Wind to Power

Mitchell ﬁrgﬂmﬂon Ltd

e mEll‘)SS

Analysis Paper
by

Mitchell Organization Ltd.




Table of Contents

1. Introduction to Wind Energy

2. Wind Energy Resources

1.
1.

ii.
iv.

V.

Vi.
Vil.
Viii.
iX.

X.

X1.
Xii.
Xiii.
Xiv.
XV.
XVi.
XVii.
Xviii.
XIX.
XX.
XXI.
XXIl.
XXIil.
XXIV.

Where does Wind Energy Come From?
The Coriolis Force

Global Winds

Geostrophic Wind

Local Winds: Sea Breezes

Local Winds: Mountain Winds

The Energy in the Wind: Air Density and Rotor Area

Wind Turbines Deflect the Wind

The Power of the Wind: Cube of Wind Speed
Wind Speed Measurement: Anemometers
Wind Speed Measurement in Practice
The Wind Rose

Roughness and Wind Shear

The Roughness Rose

Wind Speed Variability

Turbulence

Wind Obstacles

Wind Shade

Wake Effect

Park Effect

Speed Up Effects: Tunnel Effect

Speed Up Effects: Hill Effect

Selecting a Wind Turbine Site

Offshore Wind Conditions

3. Computing Wind Turbine Energy Output

1.
ii.
1ii.
iv.
V.
Vi.
Vil.
Viii.

Describing Wind Variations: Weibull Distribution
The Average Bottle Fallacy

Mean (Average) Power of the Wind

Betz' Law

Power Density Function

Power Curve of a Wind Turbine

The Power Coefficient

Annual Energy Output from a Wind Turbine

Mitchell Organization Ltd.

Page 2 of 99



Table of Contents con't

4. How does a Wind Turbine Work?

I.

il.
ii.
iv.
V.
Vi.
Vil.
Viil.
iX.
X.
X1.
Xil.
Xiil.
X1V.
XV.
XVI.
XVil.
XViil.
XiX.
XX.

Wind Turbine Components

Aerodynamics of Wind Turbines — Lift
Aerodynamics of Wind Turbines — Stall and Drag
Adding Wind Speeds and Directions

Rotor Aerodynamics

Rotor Blades

Power Control of Wind Turbines

The Wind Turbine Yaw Mechanism

Wind Turbine Generators

Synchronous Generators

Changing Generator Rotational Speed
Asynchronous (Induction) Generators
Changing the Number of Generator Poles
Variable Slip Generators for Wind Turbines
Indirect Grid Connection of Wind Turbines
Gearboxes for Wind Turbines

The Electronic Wind Turbine Controller
Controlling Power Quality from Wind Turbines
Size of Wind Turbines

Wind Turbine Safety

5. Des1gn1ng Wind Turbines

1.
ii.
1ii.
iv.
V.
Vi.
Vii.

Basic Load Considerations

Wind Turbines: Horizontal or Vertical Axis Machines?
Wind Turbines: Upwind or Downwind?

Wind Turbines: How Many Blades?

Optimising Wind Turbines

Designing for Low Mechanical Noise from Wind Turbines
Designing for Low Aerodynamic Noise from Wind Turbines

6. Research and Development in Wind Energy

1.
il.
iii.
iv.
V.
Vi.
Vil.

Research and Development in Wind Energy
Offshore Wind Power Research

Offshore Wind Turbine Foundations
Offshore Foundations: Traditional Concrete
Offshore Foundations: Gravitation + Steel
Offshore Foundations: Mono Pile

Offshore Foundations: Tripod

7. Wind Turbines in the Electrical Grid

i.

ii.
jii.
iv.

Wind Energy Variations

Seasonal Variation in Wind Energy
Wind Turbines and Power Quality Issues
Grid Connection of Offshore Wind Parks

Mitchell Organization Ltd.

Page 3 of 99



Table of Contents con't

8. Wind Energy and the Environment
i.  Wind Turbines in the Landscape
ii. Sound from Wind Turbines
iii. Measuring and Calculating Sound Levels
iv. Energy Payback Period for Wind Turbines
v. Birds and Wind Turbines
vi. Birds and Offshore Wind Turbines
vii. Shadow Casting from Wind Turbines
viii. Calculating Shadows from Wind Turbines
ix. Refining Shadow Calculations for Wind Turbines
Xx. Shadow Variations from Wind Turbines

9. Wind Energy Economics
i.  What does a Wind Turbine Cost?
ii. Installation Costs for Wind Turbines
iii. Operation and Maintenance Costs
iv. Income from Wind Turbines
v. Wind Energy and Electrical Tariffs
vi. Basic Economics of Investment
vii. Wind Energy Economics
viii. The Economics of Offshore Wind Energy
ix. Wind Energy and Employment

10. Modern Wind Turbine History
i. The Wind Energy Pioneer: Poul la Cour
ii. The Wind Energy Pioneers - 1940-1950
iii. The Wind Energy Pioneers - The Gedser Wind Turbine
iv. Wind Turbines From the 1980s
v. The California Wind Rush
vi. Modern Wind Turbines
vii. Offshore Wind Turbines
viii. Megawatt-Sized Wind Turbines

11. Frequently Asked Questions About Wind Energy
12. Wind Energy Reference Manual

13. Manufactures, Service Suppliers, Monthly Magazines, Web-sites and etc.

14. References

Mitchell Organization Ltd. Page 4 of 99



1. Introduction to Wind Energy

If you want to know allot about wind power, start from the induction and read on, as this paper is written for people who
want to know allot about wind energy, short of becoming wind engineers. It also answers most of the questions which
students ask us - without going into difficult details of math and physics.

Even so, we also explore some of the challenging frontiers of wind energy technology. We are mostly concerned with
commercial, and large grid connected turbines 100 kW and up.

If you want to know a little or just want brief understanding. Look at the Frequently Asked Questions (FAQ) at the end
of this paper about wind energy.

If you just want a wind turbine, you do not have to be an expert on thermodynamics to start a car engine and drive a car.
With a wind turbine, it is even simpler: You don't have to buy fuel. It's there free. If you want to know about the practical
issues, like where do you place windmill, and what does it cost, then read on and your answers will be best address from
the following sections:

Frequently Asked Questions

a) Selecting a Wind Turbine Site
b) Wind Energy Economics

¢) Wind Energy Pictures

d) Manufacturers

Offshore Tour

If you already know allot about wind energy, you may wish to be acquainted with the new territory of offshore wind
energy. In that case, the following sections will give a sound idea of what has been going on in the development of
offshore wind energy:

a) Offshore Wind Conditions

b) Offshore Wind Power Research

¢) Wind Turbine Offshore Foundations

d) Offshore Foundations: Traditional Concrete
e) Offshore Foundations: Gravitation + Steel
f) Offshore Foundations: Mono Pile

g) Offshore Foundations: Tripod

h) Grid Connection of Offshore Wind Parks

i)  The Economics of Offshore Wind Energy
j)  Birds and Offshore Wind Turbines
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2. Wind Energy Resources

i. Where does Wind Energy come from?
All renewable energy (except tidal and geothermal power), and even the energy in fossil fuels, ultimately comes
from the sun. The sun radiates 100,000,000,000,000-kilowatt hours of energy to the earth per hour. In other
words, the earth receives 10 to the 17th power of Watts of power.

About 1 to 2 per cent of the energy coming from the sun is converted into wind energy. That is about 50 to 100
times more than the energy converted into biomass by all plants on earth.

Temperature Differences Drive Air Circulation

The regions around equator, at 0° latitude are heated more by the sun than the rest of the globe. These hot areas
are indicated in the warm colours, red, orange and yellow in this infrared picture of sea surface temperatures
(taken from a NASA satellite, NOAA-7 in July 1984).

Hot air is lighter than cold air and will
rise into the sky until it reaches
approximately 10-km (6 miles) altitude
and will spread to the North and the
South. If the globe did not rotate, the air
would simply arrive at the North Pole
and the South Pole, sink down, and
return to the equator.

ii. The Coriolis Force

Since the globe is rotating, any movement on the Northern Hemisphere is diverted to
the right, if we look at it from our own position on the ground. (In the Southern
Hemisphere, it is bent to the left). This apparent bending force is known as the Coriolis
force. (Named after the French mathematician Gustave Gaspard Coriolis 1792-1843).

It may not be obvious to you that a particle moving on the Northern Hemisphere will
be bending towards the right. Consider the dot on the top of the globe moving
southward in the direction of the tip of the cone. The earth is spinning, while we watch
the spectacle from a camera fixed in outer space. The cone is moving straight towards
the south. Below, we show the same image with the camera locked on to the globe.

