of Wind Power - U.S. Energy
Information Administration (EIA), 2021.).



3. VERTICAL AXIS WIND TURBINES

Vertical Axis wind turbines are adept in catching the wind from all direction and they do not
require yaw mechanisms, rudders or downwind coning Vertical Axis wind turbines are capable
of catching the wind from all direction and it does not need yaw mechanisms, rudders or
downwind coning(Ragheb, 2011). Its electrical generators are close to the ground and hence it
is easily accessible. There have been two distinct vertical axis wind turbines: Darrieus Turbine
and Savonius Turbine type. Newly vertical axis wind turbines are introducing as a helical type
which is particularly using in an urban area where it is safe due to low rotational speed that will
avoid the risk of blade ejection. Therefore, they can catch the wind in all direction (Li, 2019).

Horizontal axis wind turbines are more efficient than when compared vertical axis wind
turbines. Therefore, they have become dominant in the wind power market. However, small
vertical axis wind turbines are more useful in urban areas as they have low noise levels and
reduced risk due to lower rotational speed. In the future, the economic development and usage
of horizontal axis wind turbines are limited due to the high-stress load on the larger blades.
Vertical axis wind turbines with a rated power output of 10 M.W. could be developed.

3.1. Different types of vertical axis windmills

3.1.1. Darrieus-Type

There was a golden expansion period of VAWT in the 20 ~ the 30s of the 20th century. At that
period, some archetypal VAWTSs were proposed and investigated, mainly includes Savonius
rotor, Madaras rotor, Darrieus VAWT, and so on. The Darrieus VAWT is the most significant
one. The Darrieus VAWT was invented in 1931 by a French engineer called George Jeans
Marie Darrieus. In the patent he recommended, there were two kinds of rotors included both
the "curved blade"” and "straight-bladed.” Usually, the wind turbine with a curved blade is just
called Darrieus VAWT (Li, 2019). The turbine rotor with a straight blade is called straight-
bladed Darrieus-type VAWT, or straight-bladed VAWT simply. The Darrieus VAWT is a lift-
type wind turbine. The rotor consists of two or more aerofoil-shaped blades which are attached
to a rotating vertical shaft. The Troposkien curve is frequently selected for the curved blade
shape, which can minimize the bending stress in the blades. Darrieus VAWT was commercially
installed in the USA and Canada in the past (Tasneem et al., 2020).



Figure 1 DariuusTurbine "Photo by and used with permission from Erik Mdllerstorm"(Mdllerstrom et al., 2019)

Advantages;

These turbines are eggbeater shaped which comprises high efficiency, but they are not
consistent.

The rotor receives wind from each direction.

Easily arranged in the building.

Scalability.

Very easy to operate.

Portable from one place to another.

Comprises low-speed blades so that it reduces the risk of birds and people.

It works in severe weather conditions through uneven winds as well as mountain
conditions.

Disadvantages;

It is difficult to start as a Savonius turbine.
Low efficiency.

Self-starting mechanism.

Rotation efficiency is low.



e Wind speed is less available.
e The component wears down.
Applications;
e Itis used to produce electricity from wind energy.
e Itisalso used for water pumping, heating, and cooling.

3.1.2. Savonius-Type

Sovonius turbine is a vertical axis machine that uses a rotor that was introduced by Finnish
engineer S.J. Savonius in 1922(Mane et al., 2015). Its first model was two cups or half drums
fixed to a central shaft in opposite directions. Each cup and drum catch the wind and rotate the
shaft, bringing the opposite cup and drum in the wind direction and the process repeats,
completing the full rotation.

Savonius is a drag-type vertical axis wind turbine. Therefore it cannot rotate faster than the
wind speed. The tip speed ratio equal to one or smaller, making this turbine not possible to
produce electricity generation. The swept area of the Savonius rotor is nearby the ground,
producing overall energy production is less effective due to inferior wind speed at lower
heights. The main advantages of this type of model are(Castellani et al., 2019).

pal
Figure 2 Savonius type turbine

Advantages;
e Cheap initial and maintenance costs.



e Constructive simplicity.

e Low vision impact for urban application.

e Startup with low wind speed independent of the wind direction.
e High torque.

e Provides minimal noise.

e Integration is also simple.

e The blades in the turbine need to mechanism to alter the angle.

Disadvantages;
e The gear used for the installation is not desired.
e These are not suitable in sites where those are a high range of turbulent winds.

Applications;
e Used for electric power generation (Bhutta et al., 2012).

In spite of this, the efficiency of the Savonius turbine is lower than when compared to other
turbines. Therefore, Savonius type generators are mostly limited in very small-scale
applications and developing countries (Pane, 2018).

3.1.3. Giromill or H-Rotor

The straight-bladed wind turbine which is named Giromill or H-rotor, is a type of vertical axis
wind turbine discovered by Georges Darrius in 1927. In these, the "eggbeater” shaped blades
are replaced by a straight vertical blade section compared to the common Darrius type attached
to the central tower with horizontal support.

The generator is located on the lowest side and it can be heavier and bigger than the common
HAWT and the tower can be in a light structure. Giromill is less efficient and needs to start
with a motor. But it is cheaper and easier to build compared to the Darrieus turbine. This turbine
will work in turbulent conditions, so it is a more suitable option where HAWT is unsuitable.



Figure 3 H rotor Turbine "Photo by and used with permission from Erik Mollerstrom"(Méllerstrom, 2017)

Advantages;
e Giromill turbine blade design is much simpler.
e The turbine generator is on the bottom side, so the tower can have a light structure.
e Cheaper and easier to build.
e Work in turbulent wind conditions.

Disadvantages:

o Less efficient than common Darrieus.
e Requires motors to start.

Application:
¢ Electricity production.
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4. WIND/RENEWABLES POWER IN SWEDEN

4.1.Power generations and usage

The energy supplied within the Swedish energy system has been about the same since the mid-
1980 s between 550 to 600 TWh per year. In 2016 the total energy supplied was around 564
TWh. The target for Sweden was 50 percent renewables by 2020. Sweden has already achieved
this target. Now the target is to achieve 100 percent by 2040.

=== RENEWABLE ENERGY IN SWEDEN

Renewable share of total energy consumption

Figure 4 Renewable energy contribution in Sweden (source Energy in Sweden 2018, by the
Swedish Energy Agency).

(Green —renewables, yellow- non-renewables

The Swedish Energy Agency is accountable for the official energy statistics in Sweden.
According to them, in 2016 the total energy requirement was 564 TWh of this 142 TWh was
for industrial uses, 375 for the residential sector, and the rest 87 for the transportation sector.
Currently in the transportation sector is mainly run by fossil fuels by 2040 it is going to change,
and electricity will be the main energy provider. Currently, around only 2 TWh of energy is
used as electricity for transportation.
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Final energy use in the transport sector, domestic,
1970-2016, TWh

Biofuels \

100

Electricity\ Natural gas
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Sources: Swedish Energy Agency, SCB (Statistics Sweden), Swedish Transport Agency.
Figure 5 Renewable contributions in transport and domestic sectors

2005
2010
2015

Of the electricity generation in Sweden, 178 TWh is from Nuclear power, 62 from Hydropower,
and 15 TWh from Wind. This doesn't include additional support production from CHP plants
is very insignificant. In 2016 electricity generation consist of 41 percent by hydro and around
40 percent from nuclear and 10 percent from wind. The remaining 9 percent from CHP plants.
So, to be 100 percent renewable, we need an additional 190 TWh.

4.2.Role of renewables in Sweden

Renewable energy provides fuel diversification and reliable power supply in different areas.
Renewable energy enhances security in supply and reduces the risk of a fuel spill. And it also
reduces the need for imported fuels. According to the Swedish website, Sweden uses 54.5% of
renewable energy (Quick Fact, 2021.).
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Figure 6 Role of renewables
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Figure 7 Solar and wind in Swedish renewable growth (source ‘Energy in Sweden 2020, by
the Swedish Energy Agency)
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Most of Sweden's electric supply coming from hydro and nuclear, along with the growing trend
of wind power. Hydropower and bioenergy are the most used renewable source in Sweden.
Hydropower for the production of electricity and bioenergy for district heating purposes.
Sweden's greenhouse gas emission is mostly coming from transportation which remains reliant
on oil (Gray, 2018).

4.3.Electric grid system in Sweden

Swedish electric grid system is a complex network and consists of many linked grids for the
transportation of electricity from the generator to end-users. The Swedish national grid for
electricity consists of 15,000km of power lines, about 160 substations and switching stations,
and 16 overseas connections. There are three different parts, the main power grid (220-400kV),
regional power grids (70-130kV), and local distribution grids (>20kV). The main grid is owned
by Svenska kraft and is used for the transportation of electricity for long-distance. The regional
grids are used to transport electricity from the main grid to the local distribution grids and other
industries. The third part, local distribution grids, is used to distribute the electricity to buildings
and industries.

In Sweden, there is a system that divides the grid market into two halves. The law distinguishes
between the company generating the electricity and the company delivering it. The companies
handle these two. The system aims to enable the customer to choose which supplier to buy the
electricity from. An electricity-using customer has, therefore, two suppliers, one for
trading/selling the electricity and another one for transporting the electricity called Grid
Company. The price of electricity is divided into three parts. The first one paying for the grid
owner for using the grid network, the second one is electricity usage price, the third one is a
value-added tax. These three parts are the same money-wise. According to Svenska Kraftnat,
The only price change depends on electricity usage, which is one-third of the total price.

As a private person who can invest in a small-scale wind turbine and happens to generate more
energy than needed for household purposes, it is possible to sell the excess amount of electricity
to the grid company. But they need an "input™ subscription from the grid owner.

4.4.Current Energy policies in Sweden

Swedish energy policies are stem from the energy policies from European Union. According
to the Swedish energy agency, Swedish energy policies are aimed at ecological sustainability,
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competitiveness, and security of the supply system. Swedish energy policies are within the
E.U. lawmaking.

Some policies and targets by 2020 are given below.
e Reduce energy use by 20% through better energy efficiency.
e Part of renewable energy shall be at least 20% of final use.
e Share of renewable energy in the transportation sector at least 10%
E.U. target by 2030.
e Reduce energy efficiency by 32.5% through increased energy efficiency.
e At least 32% of energy production from a renewable energy source.
e 14% of energy consumption by the transport sector provided from renewable energy.

Swedish Energy targets:

e Energy efficiency shall be 20% more efficient when compared to 2008 to 2020.

e The share of renewable energy intend to be at least 50% of total energy consumption
by 2020.

e The portion of renewable energy in the transport segment shall be at least 10% by 2020.

e 50% more efficient energy consumption by 2030 when compared to 2005.

e 100% of electricity production from renewable energy sources by 2040. This date is
not a definite time for the restriction of nuclear power.

Swedish energy agency and together with Swedish environmental protection agency initiated
a project to form a strategy for sustainable wind power build-out. The Swedish energy agency
presented a proposal for a stopping rule for the green certificate system in 2030 that means
green certificates would become worthless, threatening the profitability of renewable energy
electricity projects in Sweden.

Wind power generation is a high capital-intensive industry. In Sweden, wind power
development supports the national renewable target of 100% renewable electricity production
by the year 2040. On behalf of the Swedish government, Swedish Energy Agency distributes
wind energy premium worth 70 million SEK to municipalities per annum. This action aims to
incentivize the Swedish municipalities and to assist the transition to new renewable energy
systems (Agreement on Swedish Energy Policy - Government.Se, 2016.).

Swedish energy agency identified some points to tackle when planning for wind power.

e Good planning for wind power is required for targeting a 100% renewable energy

system.

It is important that policymakers and authorities aid in creating a suitable environment for the
sustainable production of energy from wind power.

e Work with wind power in the comprehensive municipal plan.
When integrating with a comprehensive plan to get a better understanding of how to use land
and wind suitably.

e How is national-level interest in a comprehensive plan?