Look at the same situation as seen from a point above the North Pole. If we were to
have a fixed camera, so that it rotates with the earth. You would see, and you would
notice that the triangle dot would be veering in a curve towards the right as it moves.
The reason why it is not following the direction in which the cone is pointing is, of course, that we as observers
are rotating along with the globe.

vy e, WL DIFCY ER. Ak

The Coriolis force is a visible phenomenon. Railroad tracks wear out faster on one side than the other does.
Riverbeds are dug deeper on one side than the other is. (Which side depends on which hemisphere we are in: In
the Northern Hemisphere moving particles are bent towards the right). In the Northern Hemisphere, the wind
tends to rotate counterclockwise (as seen from above) as it approaches a low-pressure area. In the Southern
Hemisphere, the wind rotates clockwise around low-pressure areas. On the following sections, we shall see how
the Coriolis force affects the wind directions on the globe.
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iii.  Global Winds
How the Coriolis Force Affects Global Winds

The wind rises from the equator and moves north and south in the higher layers
of the atmosphere. Around 30° latitude in both hemispheres the Coriolis force
prevents the air from moving much farther. At this latitude, there is a high-
pressure area, as the air begins sinking down again.

As the wind rises from the equator, there will be a low-pressure area close to ground level attracting winds from
the North and South. At the Poles, there will be high pressure due to the cooling of the air. Keeping in mind the
bending force of the Coriolis force, we thus have the following general results for the prevailing wind direction:

Prevailing Wind Directions
Latitude: 90-60° 60-30° 30-0° 0-30° 30-60° 60-90°
Direction: N-NE N-SW N-NE S-SE S-NW S-SE

The size of the atmosphere is grossly exaggerated in the picture above (which was made on a photograph from
the NASA GOES-8 satellite). In reality the atmosphere is only 10 km thick, i.e. 1/1200 of the diameter of the
globe. That part of the atmosphere is more accurately known as the troposphere. This is where all of our weather
(and the greenhouse effect) occurs.

The prevailing wind directions are important when siting wind turbines, since we obviously want to place them
in the areas with least obstacles from the prevailing wind directions. Local geography, however, may influence
the general results in the table above.

iv. The Geostrophic Wind

The Atmosphere (Troposphere)

The atmosphere around the globe is a very thin layer. The
globe has a diameter of 12,000 km. The troposphere, which
extends to about 11-km (36,000-ft.) altitude, is where all of our
weather and the greenhouse effect occurs. On the picture, you
can see at stretch of Islands 300 km (200 miles) across, and the
approximate height of the troposphere. To look at it at a
different scale: If the globe were a ball with a diameter of 1.2
metres (4 ft.), the atmosphere would only be 1 mm (1/25")
thick.

The Geostrophic Wind

The winds we have been considering on the previous sections on global winds are actually the geostrophic
winds. The geostrophic winds are largely driven by temperature differences, and thus pressure differences, and
are not very much influenced by the surface of the earth. The geostrophic wind is found at altitudes above 1000
metres (3300 ft.) above ground level. The geostrophic wind speed may be measured using weather balloons.

Surface Winds
Winds are very much influenced by the ground surface at altitudes up to 100 metres. The wind will be slowed
down by the earth's surface roughness and obstacles, as we will learn in a moment. Wind directions near the
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surface will be slightly different from the direction of the geostrophic wind because of the earth's rotation (cf.
the Coriolis force). When dealing with wind energy, we are concerned with surface winds, and how to calculate
the usable energy content of the wind.

v. Local Winds: Sea Breezes

Although global winds are important in determining the prevailing winds in a given area, local climatic
conditions may wield an influence on the most common wind directions. Local winds are always superimposed
upon the larger scale wind systems; i.e. the wind direction is influenced by the sum of global and local effects.
When larger scale winds are light, local winds may dominate the wind patterns.

Sea Breezes

Landmasses are heated by the sun more quickly than the sea in the daytime. The air rises, flows out to the sea,
and creates a low pressure at ground level, which attracts the cool air from the sea. This is called a sea breeze.
At nightfall there is often a period of calm when land and sea temperatures are equal. At night, the wind blows
in the opposite direction. The land breeze at night generally has lower wind speeds, because the temperature
difference between land and sea is smaller at night. The monsoon known from Southeast Asia is in reality a
large-scale form of the sea breeze and land breeze, varying in its direction between seasons, because
landmasses are heated or cooled more quickly than the sea.

vi. Local Winds: Mountain Winds

Mountain regions display many interesting weather patterns.
One example is the valley wind,
which originates on south-facing
slopes (north facing in the Southern
Hemisphere). When the slopes and
the neighbouring air are heated the
density of the air decreases, and the
air ascends towards the top
following the surface of the slope.
At night the wind direction is
reversed, and turns into a downslope
wind. If the valley floor is sloped,
the air may move down or up the
valley, as a canyon wind. Winds
flowing down the leeward sides of mountains can be quite powerful: Examples are the Foehn in the Alps in
Europe, the Chinook in the Rocky Mountains, and the Zonda in the Andes. Examples of other local wind
systems are the Mistral flowing down the Rhone valley into the Mediterranean Sea, the Scirocco, and a
southerly wind from Sahara blowing into the Mediterranean Sea.
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vii. The Energy in the Wind: Air Density and Rotor Area

A wind turbine obtains its power input by converting the force of the wind into
torque (turning force) acting on the rotor blades. The amount of energy, which
the wind transfers to the rotor, depends on the density of the air, the rotor area,
and the wind speed.

The cartoon shows how a cylindrical slice of air one metre thick moves through
the 1,500-m? rotor of a typical 600-kilowatt wind turbine. With a 43-metre rotor
diameter, each cylinder actually weighs 1.9 tonnes, i.e. 1,500 times 1.25
kilograms.

Density of Air

The kinetic energy of a moving body is proportional to its mass (or weight). The
kinetic energy in the wind thus depends on the density of the air, i.e. its mass per
unit of volume. In other words, the "heavier" the air, the more energy is received
by the turbine. At normal atmospheric pressure and at 15° Celsius air weighs
some 1.225 kilograms per cubic metre, but the density decreases slightly with
increasing humidity. In addition, the air is denser when it is cold than when it is
warm. At high altitudes, (in mountains) the air pressure is lower, and the air is less dense.

2 OAATRA 1995

Rotor Area

A typical 600 kW wind turbine has a rotor diameter of 43-44 metres, i.e. a rotor area of some 1,500 square
metres. The rotor area determines how much energy a wind turbine is able to harvest from the wind. Since the
rotor area increases with the square of the rotor diameter, a turbine which is twice as large will receive 22 =2 x
2 = four times as much energy. The section on the size of wind turbines gives you more details.

viii. Wind Turbines Deflect the Wind

The image on the previous section on the
energy in the wind is a bit simplified. In
reality, a wind turbine will deflect the
wind, even before the wind reaches the
rotor plane. This means that we will
never be able to capture all of the energy
in the wind using a wind turbine. We will
discuss this later, when we get to Betz'
Law.

In the image above, we have the wind
coming from the right, and we use a
device to capture part of the kinetic energy in the wind. (In this case, we use a three bladed rotor, but it could
be some other mechanical device).

The Stream Tube

The wind turbine rotor must obviously slow down the wind as it captures its kinetic energy and converts it into
rotational energy. This means that the wind will be moving more slowly to the left of the rotor than to the right
of the rotor.

Since the amount of air entering through the swept rotor area from the right (every second) must be the same as
the amount of air leaving the rotor area to the left, the air will have to occupy a larger cross section (diameter)
behind the rotor plane.

In the image above, we have illustrated this by showing an imaginary tube, a so-called stream tube around the
wind turbine rotor. The stream tube shows how the slow moving wind to the left in the picture will occupy a
large volume behind the rotor.
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The wind will not be slowed down to its final speed immediately behind the rotor plane. The slowdown will
happen gradually behind the rotor, until the speed becomes almost constant.

The Air Pressure Distribution in Front of and Behind the Rotor

The graph to the left shows the air pressure plotted vertically, while the
" horizontal axis indicates the distance from the rotor plane. The wind is
""" = TN e coming from the right, and the rotor is in the middle of the graph.

v WINDROWER o As the wind approaches the rotor from the right, the air pressure increases
gradually, since the rotor acts as a barrier to the wind. Note, that the air pressure will drop immediately behind
the rotor plane (to the left). It then gradually increases to the normal air pressure level in the area.

What Happens Farther Downstream?

If we move farther downstream, the turbulence in the wind will cause the slow wind behind the rotor to mix
with the faster moving wind from the surrounding area. The wind shade behind the rotor will therefore gradually
diminish as we move away from the turbine. We will discus this further on the section about the park effect.

Why not a Cylindrical Stream Tube?
Now, you may object that a turbine would be rotating, even if we placed it within a normal, cylindrical tube,
like the one below. Why do we insist that the stream tube is bottle-shaped?

Of course, you would be right that the
turbine rotor could turn if it were placed in
a large glass tube like the one above, but
let us consider what happens:

The wind to the left of the rotor moves with
a lower speed than the wind to the right of
the rotor. But at the same time we know
that the volume of air entering the tube
from the right each second must be the
same as the volume of air leaving the tube
to the left. We can therefore deduce that if
we have some obstacle to the wind (in this
case our rotor) within the tube, then some
of the air coming from the right must be deflected from entering the tube (due to the high air pressure in the
right end of the tube). Therefore, the cylindrical tube is not an accurate picture of what happens to the wind
when it meets a wind turbine. The picture above is the correct picture.

ix. The Power of the Wind: Cube of Wind Speed

The wind speed is extremely important for the amount of energy a wind turbine can convert to electricity: The
energy content of the wind varies with the cube (the third power) of the average wind speed, e.g. if the wind
speed is twice as high it contains 23 = 2 x 2 x 2 = eight times as much energy. Now, why does the energy in the
wind vary with the third power of wind speed? Well, from everyday knowledge you may be aware that if you
double the speed of a car, it takes four times as much energy to brake it down to a standstill. (Essentially this is
Newton's second law of motion).
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In the case of the wind turbine we use the energy from braking ‘i
the wind, and if we double the wind speed, we get twice as many  anoq A
slices of wind moving through the rotor every second, and each
of those slices contains four times as much energy, as we learned ;55 ]
from the example of braking a car. ]

3000
The graph shows that at a wind speed of 8 metres per second we ]
get a power (amount of energy per second) of 314 Watts per ]

4 o . B500 Jmmmmm e e

square metre exposed to the wind (the wind is coming from a ]
direction perpendicular to the swept rotor area). ]
At 16 m/s, we get eight times as much power, i.e. 2509 W/m2. 2000 ]
The table in the Reference Manual section gives you the power ]
per square metre exposed to the wind for different wind speeds. =™ ]

1oon

x. Wind Speed Measurement: Anemometers ]
The measurement of wind speeds is usually done using a cup 500
anemometer, such as the one in the picture to the ] '
left. The cup anemometer has a vertical axis and e ' — i
three cups, which capture the wind. The number of b2 4 e 5 10 2 14 lemb
revolutions per minute is registered electronically. Normally, the anemometer is fitted with a wind
vane to detect the wind direction. Instead of cups, anemometers may be fitted with propellers,
although this is not common.

Other anemometer types include ultrasonic or laser anemometers, which detect the phase shifting of sound or
coherent, light reflected from the air molecules. Hot wire anemometers detect the wind speed through minute
temperature differences between wires placed in the wind and in the wind shade (the lee side). The advantage
of non-mechanical anemometers may be that they are less sensitive to icing. In practice, however, cup
anemometers tend to be used everywhere and special models with electrically heated shafts and cups may be
used in arctic areas.

xi.  Wind Speed Measurement in Practice

The best way of measuring wind speeds at a prospective wind turbine site is to fit an anemometer to the top of
a mast which has the same height as the expected hub height of the wind turbine to be used. This way one avoids
the uncertainty involved in recalculating the wind speeds to a different height. By fitting the anemometer to the
top of the mast, one minimizes the disturbances of airflow from the mast itself. If anemometers are
placed on the side of the mast, it is essential to place them in the prevailing wind direction in order
to minimize the wind shade from the tower.

Which Tower?

Guyed, thin cylindrical poles are normally preferred over lattice towers for fitting wind
measurement devices in order to limit the wind shade from the tower. The poles come as kits, which
are easily assembled, and you can install such a mast for wind measurements at (future) turbine hub
height without a crane. Anemometer, pole and data logger (mentioned below) will usually cost
somewhere around 5,000 USD.

Data Logging

The data on both wind speeds and wind directions from the anemometer(s) are collected on
electronic chips on a small computer, a data logger, which may be battery operated for a long period.
An example of such a data logger is shown to the left. Once a month or so you may need to go to
the logger to collect the chips and replace them with blank chips for the next month's data. (Be
warned: The most common mistake by people doing wind measurements is to mix up the chips and
bring the blank ones back!)
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Arctic Conditions
If there is much freezing rain in the area, or frost from clouds in mountains, you may need a heated anemometer,
which requires an electrical grid connection to run the heater.

10 Minute Averages

Wind speeds are usually measured as 10-minute averages, in order to be compatible with most standard software
(and literature on the subject). The results for wind speeds are different, if you use different periods for
averaging, as we'll see later.

xii. The Wind Rose

You will notice that strong winds usually come from a particular direction, as
discussed in the Wind Energy Resource section. To show the information
about the distributions of wind speeds, and the frequency of the varying wind
directions, one may draw a so-called wind rose based on meteorological
observations of wind speeds and wind directions.

The picture shows the wind rose for Brest, on the Atlantic coast of France.
We have divided the compass into 12 sectors, one for each 30 degrees of the
horizon. (A wind rose may also be drawn for 8 or 16 sectors, but 12 sectors
tend to be the standard set by the European Wind Atlas, from which this image was taken). The radius of the 12
outermost, wide wedges gives the relative frequency of each of the 12 wind directions, i.e. how many per cent
of the time is the wind blowing from that direction.

The second wedge gives the same information, but multiplied by the average wind speed in each particular
direction. The result is then normalized to add up to 100 per cent. This tells you how much each sector
contributes to the average wind speed at our particular location. The innermost (red) wedge gives the same
information as the first, but multiplied by the cube of the wind speed in each particular location. The result is
then normalized to add up to 100 per cent. This tells you how much each sector contributes to the energy content
of the wind at our particular location.

Remember that the energy content of the wind varies with the cube of the wind speed, as we discussed in the
section on The Energy in the Wind. Therefore, the red wedges are really the most interesting ones. They tell us
where to find the most power to drive our wind turbines. In this case, we can see that the prevailing wind
direction is southwest, just as we would have predicted from the section on Global Winds. A wind rose gives
you information on the relative wind speeds in different directions; i.e. each of the three sets of data (frequency,
mean wind speed, and mean cube of wind speed) has been multiplied by a number which ensures that the largest
wedge in the set exactly matches the radius of the outermost circle in the diagram.

Wind Roses Vary

Wind roses vary from one location to the next. They actually are a form of
meteorological fingerprint. As an example, look at this wind rose from Caen,
France, only about 150 km (100 miles) North of Brest. Although the primary
wind direction is the same, Southwest, you will notice that practically all of the
wind energy comes from West and Southwest, so on this site we need not
concern ourselves very much about other wind directions.

Wind roses from neighbouring areas are often similar, so in practice it may
sometimes be safe to interpolate (take an average) of the wind roses from
surrounding observations. If you have complex terrain, i.e. mountains and e

valleys running in different directions, or coastlines facing in different directions, it is generally not safe to make
simple assumptions like these. The wind rose, again, only tells you the relative distribution of wind directions,
not the actual level of the mean wind speed.
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xiii.

How to Use the Wind Rose

A look at the wind rose is extremely useful for siting wind turbines. If a large share of the energy in the wind
comes from a particular direction, then you will want to have as few obstacles as possible, and as smooth a
terrain as possible in that direction, when you place wind turbines in the landscape. In these examples most of
the energy comes from the Southwest. We therefore need not be very concerned about obstacles to the East or
Southeast of wind turbines, since practically no wind energy would come from those directions.

You should note, however, that wind patterns may vary from year to year, and the energy content may vary
(typically by some ten per cent) from year to year, so it is best to have observations from several years to make
a credible average. Planners of large wind parks will usually rely on one year of local measurements, and then
use long-term meteorological observations from nearby weather stations to adjust their measurements to obtain
a reliable long-term average. Since this wind rose comes from the European Wind Atlas, we are reasonably
confidant that we can rely on it. The European Wind Atlas contains a description of each of the measurement
stations, so we may be warned about possible local disturbances to the airflow. In the section on selecting a
wind turbine site, we return to the pitfalls in using meteorology data.

Roughness and Wind Shear

High above ground level, at a height of about 1 kilometre, the wind is hardly influenced by the surface of the
earth at all. In the lower layers of the atmosphere, however, wind speeds are affected by the friction against the
surface of the earth. In the wind industry one distinguishes between the roughness of the terrain, the influence
from obstacles, and the influence from the terrain contours, which is also called the orography of the areca. We
shall be dealing with orography, when we investigate so called speed up effects, i.e. tunnel effects and hill
effects, later.

Roughness

In general, the more pronounced the roughness of the earth's surface; the more the wind will be slowed down.
Forests and large cities obviously slow the wind down considerably, while concrete runways in airports will
only slow the wind down a little. Water surfaces are even smoother than concrete runways, and will have even
less influence on the wind, while long grass and shrubs and bushes will slow the wind down considerably.