15



e How is the public interest being met?
e What criteria are used when planning a land area.
e Avoid height limitations.
e Avoid guidelines that require other agencies' approval.
e Choose an area with good wind conditions.
(Cruciani, 2016).(Brokking, n.d.)
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5. IMPLEMENTATION OF WIND POWER

How the landscape is conceived affects the way they are treated. Today concepts as sustainable
development steer the theoretical discussion towards a holistic approach towards planning and
management (Seger, 2014). The Swedish landscape view is changing year by year. At the
beginning of the 1900 century when electricity came the landscape view changed dramatically.

w
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Figure 8 Typical HAWT placement(Wind Power, 2017). Credits: Per Pixel
Petersson/imagebank.sweden.se

Wind turbines can have significant landscape and visual impacts. As more wind energy
development is proposed, granted consent, and then constructed, careful consideration of the
cumulative effects is vital. Energy supply is the fundamental requirement for modern societies.
When thinking about climate change, we need to generate as much power as we can via
renewable energy technologies(Landscape and energy, 2020).
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5.1.Noises, shadows, and landscape view

In numerous studies, it is recognized that aesthetic perceptions have the most substantial
influence on an individual's attitude towards wind power projects (Moller, 2010). The visual
impact of turbines was viewed by society as a positive addition to the landscape. In the
landscape issue, the concern originates from the turbine height. Very large turbines led to
higher visibility on a regional level, while the removal of many small turbines, which they
replaced, did not impact the visual quality to a measurable extent. Distance from turbines also
plays an essential role. So many studies are already done about turbine heights that are more
likely to be accepted if it is far from the residential areas. The movement of the turbine makes
a visual impact and shadows of blades affecting the vicinity (Rudolph et al., 2017).

Noise impact is another commonly mentioned social factor in wind turbine placement
(Saunders, 2020). There are two types of sounds from the turbine: mechanical aerodynamically.
In aerodynamic aspects, producing noise of low-frequency sound levels rather than absolute
volume, which is the most prominent issue. Noise involves both technical and social concerns;
level of sound and how individuals perceive the sound from the turbine and its source(Butler
& Warnbéck, 2019).

5.2.Impact on tourism

The socio-economic effects of wind turbines also affect tourism development. The impact of a
wind farm on tourism has negative and positive. There is limited evidence for negative impacts
when linking with wind farms and tourism (de Sousa & Kastenholz, 2015). According to tourist
perceptions, most tourists perceive wind turbines neutrally or positively (Frantdl & Kunc,
2011). Similar findings can be seen in Iceland, where tourists are more interested than locals
(Frantél et al., 2017). From an earlier study in Sweden by Devlin 2005, visitors like landscapes
unaffected by modern changes.
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6. LIMITATIONS IN THE PROJECT PLACEMENTS

It is important to look at the current Swedish rules and regulations when considering
placements of windmills.

1. Swedish right of public access to nature

¢ Right to walk, collect mushrooms, rise a tent overnight on anyone's property.

e Should respect people living on any one property and shall not go nearer the houses
than ca. 150m.

e The coastal strip protection originates from the same kind of position. That indicates
access should be generally possible.

e No restriction for outdoor activities like boating, walking, cycling, and kayaking.

2. Protection of species in the coastal zone.

e The legislation was introduced to protect animals and plants in the coastal strip.

e Beaches and shallow waters are important for migrating birds and the reproduction of
marine species.

e For sustainable tourism, ecologically sound wildlife is also very important.

3. Coastal strip protection.
e First coastal strip protection was introduced in1950.

This legislation guarantees public access to the coast. Since 195, a coastal strip of 100m land
and seaward is protected. In some areas, it is restricted to a 300m land area. In this area,
development is prohibited, like the construction of new buildings and new fences or piers. In
1994, coastal legislation introduced the protection of animals and plants along with the shore.
Made some exemption in the case of construction that indicates they can make buildings
necessary for fisheries, agriculture, and forestry, etc.
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Figure 9 Coéstal strip protection(naturskyddsforeningen, 2019.)

In the protected coastal zone, new buildings are forbidden, but building permission possible if
the exceptional reason and aim of this legislation are not at risk. The exemption is granted by
County Administrative Boards but has often transferred responsibility in the zone to
municipalities. But in the 300m zone, County Administrative Boards have the responsibility
authority. In an exceptional case, the municipality disregards the coastal strip protection. The
County Administrative Boards can withdraw the transferred competence from the
municipality.
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Figure 10 Coastal strip exemptions(naturskyddsforeningen, n.d.)

e Legal reasons for exemption

The pressure on the coastal strips is very high, mainly for summer cottages and private building
houses. Building permission close to the coastal strips is rather a rule than an exemption. For
one year, County Administrative Boards grands 4-5000 exemptions. About 30% of
applications are extraordinary reasons. But most of them are granted. These cases can appeal
by Swedish Environmental Protection Agency and Environmental NGOs. Resources are
lacking to control exemptions, so illegal decisions are seldom discovered and stopped.
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/. METHODOLOGY

Many of the green energy sources has long been around and many cannot be perceived as
established like wind energy. Here we are using wind energy for the production of electricity
to meet sustainability in the future.