Roughness Classes and Roughness Lengths

Sheep are a wind turbine's best friend. In this picture from Akaroa Spit, New Zealand, the sheep keep the
roughness of the landscape down through their grazing. Soren Krohn In the wind industry, people usually refer
to roughness classes or roughness lengths, when they evaluate wind conditions in a landscape. A high roughness
class of 3 to 4 refers to landscapes with many trees and buildings, while a sea surface is in roughness class 0.

Concrete runways in airports are in roughness _ Foughnesslength =.|

class 0.5. The same applies to the flat, open TU';E'EM
landscape, which has been grazed by sheep. The ;'r
proper definition of roughness classes and *° ;"I
roughness lengths may be found in the Reference &0 ;,r
Manual. The term roughness length is really the
distance above ground level where the wind speed /
theoretically should be zero. 5 /’
50 /

Wind Shear 40
This graph was plotted with the wind speed 50 /
calculator in the next section. It shows you how /
wind speeds vary in roughness class 2 ¢ /
(agricultural land with some houses and sheltering  1n _._,_,_._.-—"""
hedgerows with some 500 m intervals), if we . . . - . . . . . ,

0 1 2 5 4 5 & 7 8 5

assume that the wind is blowing at 10 m/s at a
height of 100 metres.
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The fact that the wind profile is twisted towards a lower speed as we move closer to ground level, is usually
called wind shear. Wind shear may also be important when designing wind turbines. If you consider a wind
turbine with a hub height of 40 metres and a rotor diameter of 40 metres, you will notice that the wind is blowing
at 9.3 m/s when the tip of the blade is in its uppermost position, and only 7.7 m/s when the tip is in the bottom
position. This means that the forces acting on the rotor blade when it is in its top position are far larger than
when it is in its bottom position.

xiv. The Roughness Rose
If we have measured the wind speed exactly at hub height over a long period at the exact spot where a wind
turbine will be standing, we can make very exact predictions of energy production. Usually, however, we have
to recalculate wind measurements made somewhere else in the area. In practice, that can be done with great
accuracy, except in cases with very complex terrain (i.e. very hilly, uneven terrain). Just as if we use a wind rose
to Map the amount of wind energy coming from different directions, we use a roughness rose to describe the
roughness of the terrain in different directions from a prospective wind turbine site.

Normally, the compass is divided into 12 sectors of 30 degrees each, like in the picture to the left, but other
divisions are possible. In any case, they should match our wind rose, of course. For each sector, we make an
estimate of the roughness of the terrain, using the definitions from the Reference Manual section. In principle,
we could then use the wind speed calculator in the previous section to estimate for each sector how the average
wind speed is changed by the different roughness of the terrain.

Averaging Roughness in Each Sector

In most cases, however, the roughness will not fall neatly into any of the roughness classes, so we'll have to do
a bit of averaging. We have to be very concerned with the roughness in the prevailing wind directions. In those
directions we look at a Map to measure how far away, we have unchanged roughness.

Accounting for Roughness Changes within Each Sector

Let us imagine that we have a sea or lake surface in the western sector (i.e.
roughness class 0) some 400-m from the turbine site, and 2 kilometres W
away, we have a forested island. If west is an important wind direction, we

will definitely have to account for the change in roughness class from 1 to

0 to 3.

This requires more advanced models and software than what we have shown on this web site. It is also useful
to be able to use the software to manage all our wind and turbine data, so at a future update of this site we'll
explain how professional wind calculation software works. Meanwhile, you may want review Risoe's WAsP
model and Energy & Environmental Data's WindPro Windows-based software.

Accounting for Wind Obstacles
It is extremely important to account for local wind obstacles in the prevailing wind direction near the turbine
(closer than 700 m or so), if one wants to make accurate predictions
about energy output. We suggest returning to the section pertaining to
this.

s

=
:

xv. Wind Speed Variability

Short Term Variability of the Wind

The wind speed is always fluctuating, and thus the energy content of
the wind is always changing. Exactly how large the variation is
depends both on the weather and on local surface conditions and
obstacles. Energy output from a wind turbine will vary as the wind
varies, although the most rapid variations will to some extent be
compensated for by the inertia of the wind turbine rotor.

= — kx Lx fon o -l oo o
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0 1 2 2 4 5 & 7 8 ® |0:econds

Mitchell Organization Ltd. Page 14 of 99



s

Diurnal (Night and Day) Variations of the Wind

In most locations around the globe, it is more windy during the daytime *
than at night. The graph to the left shows how the wind speed at Beldringe, *7
Denmark varies by 3-hour intervals round the clock. (Information from -
the European Wind Atlas). This variation is largely due to the fact that |

temperature differences e.g. between the sea surface and the land surface
tend to be larger during the day than at night. The wind is also more 12 7 UTC
turbulent and tends to change direction more frequently during the day than at n1ght

_— k3 L

=

From the point of view of wind turbine owners, it is an advantage that most of the wind energy is produced
during the daytime, since electricity consumption is higher than at night. Many power companies pay more for
the electricity produced during the peak load hours of the day (when there is a shortage of cheap generating
capacity). We will return to this subject in the section on Wind Turbines in the electrical grid.

Seasonal Variations of the Wind
We treat this subject in the section on Wind Turbines in the electrical grid.

s
xvi. Turbulence

=
:

You have probably experienced how hailstorms or thunderstorms in
particular are associated with frequent gusts of wind, which both
changes speed, and direction. In areas with a very uneven terrain
surface, and behind obstacles such as buildings there is similarly
created allot of turbulence, with very irregular wind flows, often in
whirls or vortexes in the neighbourhood. You can see an example of
how turbulence increases the fluctuations in the wind speed in the
image, which you may compare with the image on the previous
section. Turbulence decreases the possibility of using the energy in the
wind effectively for a wind turbine. It also imposes more tears and
wears on the wind turbine, as explained in the section on fatigue loads. 07 % % 4 5 & 7 & 7 I0ceond:
Towers for wind turbines are usually made tall enough to avoid turbulence from the wind close to ground level.

= — kx Lx om0 o
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xvii. Wind Obstacles

Obstacles to the wind such as buildings, trees,

___._._.--"" \
rock formations etc. can decrease wind speeds

significantly, and they often create turbulence in @~ —_go. =% ") \
their neighbourhood.

As you can see from this drawing of typical wind flows around an obstacle, the turbulent zone may extend to
some three time the height of the obstacle. The turbulence is more pronounced behind the obstacle than in front
of'it. Therefore, it is best to avoid major obstacles close to wind turbines, particularly if they are upwind in the
prevailing wind direction, i.e. "in front of" the turbine.

Shelter Behind Obstacles

Obstacles will decrease the wind speed downstream from the obstacle. The decrease in wind speed depends on
the porosity of the obstacle, i.e. how "open" the obstacle is. (Porosity is defined as the open area divided by the
total area of the object facing the wind).

A building is obviously solid, and has no porosity, whereas an open tree in winter (with no leaves) may let more
than half of the wind through. In summer, however, the foliage may be very dense, to make the porosity less
than, say one third.
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Top view of wind flow around an obstacle.

The slowdown effect on the wind from an /-l- \;
obstacle increases with the height and

length of the obstacle. The effect is

obviously more pronounced close to the

obstacle, and close to the ground. When —

manufacturers or developers calculate the C: D
energy production for wind turbines, they
always consider obstacles if they are close
to the turbine - say, less than 1 kilometre
away in one of the more important wind directions.

L )

Wind Speed in per cent of Wind Speed Without Obstacle

xviii. Wind Shade ri height
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xix. Wake Effect

Wake effect from wind turbine

Since a wind turbine generates electricity from the energy in the wind, the wind leaving the turbine must have
a lower energy content than the wind arriving in front of the turbine. This follows directly from the fact that
energy can neither be created nor consumed. If this sounds confusing, look at the definition of energy in the
Reference Manual.

A wind turbine will always cast a wind shade in the downwind direction.

In fact, there will be a wake behind the turbine, i.e. a long trail of wind, which is quite turbulent and slowed
down, when compared to the wind arriving in front of the turbine. (The expression wake is obviously derived
from the wake behind a ship). You can actually see the wake trailing behind a wind turbine, if you add smoke
to the air passing through the turbine, as was done in the picture. (This particular turbine was designed to rotate
in a counterclockwise direction, which is somewhat unusual for modern wind turbines). Wind turbines in parks
are usually spaced at least three rotor diameters from one another in order to avoid too much turbulence around
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the turbines downstream. In the prevailing wind direction, turbines are usually spaced even farther apart, as
explained on the next section.

xx. Park Effect

As we saw in the previous section on the wake effect, each
wind turbine will slow the wind behind it as it pulls energy
out of the wind and converts it to electricity. Ideally, we
would therefore like to space turbines as far apart as possible
in the prevailing wind direction. On the other hand, land use
and the cost of connecting wind turbines to the electrical grid
would tell us to space them closer together.