7.1.Data sources

The data used in this project is taken from Photovoltaic Geographical Information System

(PVGIS). It provides open and free web access for data collection around the world, especially

in Europe. We can collect different timing data according to our requirements. Here we are
using PVGIS 2016 wind speed data for calculating the wind energy production. We took the
data about hub height 10m. Then the collected data sorted according to our requirements.

m PHOTOVOLTAIC GEOGRAPHICAL INFORMATION SYSTEM

European Commission > EU Saence Hub > PVGIS > Interactive tools

-~ Cursor: Use terrain shadows:
: 4 Selected: Select location! ¥ “-@Culated honzo son |
Elevation Jpload horizon file File | No file chosen
(m)
Solar radiation database” v
PV technology” Crystalline silicon v

Installed peak PV power [kWp]" 1

Fixed mounting options

| System loss (%]’ 14
DAILY DATA

Mounting position * Free-standing v
Slope [T 35 Optimize slope
Azimuth [T 0 Optimize slope and
azimuth
PV electricity price
m PV system cost (your curren
I
(T i -
Address Eq.lst m Lat/Lon 6 m [ E

Last update: 15/10/2019 Top

Figure 11 Photovoltaic Geographical Information System (source: https://ec.europa.eu/jrc/en/pvgis)
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For calculating the total wind energy in the coastal side of Sweden, we are using MATLAB
(Matrix Laboratory) software. By using this software, programming helps to get an appropriate
result in total wind energy generated by using wind data. For the west coast, meteorological
data from Halmstad was taken and for the Eastside, Sundsvall was selected. The wind speed
for 10 m was taken for calculation because it was the lowest available wind data height

The Mural is an app that is using for Business Model Canvas. Mural Building at the frontier of
visualization and collaboration. Today Mural providing a platform for product strategy and
planning. When we have the space to make ideas visual, the methods to bring clarity to the
imagination, and the freedom to share our vision at anytime from anywhere, we speed up an
innovation. In this project for creating Business Model, we are using this technology for
collaboration.

7.2. Turbine model

After extensive searches, we have selected the turbine design from ice wind. One of the main
reasons for selecting this turbine is that they are field-tested and there currently live projects
with this same model of a turbine in Iceland. The turbine uses a combination of both Darrius
and Savonius designs. They use both lift and drag from the wind to produce motion. The drag
is provided by the inner section of the turbine and lift is provided by the outer vanes of the
blade. This helps the blades to last longer and reduces fatigue in the material. As this is a fixed
angle blade design, this configuration minimizes torque variations which are typical of helical
designs. It avoids the manufacturing complexities, also making the structural design simpler.
This design reduces the vibrations in the component and reduced noise caused by the vibrations
and fatigue loads. The chosen turbine is rated at 500 w and 3000 watts at peak production. It
weighs around 85 Kg with a diameter of 1.2 m and a height of 2m. According to the
manufacturer, they have a very low noise signature, lower than 30 dB. One important criterion
we looked at is how suitable would the turbine be in one Swedish weather condition. Their
turbines have a proven track record of working in worse weather conditions than Sweden, i.e.,
Iceland. So, they can work efficiently in ice and snow conditions.
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Figure 12 Ice Wind VAWT design "Photo by and used with permission from Ice Wind turbine Company" (SOUI’CE
https://icewind.is/industrial)

7.3.Area calculation

This research is based on the wind observations in the coastal west side and coastal east side
of Sweden. The reference site is in the west and east part of Sweden. The wind records are used
to represent the wind climate that would be present across the east and west coastal area.

For the calculation, we take the coastal west side of Sweden. Because the west has the most
prevalent access to the coast and more prominent access to strong winds. By plotting with
google maps, we get around 430 km stretch of a coastal area. Its value was also cross-checked
with the world factbook (Sweden - The World Factbook, n.d.). The area calculation is done for
calculating the total number of wind turbines, which we have to place at a fixed distance. The
number of wind turbines determines how much energy can be produced at time or yearly.
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Figure 13 West area markup

Secondly, we take the east coastal part of Sweden. The total distance is about 1502.85km.
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Figure 14 East area markup
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No land access area rules for beachfront in Sweden were available, so we took data from our
planning commission. According to the U.S. planning commission's waterfront zoning article
VI, chapter 2 Depicts the form, size and location of the new developments and the amount and
quality required for waterfront public area access. In the subsection of the rules, they have
clearly defined the requirement for public access requirements.” In all districts, residential,
commercial, and public facility developments on waterfront zoning lots, they are required to
provide and preserve public open space at the water's edge with pedestrian links to upland
communities. Public access is also required on piers, platforms, and floating structures. In
constructions allowing a floor area ratio where development would require public access, a
minimum of 15 percent of the lot area must be improved and maintained for this purpose. In
districts permitting a FAR greater than 4.0, the minimum lot area dedicated to public access
must be 20 percent." (Zoning: District Guides - Rules for Special Areas - Waterfront Zoning -
DCP, 2021).

We have around 430 km on the west side, and if we assume around 20 % of inaccessible land,
it amounts to 344 km. On the east side, the distance is about 1502.85km and if we assume like
20% inaccessible land the distance will be reduced to 1202km. According to the manufacturers,
on a length of 5 meters and width of 2m, three such windmills can be placed, which means in
10m? we can place three windmills. We are selecting stretch off-width with 6 m width and 5
m length we can place six windmills. The total number of wind turbines around the coastal area
in Sweden can be determined by using the equation below.

Total Length "

No of turbines = ( .

6) e, (1)

7.4.Wind Energy calculation/ equation

Wind energy calculation is the main part of this project. The feasibility of a vertical axis wind
turbine in coastal offshore can determine by only how much energy we can produce and how
we can achieve the target. Finding the number of windmills in each area was the next task. For
this, we took to the manufacture for their opinion. According to the manufacturers, on a length
of 5 meters, three such windmills can be placed.

The hourly wind data was taken from the website PVGIS. We took the Wind data for the years
2015-2016. Using MATLAB, the data was sorted and counted for wind speed bins. From the
power cure from the manufacturer, we multiplied the speed bins to the rated power to find the
power generated at each speed and found the total power generated every year.

Power Curve: - The power output of a wind turbine fluctuates with wind speed and every wind
turbine has a distinctive power performance curve. With such a curve, it is conceivable to
predict the energy production of a wind turbine without seeing the technical details of its
various components (Katsigiannis et al., 2013). It's a graph that shows how much power is
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generated at various speeds. We collected the power curve from the manufacture which is
shown below.