Park Layout

As a rule of thumb, turbines in wind parks are usually spaced
somewhere between 5 and 9 rotor diameters apart in the
prevailing wind direction, and between 3 and 5 diameters
apart in the direction perpendicular to the prevailing winds.
In this picture, we have placed three rows of five turbines
each in a typical pattern. The turbines (the white dots) are placed 7 diameters apart in the prevailing wind
direction and 4 diameters apart in the direction perpendicular to the prevailing winds.

Energy Loss from the Park Effect

With knowledge of the wind turbine rotor, the wind rose, the Weibull distribution and the roughness in the
different directions, manufacturers or developers can calculate the energy loss due to wind turbines shading one
another. Typically, the energy loss will be somewhere around five per cent.

xxi. Speed Up Effects: Tunnel Effect

If you push an ordinary bicycle air pump, you will notice that
the air leaving the nozzle moves much faster than the speed
with which you are pushing. The reason, of course, is that the
nozzle is much narrower than the cylinder in the pump.

Tunnel Effect
If you take a walk between tall buildings, or in a narrow
mountain pass, you will notice that the same effect is working.
The air becomes compressed on the windy side of the buildings
or mountains, and its speed increases considerably between the
obstacles to the wind. This is known as a "tunnel effect".
Therefore, even if the general wind speed in open
terrain may be, say, six metres per second, it can
easily reach nine metres per second in a natural
"tunnel".

Placing a wind turbine in such a tunnel is one clever
way of obtaining higher wind speeds than in the
surrounding areas. To obtain a good tunnel effect the
tunnel should be "softly" embedded in the landscape.
In case the hills are very rough and uneven, there may
be lots of turbulence in the area, i.e. the wind will be whirling in allot of different (and rapidly changing)
directions. If there is much turbulence it may negate the wind speed advantage completely, and the changing
winds may inflict allot of useless tear and wear on the wind turbine.
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xxii. Speed Up Effects: Hill Effect

A common way of siting wind turbines is to place them on hills or ridges overlooking the surrounding landscape.
In particular, it is always an advantage to have as wide a view as possible in the prevailing wind direction in the
area. On hills, one may also experience that wind speeds are higher than in the surrounding area. Once again,
this is due to the fact that the wind becomes compressed on the windy side of the hill, and once the air reaches
the ridge it can expand again as its soars down into the low pressure area on the lee side of the hill.

You may notice that the wind in the picture starts
bending some time before it reaches the hill, because
the high-pressure area actually extends quite some
distance out in front of the hill. In addition, you may
notice that the wind becomes very irregular, once it
passes through the wind turbine rotor. As before, if
the hill is steep or has an uneven surface, one may get
significant amounts of turbulence, which may negate the advantage of higher wind speeds.

xxiii. Selecting a Wind Turbine Site

Looking at nature itself is usually an excellent guide to finding
a suitable wind turbine site. If there are trees and shrubs in the
area, you may get a good clue about the prevailing wind
direction, as you do in the picture to the right.

If you move along a rugged coastline, you may also notice that
centuries of erosion have worked in one particular direction.
Meteorology data, ideally in terms of a wind rose calculated
over 30 years is probably your best guide, but these data are
rarely collected directly at your site, and here are many reasons
to be careful about the use of meteorology data, as we explain
in the next section. If there are already wind turbines in the
area, their production results are an excellent guide to local wind conditions. In countries like Denmark and
Germany where you often find a large number of turbines scattered around the countryside, manufacturers can
offer guaranteed production results based on wind calculations made on the site.

Look for a view

As you have learned from the previous sections, we would like to have as wide and open a view as possible in
the prevailing wind direction, and we would like to have as few obstacles and as low a roughness as possible in
that same direction. If you can find a rounded hill to place the turbines, you may even get a speed up effect in
the bargain.

Grid Connection

Obviously, large wind turbines have to be connected to the electrical grid. For smaller projects, it is therefore
essential to be reasonably close to a 10-30 kilovolt power line if the costs of extending the electrical grid are not
to be prohibitively high. (It matters allot who has to pay for the power line extension, of course). The generators
in large, modern wind turbines generally produce electricity at 690 volts. A transformer located next to the
turbine, or inside the turbine tower, converts the electricity to high voltage (usually 10-30 kilovolts).

Grid Reinforcement
The electrical grid near the wind turbine(s) should be able to receive the electricity coming from the turbine. If
there are already many turbines connected to the grid, the grid may need reinforcement; i.e. a larger cable,
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perhaps connected closer to a higher voltage transformer station. Read the section on Electrical Grid Issues for
further information.

Soil Conditions
Both the feasibility of building foundations of the turbines, and road construction to reach the site with heavy
trucks must be taken into account with any wind turbine project.

Pitfalls in Using Meteorology Data

Meteorologists already collect wind data for weather forecasts and aviation, and that information is often used
to assess the general wind conditions for wind energy in an area. Precision measurement of wind speeds, and
thus wind energy is not nearly as important for weather forecasting as it is for wind energy planning, however.
Wind speeds are heavily influenced by the surface roughness of the surrounding area, of nearby obstacles (such
as trees, lighthouses or other buildings), and by the contours of the local terrain. Unless you make calculations,
which compensate for the local conditions under which the meteorology measurements were made, it is difficult
to estimate wind conditions at a nearby site. In most cases, using meteorology data directly will underestimate
the true wind energy potential in an area. We'll return to how the professionals do their wind speed calculations
on the following sections.

xxiv. Offshore Wind Conditions
Picture of 500 kW offshore wind turbine at Tune Knob, Denmark.

Vestas Wind Systems A/S Wind Conditions at Sea

The surfaces of seas and lakes are obviously very smooth; thus, the roughness of a
seascape is very low (at constant wind speeds). With increasing wind speeds some of
the energy in the wind is used to build waves, i.e. the roughness increases. Once the
waves have been built up, the roughness decreases again. We thus have a surface with
varying roughness, (just as you have it in areas covered with more or less snow).

However, the roughness of the water surface is very low, and obstacles to the wind are
few. When doing wind calculations we have to account for Islands, lighthouses etc.
just like you would account for upwind obstacles or changes in roughness on land.

Low Wind Shear Means Lower Hub Height

With low roughness, wind shear at sea is very low; i.e. the wind speed does not change
very much with changes in the hub height of wind turbines. It may therefore be most
economic to use low towers of perhaps 0.75 times the rotor diameter for wind turbines located at sea, depending
upon local conditions. (Typically towers on land sites are about the size of the rotor diameter, or taller).

Low Turbulence Intensity = Longer Lifetime for Turbines

The wind at sea is generally less turbulent than on land. Wind turbines located at sea may therefore be expected
to have a longer lifetime than land based turbines. The low turbulence at sea is primarily due to the fact that
temperature variations between different altitudes in the atmosphere above the sea are smaller than above land.
Sunlight will penetrate several metres below the sea surface, whereas on land the radiation from the sun only
heats the uppermost layer of the soil, which thus becomes much warmer. Consequently the temperature
difference between the surface and the air will be smaller above sea than above land. This is the reason for lower
turbulence.

Wind Shade Conditions at Sea

The conventional WAsP model used for onshore wind modeling is in the process of being modified for offshore
wind conditions, according to its developer, Risg National Laboratory. The different production results obtained
from the experience of the first major offshore wind park at Vindeby, Denmark, and the subsequently built wind
park at Tune Knob, Denmark, has led to new investigations with anemometer masts being placed offshore in a
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number of locations in Danish waters since 1996. The preliminary results indicate that wind shade effects from
land may be more important, even at distances up to 20 kilometres, than was previously thought. On the other
hand, it appear that the offshore wind resource may be some 5 to 10 per cent higher than was previously
estimated.

3. Computing Wind Turbine Energy Output

1.

Describing Wind Variations: Weibull Distribution

The General Pattern of Wind Speed Variations
It is very important for the wind industry to be able to describe the variation of wind speeds. Turbine designers
need the information to optimize the design of their turbines, to minimize generating costs. Turbine investors
need the information to estimate their income from electricity generation.

Flu)
If you measure wind speeds throughout a year, you will .
notice that in most areas strong gale force winds are 0.12]
rare, while moderate and fresh winds are quite
common.

014
0.4

The wind variation for at typical site is usually 0.12]
described using the so-called Weibull distribution, as ;|
shown in the image. This particular site has a mean
wind speed of seven metres per second, and the shape
of the curve is determined by a so-called shape 8.0¢]
parameter of two. 004

002

Statistical Description of Wind Speeds n

People who are familiar with statistics will realize that
the graph shows a probability density distribution. The
area under the curve is always exactly one, since the probability that the wind will be blowing at some wind
speed including zero must be 100 per cent. Half of the blue area is to the left of the vertical black line at 6.6
metres per second. The 6.6 m/s is called the median of the distribution. This means that half the time it will be
blowing less than 6.6 metres per second, the other half it will be blowing faster than 6.6 metres per second.

24 & & 10 I1Z 14 la 18 I0 2 24 mis

You may wonder then, why we say that the mean wind speed is seven metres per second. The mean wind speed
is actually the average of the wind speed observations we will get at this site. As you can see, the distribution
of wind speeds is skewed, i.e. it is not symmetrical. Sometimes you will have very high wind speeds, but they
are very rare. Wind speeds of 5.5 metres per second, on the other hand, are the most common ones. 5.5 metres
are called the modal value of the distribution. If we multiply each tiny wind speed

interval by the probability of getting that particular wind speed, and add it all up, mmmn

we get the mean wind speed. The statistical distribution of wind speeds varies .

from place to place around the globe, depending upon local climate conditions, EEEEEEE®R

the landscape, and its surface. The Weibull distribution may thus vary both inits = === =====

shape, and in its mean value.If the shape parameter is exactly two, asinthegraph wwswsssmmm®

on this section, the distribution is known as a Rayleigh distribution. Wind turbine _ R R ma e s mm s s s =
EEEEEEEEER

manufacturers often give standard performance figures for their machines using mmmmm® l
the Rayleigh distribution.

Balancing the Weibull Distribution

Another way of finding the mean wind speed is to balance the pile of blue bricks to the right, which shows
exactly the same as the graph above. Each brick represents the probability that the wind will be blowing at that
speed during 1 per cent of the time during the year. One m/s wind speeds are in the pile to the far left, 17 m/s is
to the far right. The point at which the whole pile will balance exactly will be at the 7th pile; i.e. the mean wind
speed is 7 m/s.
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ii. The Average Bottle Fallacy
What is the average energy content of the wind at your wind turbine site?
Most people who are new to wind energy think they could easily live without the
Weibull distribution. After all, if we know the average wind speed, we also know the
average power of the wind, don't we? So, can't we just use the power (or energy) at
the mean wind speed to figure out how much power (or energy) will hit the wind turbine?

In other words, couldn't we just say that with an average wind speed of 7 m/s we get an ‘

average power input of 210 Watts per square metre of rotor area? (You may find that figure ‘

in the table on the power of the wind in the Reference Manual). The answer is no! We would
underestimate wind resources by almost 100 per cent. If we did that, we would be victims of what

we could call the Average Bottle Fallacy: Look at the smallest and largest bottle in the picture.

Both have exactly the same shape. One is 0.24 m tall; the other is 0.76 m tall. How tall is the average bottle?
If you answer 0.5 m tall, you are a victim of the Average Bottle Fallacy. Bottles are interesting because of their
volume, of course. However, the volume varies with the cube (the third power) of their size. So, even though
the largest bottle is only 3.17 times larger than the small bottle, its volume is actually 3.173=32 times larger
than the small bottle. The average volume is therefore 16.5 times that of the small bottle. This means that a
bottle with an average volume would have to be 2.55 times the height of the small bottle, i.e. 0.61-m tall. (Since
2.553 =16.5).

The point we are trying to make is that you cannot simply take an average of wind speeds, and then use the
average wind speed for your power calculations. You have to weigh each wind speed probability with the
corresponding amount of power. On the next two sections, we shall calculate the energy in the wind. First we
use the bottle example to grasp the idea, then we use simple math.

iii. Mean (Average) Power of the Wind

Balancing the Power Distribution

The reason why we care about wind speeds is their
energy content, just like with the bottles in the
previous section: We cared about their content in
terms of volume. Now, the volume of a bottle varies
with the cube of the size, just as wind power varies
with the cube of the wind speed.

2 3 4 5 & 7T & 2 1000112 13 14 15 16 IT s

Let us take the Weibull distribution of wind speeds, and for each speed we place a bottle on a shelf each time
we have a 1 per cent probability of getting that wind speed. The size of each bottle corresponds to the wind
speed, so the weight of each bottle corresponds to the amount of energy in the wind.

To the right, at 17 m/s we have some really heavy bottles, which weigh almost 5000 times as much as the bottles
at 1 m/s. (At 1 m/s the wind has a power of 0.61 W/m2. At 17 m/s, its power is 3009 W/m2). Finding the wind
speed at which we get the mean of the power distribution is equivalent to balancing the bookshelves. (Remember
how we did the balancing act on the Weibull distribution section?). In this case, as you can see, although high
winds are rare, they weigh in with allot of energy.

So, in this case with an average wind speed of 7 m/s, the power weighted average of wind speeds is 8.7 m/s. At
that wind speed the power of the wind is 402 W/m2, which is almost twice as much as we figured out in our
naive calculation on the top of the previous section. On the following sections, we will use a more convenient
method of finding the power in the wind than hauling bottles around.
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iv. Betz' Law

The Ideal Braking of the Wind

The more kinetic energy a wind turbine pulls out of the wind, the
more the wind will be slowed down as it leaves the left side of
the turbine in the picture. (If you wonder about the stream tube
in the picture, you have not read the section on how the wind
turbine deflects the wind).

If we tried to extract all the energy from the wind, the air would

move away with the speed zero, i.e. the air could not leave the turbine. In that case, we would not extract any
energy at all, since all of the air would obviously also be prevented from entering the rotor of the turbine.

In the other extreme case, the wind could pass though our tube above without being hindered at all. In this case,
we would likewise not have extracted any energy from the wind.

We can therefore assume that there must be some way of braking the wind, which is in between these two
extremes, and is more efficient in converting the energy in the wind to useful mechanical energy. It turns out
that there is a surprisingly simple answer to this: An ideal wind turbine would slow down the wind by 2/3 of its
original speed. To understand why, we have to use the fundamental physical law for the aerodynamics of wind
turbines:

Betz' Law
Betz' law says that you can only convert less than 16/27 (or 59%) of the kinetic energy in the wind to mechanical
energy using a wind turbine. Betz' law was first formulated by the German Physicist Albert Betz in 1919. His
book "Wind-Energie" published in 1926 gives a good account of the knowledge of wind energy and wind
turbines at that moment. It is quite surprising that one can make such a sweeping, general statement, which
applies, to any wind turbine with a disc-like rotor. To prove the
theorem requires a bit of math and physics, but don't be put off by
that, as Betz himself writes in his book. Betz' own proof of the
theorem is included in the Reference Manual at the end of this

paper.

v. Power Density Function

Power of the Wind

From the section on the energy in the wind, we know that the
energy potential per second (the power) varies in proportion to the
cube (the third power) of the wind speed, and in proportion to the
density of the air. (Its weight per unit of volume).

We may now combine everything we have learned so far: If we g 5 10 I5 20 i
multiply the power of each wind speed with the probability of each M= Tatal pawer inpuy; .
wind speed from the Weibull graph, we have calculated the =f $sm!e power input [Betz’ law];

L. . . . . = Turbine power output
distribution of wind energy at different wind speeds = the power
density. Notice that the previous Weibull curve changes shape, because the high wind speeds have most of the
power of the wind.

From Power Density to Power Output

This graph was drawn using the wind turbine power calculator on this web site. The area under the grey curve
(all the way to the axis at the bottom) gives us the amount of wind power per square metre wind flow we may
expect at this particular site. In this case we have a mean wind speed of 7 m/s and a Weibull k=2, so we get 402
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W/m2. You should note that this is almost twice as much power as the wind has when it is blowing constantly
at the average wind speed.

The graph consists of a number of narrow vertical columns, one for each 0.1 m/s wind speed interval. The height
of each column is the power (number of Watts per square metre), which that particular wind speed contributes
to the total amount of power available per square metre. The area under the blue curve tells us how much of the
wind power we can theoretically convert to mechanical power. (According to Betz' law, this is 16/27 of the total
power in the wind). The total area under the red curve tells us how electrical power a certain wind turbine will
produce at this site. We will learn how to figure that out in a moment when we get to the section on power
curves.

The Important Messages in the Graph

The most important thing to notice is that the bulk of wind energy will be found at wind speeds above the mean
(average) wind speed at the site. This is not as surprising as it sounds, because we know that high wind speeds
have much higher energy content than low wind speeds.

The Cut In Wind Speed

Usually, wind turbines are designed to start running at wind speeds somewhere around 3 to 5 metres per second.
This is called the cut in wind speed. The blue area to the left shows the small amount of power we lose due to
the fact the turbine only cuts in after, say 5 m/s.