RW series vertical-axis wind turbines are

built to be mounted directly on commercial
or military telecom towers, communication Survival speed 125 mph 60 m/s
depots, relay station, and radar outposts, Startup wind speed | 4.5 mph Z2m/fs
reducing operational costs, and increasing Cut in wind speed | 5.5 mph 2.5 mys
backup power time. RW turbines are Rated power 500 W
designed to deliver long lasting perfor- Max power 3000 W
mance, with little or no maintenance for over Rated wind speed |22 mph 10 m/s
20 years. They are able to withstand wind MNoize lavel < 30 dB
speeds up to 135 mph (Category 4 Hurri- Height BE inch 22m
cane wind speeds) and will consistently Diameter 51 inch 1am
deliver power, even in the harshest condi- Waight 187 Ibe 85 kg
tions such as snow, ice and sand storms. Gensrator 2 x 500 W AEPMG

Mumber of blades | 3 Inner, 3 Outer

Annual RW500 Output RWS00 Power Curve

2060 4

1500 4

KWh

1000 4

Tunrbing Quipat {w)

S0 1

? 9 1n k]
Wind Speed (m/s)

Figure 15 Ice wind turbine power curve "Data by and used with permission from Ice Wind turbine
Company" (source https://icewind.is/industrial)

By analyzing the power curve, we divided it into various speeds for ease of calculation. In the
case of the selected turbine, we divided it into 12 parts called speed bins. For each of these
bins, we took the mean value of power from the power curve of the turbine, i.e., in the case bin
between 3 and 5 the power output will be 20 W.

To obtain the output for the year, we multiply the no of each bin with their corresponding power
from the power curve.

Total Energy = [ Y.(No of Bins * Power output) | ................ ?2)

This total wind energy calculation is done with MATLAB software. By using the program,
we calculated each bin power output. Finally, we took the total of some of obtained bin
power output. This total energy produced from the turbine determines the feasibility of this
project.
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8. BUSINESS MODEL

A Business Model Canvas is a shared language for visualizing, accessing, describing, and
changing a business model. The interest in the concept of B.M.s grew rapidly during the 1990s
and onwards with a great rise in the amount of published papers(Hacklin & Wallnéfer, 2012).
It changed the dynamics of how a company can manage its own business. It is a visual template
with a description of a firm's or product's infrastructure, customers, finance, and value
proposition. It also helps the companies' activities by explaining their potential trade-offs. It is
a great instrument to aid you straightforwardly understand a business model. By using this
canvas will lead to insight about the customers you serve, what type of value proposition you
served through which channel, and finally, how the company makes money.

The Business Model Canvas was fashioned by Alexander Osterwalder of Strategyzer. He wrote
a book "Business Model Ontology" which outlines nine sections that form the structure blocks
for the business model in a one-page canvas. These nine building blocks illustrating the logic
behind the firm's attempt to earn money from its investments. According to Osterwald, the nine
elements are given below.

Infrastructure
Key Activities: The companies must carry out certain activities for the completion of
desired work. These activities relate to key resources. Key activities are classified as
production, problem-solving, or network.

Key Resources: Key resources are the most important assets a company needs for its
Business Model to work. In general, the resources are divided into four categories:

e Physical

o Immaterial
e Human

« Financial

Partner Network: B.M. is not feasible without network activities with external parties
like suppliers and wholesalers. Today, the partnership is becoming an increasingly
important part of how a company does a business with additional resources, risk reduction,
and scale benefits(Osterwalder & Pigneur, 2010).

Offering

e Value Propositions:

Value proposition represents the combination of products or services that provides value to a
chosen customer. If the customer segments are good for B.M.s and as vital for business, The
value proposition can be thought of as for the targeted customer actually should select a given
company over a competitor(Osterwalder & Pigneur, 2010). The value proposition provides
value through different factors such as performance, customization, "getting the job done,”
design, brand, cost and risk reduction, accessibility, and convenience/usability.
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o The value propositions may be:
= Quantitative — which depends on price and efficiency
= Qualitative — which depends on overall customer experience and outcome

Customers

o Customer Segments: Customer segments represents what different groups of people or
organization that the given company wants to reach with their offers. The customers are
the core factor of every successful company. Without them, no company lives for a long
time. Various sets of customers can be segmented on their different needs to ensure suitable
application of corporate strategy to meet the requirements of selected clients.

e Channels: A firm communicates with and reaches customers through different channels to

provide value. Channel block act as an intermediator with the value proposition and
customer segments.

o Customer Relationships: What type of relationship a firm establishes with a specific
customer segment is very much important to consider as a relationship can vary from high
level to personal. Depending on what motive a company has established with customer
relationship. The main three motives are: Acquires customers, retail customers and
increases the sale.

Finances

e Cost Structure: This is a final building block in B.M. This represents the most important
cost that arises when working by a specific B.M.

e Revenue Streams: Customers together with revenue streams make up the very core of
B.M. According to Osterwalder, the company asks themselves a question such as how
much a customer segment might be keen to pay for a product.
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Figure 16 Business model canvas

The growth of green energy is an unconditional global trend. Billions of euros of funds are
annually invested in renewable energy. With the development of industry, the state government
revenue will also increase. Renewable electricity developers are the most vital actors in the
increase of renewable energy power. This includes obtaining a grid connection and dispatch
generated electricity, which is a matter for the electricity production operator and its regulators.
the planning of rules and regulations enable the development of suitable sites (Sabishchenko,
2020).
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Sweden is with its long coastal line and has beneficial wind conditions that propose a very good
location for distributed renewable energy production which made it an ideal country to start up
a new Business Model.

9. RESULT

Calculation of numbers windmills

We have around 430 km on the west coast, and if we take 20 % of inaccessible land, it amounts
to 344 km. We are selecting stretch off-width with 6 m width and 5 m length we can place six
windmills.

No of turbines on Westside = (344 000/5) * 6
=412 800
On the east side, we have around 1502.85km and if we take 20% of inaccessible land, it is
reduced to 1202km.