The Cut Out Wind Speed

The wind turbine will be programmed to stop at high wind speeds above, say 25 metres per second, in order to
avoid damaging the turbine or its surroundings. The stop wind speed is called the cut out wind speed. The tiny
blue area to the right represents that loss of power.

ke

vi. The Power Curve of a Wind Turbine 500 s

The power curve of a wind turbine is a graph that indicates son /
how large the electrical power output will be for the turbine

at different wind speeds. The graph shows a power curve a00

for a typical 600-kW wind turbine. /

Power curves are found by field measurements, where an 300

anemometer is placed on a mast reasonably close to the /
wind turbine (not on the turbine itself or too close to it, zon

since the turbine rotor may create turbulence, and make /

wind speed measurement unreliable). .

If the wind speed is not fluctuating too rapidly, then one /

may use the wind speed measurements from the ———— 7 1T
anemometer and read the electrical power output from the ! 3 1 15 0 g
wind turbine and plot the two values together in a graph like the one to the left.

Uncertainty in Measurement of Power Curves

In reality, one will see a swarm of points spread around the blue line, and not the neat curve in the graph. The
reason is that in practice, the wind speed always fluctuates, and one cannot measure exactly the column of wind
that passes through the rotor of the turbine. (It is not a workable solution just to place an anemometer in front
of the turbine, since the turbine will also cast a "wind shadow" and brake the wind in front of itself). In practice,
therefore, one has to take an average of the different measurements for each wind speed, and plot the graph
through these averages. Furthermore, it is difficult to make exact measurements of the wind speed itself. If one
has a 3 per cent error in wind speed measurement, then the energy in the wind may be 9 per cent higher or lower
(remember that the energy content varies with the third power of the wind speed). Consequently, there may be
errors up to plus or minus 10 per cent even in certified power curves.
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Verifying Power Curves

Power curves are based on measurements in areas with low turbulence intensity, and with the wind coming
directly towards the front of the turbine. Local turbulence and complex terrain (e.g. turbines placed on a rugged
slope) may mean that wind gusts hit the rotor from varying directions. It may therefore be difficult to reproduce
the power curve exactly in any given location.

Pitfalls in Using Power Curves

A power curve does not tell you how much power a wind turbine will produce at a certain average wind speed.
You would not even be close, if you used that method! Remember that the energy content of the wind varies
very strongly with the wind speed, as we saw in the section on the energy in the wind. Therefore, it matters allot
how that average came about, i.e. if winds vary allot, or if the wind blows at a relatively constant speed.

Also, you may remember from the example in the section on the power density function, that most of the wind
energy is available at wind speeds which are twice the most common wind speed at the site. Finally, we need to
account for the fact that the turbine may not be running at standard air pressure and temperature, and
consequently make corrections for changes in the density of air.

vii. The Power Coefficient 0.44

The power coefficient tells you how efficiently a turbine
converts the energy in the wind to electricity. Very simply, we
just divide the electrical power output by the wind energy input
to measure how technically efficient a wind turbine is. In other
words, we take the power curve, and divide it by the area of the
rotor to get the power output per square metre of rotor area. For
each wind speed, we then divide the result by the amount of
power in the wind per square metre.

The graph shows a power coefficient curve for a typical wind
turbine. Although the average efficiency for these turbines is
somewhat above 20 per cent, the efficiency varies very much
with the wind speed. (If there are small kinks in the curve, they
are usually due to measurement errors).

a 5 0 15 mn s

As you can see, the mechanical efficiency of the turbine is largest (in this case 44 per cent) at a wind speed
around some 9 m/s. This is a deliberate choice by the engineers who designed the turbine. At low wind speeds
efficiency is not so important, because there is not much energy to harvest. At high wind speeds, the turbine
must waste any excess energy above what the generator was designed for. Efficiency therefore matters most in
the region of wind speeds where most of the energy is to be found.

Higher Technical Efficiency is not Necessarily the Way Forward

It is not an aim in itself to have a high technical efficiency of a wind turbine. What matters, really, is the cost of
pulling kilowatt-hours out of the winds during the next 20 years. Since the fuel is free, there is no need to save
it. The optimal turbine is therefore not necessarily the turbine with the highest energy output per year. On the
other hand, each square metre of rotor area costs money, so it is of course necessary to harvest whatever energy
you can - as long as you can keep costs per kilowatt-hour down. We return to that subject later in the section
about optimizing wind turbines.
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viii. Annual Energy Output from a Wind Turbine GWWhfvear for tepical Danish 600 kv wind turbine

30 k=15
We are now ready to calculate the relationship between . % k=20
average wind speeds and annual energy output from a wind k=13
turbine. To draw the graph to the right, we have used a power /
calculator, and the power curve from the default example /
600-kW wind turbine. We have used a standard atmosphere g

with an air density of 1.225 kg/m3. ' /
1o

For each of the Weibull parameters 1.5, 2.0, and 2.5, we have //

calculated the annual energy output for different average s —

wind speeds at turbine hub height. As you can see, output

may vary up to 50 per cent depending on the shape parameter 0.0

at a low average wind speed of 4.5 m/s, while it may vary ~ 43 50 55 60 65 70 75 80 85 50 %5100 mss
some 30 per cent at a very high average wind speed of 10 m/s at hub height.

Output varies almost with the cube of the wind speed

Now, let us look at the red curve with k=2, which is the curve normally shown by manufacturers:

With an average wind speed of 4.5 m/s at hub height, the machine will generate about 0.5 GWh per year, i.e.
500,000 kWh per year. With an average wind speed of 9 metres per second it will generate 2.4 GWh/year =
2,400,000 kWh per year. Thus, doubling the average wind speed has increased energy output 4.8 times.

If we had compared 5 and 10 metres per second instead, we would have obtained almost exactly 4 times as
much energy output. The reason why we do not obtain exactly the same results in the two cases is that the
efficiency of the wind turbine varies with the wind speeds, as described by the power curve. Note that the
uncertainty that applies to the power curve also applies to the result above. You may refine your calculations by
accounting for the fact that e.g. in temperate climates the wind tends to be stronger in winter than in summer,
and stronger during the daytime than at night.

The Capacity Factor

Another way of stating the annual energy output from a wind turbine is to look at the capacity factor for the
turbine in its particular location. By capacity factor we mean its actual annual energy output divided by the
theoretical maximum output, if the machine were running at its rated (maximum) power during all of the 8766
hours of the year.

Example: If a 600 kW turbine produces 1.5 million kWh in a year, its capacity factor is = 1500000: ( 365.25 *
24 * 600 ) = 1500000: 5259600 = 0.285 = 28.5 per cent.

Capacity factors may theoretically vary form 0 to 100 per cent, but in practice they will usually range from 20
to 70 per cent, and mostly be around 25-30 per cent.

The Capacity Factor Paradox

Although one would generally prefer to have a large capacity factor, it may not always be an economic
advantage. This is often confusing to people used to conventional or nuclear technology. In a very windy
location, for instance, it may be an advantage to use a larger generator with the same rotor diameter (or a smaller
rotor diameter for a given generator size). This would tend to lower the capacity factor (using less of the capacity
of a relatively larger generator), but it may mean a substantially larger annual production, as you can verify
using the Power calculation. Whether it is worthwhile to go for a lower capacity factor with a relatively larger
generator, depends both on wind conditions, and on the price of the different turbine models of course.

Another way of looking at the capacity factor paradox is to say, that to a certain extent you may have a choice
between a relatively stable power output (close to the design limit of the generator) with a high capacity factor
- or a high energy output (which will fluctuate) with a low capacity factor.

4. How does a Wind Turbine Work?
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i.  Wind Turbine Components

The nacelle contains the essential
components of the wind turbine,
including the gearbox, and the electrical
generator. Service personnel may enter
the nacelle from the tower of the turbine.
To the left of the nacelle, we have the
wind turbine rotor, i.e. the rotor blades
and the hub. The rotor blades capture the
wind and transfer its power to the rotor
hub. On a modern 600 kW wind turbine
each rotor blade measures about 20 metres (66 ft.) in length and is designed much like a wing of an aeroplane.

The hub of the rotor is attached to the low speed shaft of the wind turbine. The low speed shaft of the wind
turbine connects the rotor hub to the gearbox. On a modern 600-kW wind turbine, the rotor rotates relatively
slowly, about 19 to 30 revolutions per minute (RPM). The shaft contains pipes for the hydraulics system to
enable the aerodynamic brakes to operate.

The gearbox has the low speed shaft to the left. It makes the high-speed shaft to the right turn approximately 50
times faster than the low speed shaft.

The high-speed shaft rotates with approximately. 1,500 revolutions per minute (RPM) and drives the electrical
generator. It is equipped with an emergency mechanical disc brake. The mechanical brake is used in case of
failure of the aerodynamic brake, or when the turbine is being serviced.

The electrical generator is usually a so-called induction generator or asynchronous generator. On a modern wind
turbine, the maximum electric power is usually between 500 and 1,500 kilowatts (kW). The electronic controller
contains a computer, which continuously monitors the condition of the wind turbine and controls the yaw
mechanism. In case of any malfunction, (e.g. overheating of the gearbox or the generator), it automatically stops
the wind turbine and calls the turbine operator's computer via a telephone modem link.