No of turbines in East side = (1 202 000/5) * 6
=1 442 400

Total No of Windmills = 1855200
So, the Total turbine for the project is 1 855 200
Energy generated on the west coast
From the power curve, we have selected twelve bins, which are given in the table below. The
wind data is taken from Halmstad for a hub height of 10 m and wind data for the year 2016 is

taken, and it was the latest data available on PVGIS. These bins are multiplied with their
corresponding power from the power of the turbine.
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Table 1: Westside predicted energy production for one year

Wind Speed(m/s) Bin count Power
0-3 2 397 47 940
3-5 3014 210980
5-6 1178 106 020
6-7 987 108 570
7-8 622 93 300
8-9 308 67 760
9-10 150 54 000

10-11 72 36 000
11-12 42 28 140
12-13 9 6 750
13-14 2 1800
14-60 3 9 000

From the MATLAB calculation, we obtained total energy produced as 0.31 TWh per year
from the west side.

Power generated on the East coast

On the east side, we have a total of 1502 km. Accepting 20% as inaccessible land. It amounts
to 1202km. We are selecting stretch off-width with 6 m width and 5 m length we can place six
windmills. Wind data from Sundsvall is selected, data for the year 2016, and a hub height of
10 m is selected. The total number of windmills will be 1 442 400. The bins we multiplied with
the corresponding power from the power curve to get the annual energy production.
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Table 2: Eastside predicted energy production in one year

Wind Speed(m/s) Bin count Power
0-3 3799 47 940
3-5 2870 210980
5-6 1037 106 020
6-7 696 108 570
7-8 269 93 300
8-9 62 67 760

9-10 33 54 000
10-11 13 36 000
11-12 4 28 140
12-13 1 6 750
13-14 0 1800
14-60 0 9 000

The total energy generated on the east side is 1.09 TWh per year.
Therefore, the total energy produced from the 1 855 200 windmills is 1.41TWh.

Business model

We used the principles of the business model canvas and came up with the following
business model.
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10. DISCUSSIONS

The power needed to achieve a 100% renewable target was 190 TWh per year for Sweden.
From the results obtained, we can see the Micro VAWT cannot alone meet the 2040 target.
VAWT doesn't have the energy production capabilities as the horizontal axis turbines. Even in
this scenario, we were using over 1.8 million turbines and producing electricity for about
1.41TWh. In Sweden currently, more than 5000 horizontal axis windmills are producing
around 15 TWh. VAWT was not even able to produce close to these amounts.

Even though it was not possible to achieve the target with VAWT alone, they have a bright
future and there are several beneficial use case scenarios for them. Micro VAWT has many
advantages over larger traditional horizontal axis wind turbines. VAWT doesn't need much or
almost no maintenance during its service time. There are fewer parts of the HAWT. There are
no parts for yawn or pitch control. VAWT is easier to install because there is no need for high-
strength supporting systems; the heavy parts like gearbox and generator are usually placed near
the ground. Which also makes for easier maintenance. They are cheaper to produce than
HAWT. VAWT are silently operated, which makes them able to be placed in the urban area.
So, there is potential for them to be placed even on a larger area. Theoretically, we can place
even more than the numbers showcased here. The only negative is the cost of such an
arrangement and the visual impact. VAWT is cheaper in energy production (watt per cost).
Some Researches argue that for the same land area, VAWTS have the potential to produce up
to 10 times more than HAWTS.

One of the main advantages of the VAWT is how closely we can pack them together compared
to HAWT. HAWT requires very large land resources. HAWTSs needed to be placed apart from
one another. This is done to avoid turbulence and adjacent turbine wakes. Wind speed reduction
is another one and causes a large amount of space to be wasted between HAWT. This spacing
leads to large inefficiency in land utilization. This is overcome by using taller windmills but
lead to significant engineering cost and greater visual, acoustical and environmental impacts
(John, 2011). A previous report suggests that VAWT can be placed between them to increase
efficiency and make better use of land (Craig et al., 2017). Some researches show positive
results when placing VAW turbines together. VAWT turbines do not need to face the direction
of the wind to generate electricity. In vertical axis wind turbines, the air flowing from any
direction can generate electricity. Hence it can be used in turbulent and steady flow conditions.
So, they are more suited for an urban environment where there are restrictions to wind flow.
They can utilize energy from the wind more efficiently. There are studies showing that
(Mollerstrom, Ottermo, Goude, et al., 2016) Vawt are more effective in turbulent wind
conditions. Their results indicate VAWT has higher efficiency in energy extraction compared
to HAWT in turbulent conditions. Another idea to improve the power density of VAWT is
from (Dabiri, 2011) , who put layouts forwards in placing turbines such that more energy
density is achieved, leading to reduced cost, size and environmental impact of wind farms.
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As we discussed earlier, it's important to compare the space occupied by both designs. For
comparison, let us consider a standard 1 MW HAWT with our VAWT design from our project.
The typical dimensions of the HAWT are with a rotor diameter of 55 m and a hub height of 70
m (Horizontal Axis Wind Turbine — 1MW, .) The total volume occupied by the turbine is =
3.14*55*55*70=664895m?2. For our VAWT the dimensions are Diameter of 1.3 m and height
of 2.2m, the volume occupied is 11.67m?2. The volumetric ratio is 57318.53 and the rated power
ratio is 2000. Even though the volume occupied by HAWT is 57318 times greater, VAWTS
the energy produced is only 2000 times more. In simple terms, VAWT turbines have more
energy density than HAWT.

Business model

The main challenge for achieving the 2040 target of 100 percent renewable energy is finding
the capital and having a successful business model to build new infrastructures for renewable
energy production. Here we try to come up with a new business model that will not help in
achieving the target but also helps in getting there fast. The basic principle is that the business
is building windmills, including servicing and maintenance; in turn, the individual homeowners
can buy the windmills from the company and become owners to the income from the
production of the windmills.

In this business model, the key investors are Energy companies: private individuals/
homeowners, government, and private investors. The key activities of the business are the
construction and sale of windmills. The company identifies, leases or purchase suitable lands
and build windmills at these sites and sell them to the prospecting customers. The business is
also in charge of servicing and maintenance of the windmills, which will be charged to the
customers. The key resources are the wind turbines and other associated equipment, and these
should be connected to the electric supply grid. The key human resources required are the
construction and service crew and the customers. Businesses can also include other energy
suppliers as their key partners. This will increase the business proposition. It's important to get
support from the government to gains to access the lands required for the project. Another
important physical resource is the land acquired for the construction of wind turbines.

Next is the value proposition offered to the customers! The business provides opportunities for
individuals to invest in renewable energy and be part of the green initiative. Customers can
own the wind turbines and directly use the electricity generated for their own consumption or
selling excess electricity back to the grid for profit. Customers can also choose to use their
electricity when the other grid sources of electricity are expensive and can ensure the lowest
price of electricity always. Customer also gets to reduce carbons emission and be
environmentally friendly. As VAWT has low variations of production compared to big HAWT,
they can use it in load leveling of the electric grids.
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The business model is primarily targeting individual homeowners. This business model also
benefits the housing rental companies. They can make large savings on their electricity bills.
They would also target Electric car companies which provide charging stations to their
customers. For instance, Tesla is providing free charging to all their vehicles; by investing in
this business plan, they reduce the cost and may also make profits when their customer's
vehicles are not charging. For every business to flouring, it should have a good customer
relationship. It can be achieved by making the customers feel special and making them part of
something bigger. The company can offer special prices or discounts to both existing customers
and new ones. The business can work in partnership with the government to enable customers
to get special grants and subsidies from the government for investing in green energy. The
business should work with the bank and other large investors such that the customers can pay
for windmills as installments. The channels through which we reach the customers are also
significant. The mains communication will be through the internet and the website. The
business should also set up offices across important cities to showcase the products and
business. We can also use different targeted advertisements to improve reach and sales.

No business will survive if it doesn't have sound finances. The wind turbines will be funded
from private investments. The main revenue sources will be from the sales of wind turbines. It
will be complemented by the services and maintenance charges. The company will also charge
the customers for 5 % of the electricity production. The business will have to bear the expenses
for the land leases, which can be recovered from the revenue streams. The business will also
benefit from partnerships with the bank for the EMI allocations. With this business plan, it will
be easier to acquire the capital required for a large number of windmills and the rapid progress
of the project.

11. CONCLUSION

Onshore wind power installation is a growing business within the energy sectors. Onshore wind
represents large available renewable energy sources and availability of space(Koch et al.,
2017). Vertical axis wind turbine offers economically viable energy solution for remote areas
away from the integrated electricity grid system(Nikam & Kherde, 2015). Construction of wind
farms encounters many challenges throughout its constructional process. However vertical axis
wind turbine have several advantages such as lower noise emission and better scaling behavior
which still make them interesting for research (Mdollerstrom, 2015).

Wind power is on the rise not only globally. In Sweden big strides are taken to reach 100%
renewable society. The Energy Agency reports that a 100 percent renewable electricity is fully
possible if wind power and energy grid are expanded. This paper set out to study the feasibility
of Vertical axis wind turbine in coastal areas in Sweden. For this we have selected a typical
VAWT design calculated the number of wind turbines that can be placed and calculated their
annual energy production.
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To conclude, our Aim was to realize the role of the VAWT in renewable energy production in
Sweden so, our proposal of a micro VAWT of 1.8 million was able to produce 1.41TWh.we
found that it was not possible to achieve with VAWT alone. To be fully renewable, we need
around 190 TWh. In comparison, HAWT in Sweden produces around 15TWh only. We have
established that micro VAWT alone cannot achieve the 100 percent renewable energy target,
but in conjunction with other renewable sources, they have a significant impact. They have
better energy density and are more cost-effective. The area selection and the number of
windmills are limiting on the scenario we have chosen. There is scope for placing more
windmills. With the right business model, VAWT will have a significant impact on renewable
energy production. In the future, we can assume that VAWT will become widely used.
Advances in material science and technology for it will enable the diffusion of technology.
Future research possibilities- there is further scope doing and cost analysis on the topic and the
interrelation between the business model and the cost further in researching in placement for
VAWT.
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1. APPENDIX

1.1. Theory of Aerodynamics

1.1.1. Introduction

From the aerodynamic point of view, there are some differences for VAWT when compared
with HAWT. The blades of VAWT are rotating on the rotational surface which is right angles
to the wind direction. During the rotation, the aerodynamic angle of attack is varying
constantly. Moreover, one blade moves on the other downside of the other blade in the range
of 180 degrees and 360 degrees of angle of rotation, so that the wind speed in this area is already
reduced because of energy extracted by the upwind blade. Therefore, in the downwind sector
of the direction, the power generation is less. Torque is produced in this way, which is caused
by the lift forces.

In one revolution, a single rotor blade produced a positive torque, but there is a small section
of negative torque. The calculated variation in the total toque indicates the reduction of positive
torque on the downwind side. This alternation of the torque can be balanced by the three rotor
blades. However, torque can only produce in the vertical axis rotor if there is a circumferential
speed. And the vertical axis rotor is not self-starting.

To analyze the aerodynamics of a rotor and its power generation, it is necessary to start by
considering the wind turbine converting the kinetic energy of wind into electricity. From the
wind flow, the turbine gets the energy to rotate rotor blades. This produced energy is given to
the main shaft(gearbox) and from here to the generator then provides electricity to the grid.
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1.1.2. Power in wind

Energy in the wind is the kinetic energy it contains The formula is.

Energy= %sz

Where, m = mass, [kg]
V = Speed, [m/s]

The power of the wind flowing through a certain area is.

Power= %pAVS

Where, p = density, [kg/m3]
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A= Area, [m?]
V = Speed, [m/s]

At sea level and 15 °C, dry air has a density of 1.225 kg/m3 which is varying with temperature
and pressure. Air density decreases with an increase in altitude. The power in the wind is
proportional to the cube of the velocity.

And is proportional to the swept area of the turbine rotor. However, only a fraction of the power
is extracted by the turbine rotor. The wind turbine swept area is calculated according to the
geometry of the rotor. The swept area of VAWT is.

A=d xh
Where d= diameter of the rotor [m];

h=length of the blades [m];

VAWT swept area

1.1.3. The power curve of a wind turbine

The maximum mechanical power that can be got from a wind turbine depends on both the
rotational speed and on the undisturbed wind speed as shown in the figure below. The
performance of a wind turbine is obtaining from the power curve which shows power output
at different wind speeds from cut-in to cut-out.
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At very low wind speeds, the rotor of the windmill will stay still. At the cut-in wind speed of
about 3-4m/s, the rotor starts to rotate and generate power. When the wind gets stronger and
stronger, the output power will increase, and attain rated wind speed means nominal wind
speed. In this condition, the wind turbine will deliver its rated output power. After that, the
output power will more or less flat —off and the cut-out speed, the wind turbine will break and
do not deliver any output power so it will protect itself from possible damages

1.1.4. Power coefficient

When a wind turbine is crossed by a flow of air, it can get the energy of mass flow and it
converts into rotational energy. By Betz's law, this conversion makes some limits. To explain
this limit, a power coefficient Cp and is given by,

p
p= W

Power coefficient is a measure of wind turbine efficiency which is commonly used in the wind
industry. Power coefficient is the ratio of actual electric power produced by the wind turbine
to total wind power flowing into the turbine blades at a specific speed. That means the
coefficient Cp represents the amount of energy that a specific turbine absorbs from the wind.
When a wind turbine operates in good condition, the wind speed after the rotor is 1/3 of the
wind speed before shown below.
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Airflow, pressure, and speed before and after the turbine.

The relation between power coefficient and tip speed ratio is shown in the figure below;
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1.1.5. Drag and lift force

When the airflow acts on the blades, it generates two types of force lift and drags force.
These forces are responsible for the rotation of the blades.
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The lift force is exerted on an airfoil blade section inserted in a moving fluid. It acts as
normal to the fluid flow direction. This force is developing due to uneven pressure distribution
between upper and lower blade surfaces.

The drag force is acting in the direction of fluid flow. This drag occurs due to viscous friction
forces on the airfoil surfaces, which is the difference between wind speed and the speed of
the surfaces.

2. MATLAB CODE

data west;

ul=0; u2=0; u3=0; u4=0; u5=0; u6=0; u7=0; u8=0; u9=0; ule=0; ull=0; ul2=0;
for i=1:8784
if( u(i,1) >= 0 && u(i,1) <3)
ul=ul+l;
end
if( u(i,1) >= 3 && u(i,1) <5)
u2=u2+1;
end
if( u(i,1) >= 5 && u(i,1) <6)
u3=u3+1;
end
if( u(i,1) >= 6 && u(i,1) <7)
u4=ud+1;
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end
if( u(i,1) >= 7 && u(i,1) <8)

uS=u5+1;
end
if( u(i,1) >= 8 && u(i,1) «9)
ub=u6+1;
end
if( u(i,1) >= 9 && u(i,1) <10)
u7=u7+1;
end
if( u(i,1) >= 10 && u(i,1) <11)
u8=u8+1;
end
if( u(i,1) »>= 11 && u(i,1) <12)
u9=u9+1;
end
if( u(i,1) >= 12 && u(i,1) <13)
ulo=ule+1;
end
if( u(i,1) >= 13 && u(i,1) <14)
ull=ull+l;
end
if( u(i,1) >= 14 && u(i,1) <60)
ul2=ul2+1;
end
end
ul
u2
u3
ud
u5
ué
u7
u8
uo
ule
ull
ul2

%anuual power generated at rated wind speeds

pl=ul*20
p2=u2*70
p3=u3*90
p4=u4d*110
p5=u5*150
p6=u6*220
p7=u7*360
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p8=u8*500

p9=u9*670

plO=ul0*750

pll=ul1*900

P12=u12*3000
% total power produced annualy
pwr=pl+p2+p3+p4+p5+p6+p7+p8+p9+pl0+pll %whr

% no pf windmills
n=412800

% power from all windmills

PR1=n*pwr

%east calculations

dataeast;

v1=0; v2=0; v3=0; v4=0; v5=0; v6=0; v7=0; v8=0; v9=0; v10=0; v11=0; v12=0;

for j=1:8784
if( v(j,1) >= 0 && v(j,1) <3)
vl=vl+l;
end
if( v(j,1) >= 3 && v(j,1) <5)
v2=v2+1;
end
if( v(j,1) >= 5 && v(j,1) <6)
v3=v3+1;
end
if( v(j,1) >= 6 && v(j,1) <7)
v4=v4+1;
end
if( v(j,1) >= 7 && v(j,1) <8)
v5=v5+1;
end
if( v(j,1) >= 8 && v(j,1) <9)
v6=v6+1;
end
if( v(j,1) >= 9 && v(j,1) <10)
v7=v7+1;
end
if( v(j,1) >= 10 && v(j,1) <11)
v8=v8+1;
end
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if( v(j,1) >= 11 && v(j,1) <12)
v9=v9+1;

end

if( v(j,1) >= 12 && v(j,1) <13)
v10=v10+1;

end

if( v(j,1) >= 13 && v(j,1) <14)
v1ll=v11+1;

end

if( v(j,1) >= 14 && v(j,1) <60)
v12=v12+1;

end

end

vl
v2
v3
v4
v5
V6
v7
v8
v9
v1e
vil
v1i2

%anuual power generated at rated wind speeds

gql=ul*20

gq2=u2*70

q3=u3*90

g4=ud*110

g5=u5*150

q6=u6*220

q7=u7*360

q8=u8*500

q9=u9*670

qlO=ule*750

ql1=ul1*900

ql2=ul2*3000
% total power produced annualy
pwr2=ql+q2+q3+9q4+q5+q6+q7+q8+q9+ql0+qll %whr

% no pf windmills
n=1442400

% power from all windmills

53



PR2=n*pwr2

PR=PR1+PR2
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