The hydraulics system is used to reset the acrodynamic brakes of the wind turbine. The cooling unit contains
an electric fan, which is used to cool the electrical generator. In addition, it contains an oil-cooling unit, which
is used to cool the oil in the gearbox. Some turbines have water-cooled generators.

The tower of the wind turbine carries the nacelle and the rotor. Generally, it is an advantage to have a high
tower, since wind speeds increase farther away from the ground. A typical modern 600 kW turbine will have a
tower of 40 to 60 metres (132 to 198 ft.) (the height of a 13-20 story building).

Towers may either be tubular towers (such as the one in the picture) or lattice towers. Tubular towers are safer
for the personnel that have to maintain the turbines, as they may use an inside ladder to get to the top of the
turbine. The advantage of lattice towers is primarily that they are cheaper.

The yaw mechanism uses electrical motors to turn the nacelle with the rotor against the wind. The yaw
mechanism is operated by the electronic controller, which senses the wind direction using the wind vane. The
picture shows the turbine yawing. Normally, the turbine will yaw only a few degrees at a time, when the wind
changes its direction.

The anemometer and the wind wane are used to measure the speed and the direction of the wind. The electronic
signals from the anemometer are used by the wind turbine's electronic controller to start the wind turbine when
the wind speed reaches approximately 5 metres per second (10 knots). The computers stops the wind turbine
automatically if the wind speed exceeds 25 metres per second (50 knots) in order to protect the turbine and its
surroundings.
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The wind vane signals are used by the wind turbine's electronic controller to turn the wind turbine against the
wind, using the yaw mechanism.

ii. Aerodynamics of Wind Turbines - Lift

The rotor consisting of the rotor blades and the hub are placed
upwind of the tower and the nacelle on most modern wind
turbines. This is primarily done because the air current behind
the tower is very irregular (turbulent).

What makes the rotor turn?

The answer seems obvious - the wind.

Actually, it is a bit more complicated than just the air molecules
hitting the front of the rotor blades. Modern wind turbines borrow technologies known from airplanes and
helicopters, plus a few advanced tricks of their own, because wind turbines actually work in a very different
environment with changing wind speeds and changing wind directions.

Lift
Have a look at the animation of the cut-off profile (cross section) - ¢

of the wing of an aircraft. The reason why an aeroplane can fly is
that the air sliding along the upper surface of the wing will move @ I##5 wina WIMDFCWER. dk:
faster than on the lower surface.

This means that the pressure will be lowest on the upper surface. This creates the lift, i.e. the force pulling
upwards that enables the plane to fly. The lift is perpendicular to the direction of the wind. The lift phenomenon
has been well known for centuries to people who do roofing work: They know from experience that roof material
on the lee side of the roof (the side not facing the wind) is torn off quickly, if the roofing material is not properly
attached to its substructure.

iii. Aerodynamics of Wind Turbines: Stall and Drag

-—
Stall -
Now, what happens if an aircraft tilts backward in an attempt to
climb higher into the sky quickly? The lift of the wing will indeed
increase, as the wing is tilted backwards, but in the picture you can
see that all of a sudden the air flow on the upper surface stops
sticking to the surface of the wing. Instead the air whirls around in an irregular vortex (a condition which is also
known as turbulence). All of a sudden, the lift from the low pressure on the upper surface of the wing disappears.
This phenomenon is known as stall.

G 1PPE gy WINDP OWER. Ak

An aircraft wing will stall, if the shape of the wing tapers off too quickly as the air moves along its general
direction of motion. (The wing itself, of course, does not change its shape, but the angle of the wing in relation
to the general direction of the airflow (also known as the angle of attack) has been increased in our picture
above). Notice that the turbulence is created on the backside of the wing in relation to the air current.

Stall can be provoked if the surface of the aircraft wing - or the wind turbine rotor blade - is not completely even
and smooth. A dent in the wing or rotor blade, or a piece of self-adhesive tape can be enough to start the
turbulence on the backside, even if the angle of attack is small. Aircraft designers obviously try to avoid stall at
all costs, since an aeroplane without the lift from its wings will fall like a rock. On the section on power control,
we shall return to the subject of how wind turbine engineers deliberately make use of the stall phenomenon
when designing rotor blades.

Drag

Mitchell Organization Ltd. Page 27 of 99



Aircraft designers and rotor blade designers are not just concerned with lift and stall, however. They are also
concerned with air resistance, in technical jargon of acrodynamics known as drag. Drag will normally increase
if the area facing the direction of motion increases.

iv. Adding Wind Speeds and Directions (Wind Velocities)

Aerodynamics of Wind Turbines

The wind which hits the rotor blades of a wind turbine will not come from the
direction in which the wind is blowing in the landscape, i.e. from the front of the
turbine. This is because the rotor blades themselves are moving.

Y

To understand this, consider the picture of a bicycle which is equipped with a

blue banner (or a wind vane) to indicate the direction of the wind: If we have & 395w WIHDPCAWER Ak
completely calm weather, and the bicycles moves forwards, with, say, 7 metres per second (14 knots), the
bicycle will be moving through the air at 7 metres per second. On the bicycle, we can measure a wind speed of
7 metres per second relative to the bicycle. The banner will point straight backwards, because the wind will
come directly from the front of the bicycle.

Now, let us look at the bicycle again directly from above, and let us assume that the bicycle
moves forward at a constant speed of, once again, 7 metres per second. If the wind is blowing
directly from the right, also at 7 metres per second, the banner will clearly be blown partly to
the left, at a 45-degree angle relative to the bicycle. With a bit less wind, e.g. 5 metres per
second, the banner will be blown less to the left, and the angle will be some 35 degrees. As you
can see from the picture, the direction of the wind, the resulting wind as measured from the
bicycle, will change whenever the speed of the wind changes.

What about the wind speed measured from the bicycle?

The wind is, so to speak, blowing at a rate of 7 metres per second from the front and 5 to 7
metres per second from the right. If you know a bit of geometry or trigonometry you can work
out that the wind speed measured on the bicycle will be between 8.6 and 9.9 metres per second.
Enough about changing wind directions, now what about the wind turbine rotor?

v. Rotor Aerodynamics

To study how the wind moves relative to the rotor blades of a
wind turbine, we have fixed red ribbons to the tip of the rotor
blades of our model wind turbine, and yellow ribbons some 1/4
out the length of the blade from the hub. We then let the ribbons
float freely in the air (in the cartoon we abstract from the air
currents created by the blades themselves and the centrifugal
force).

The two images on this page give you one view from the side of
the turbine, and another view from the front of the turbine.
Since most wind turbines have constant rotational speed, the
rotational speed at the tip of the rotor blade is typically some 64
m/s, while at the centre of the hub it is zero. 1/4 out the length of
the blade, the rotational speed will then be some 16 m/s. The yellow ribbons close to the hub of the rotor will
be blown more towards the back of the turbine than the red ribbons at the tips of the blades. This is obviously
because at the tip of the blades the rotational speed is some 8 times higher than the speed of the wind hitting the
front of the turbine.

Why are Rotor Blades Twisted?
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Rotor blades for large wind turbines are always twisted. Seen from the rotor blade, the wind will be coming
from a much steeper angle (more from the general wind direction in the landscape), as you move towards the
root of the blade, and the centre of the rotor. As you learned in the section on stall, a rotor blade will stop giving
lift, if the blade is hit at an angle of attack which is too steep. Therefore, the rotor blade has to be twisted, so
that the back edge of the blade is pushed farther away in the same direction the wind in the landscape is blowing.

vi. Rotor Blades

Changing the Wind Speed Changes Wind
Direction Relative to the Rotor Blade. In
this next picture, we have taken one rotor
blade from the previous section off its hub,
and we look from the hub towards the tip,
at the backside (the lee side) of the rotor
blade. The wind in the landscape blows
between, say 8 m/s and 16 m/s (from the
bottom of the picture), while the tip of the
blade rotates towards the left side of the
picture.

O THA 77T

In the picture, you can see how the angle of attack of the wind changes much more dramatically at the root of
the blade (yellow line) than at the tip of the blade (red line), as the wind changes. If the wind becomes powerful
enough to make the blade stall, it will start stalling at the root of the blade.

Lift Direction

Now, let us cut the rotor blade at the point with the yellow line. In the next picture, the grey arrow shows the
direction of the lift at this point. The lift is perpendicular to the direction of the wind. As you can see, the lift
pulls the blade partly in the direction we want, i.e. to the left. It also bends the rotor blade somewhat, however.

Rotor Blade Profiles (Cross Sections)

As you can see, wind turbine rotor blades looks allot like the wings of an
aircraft. In fact, rotor blade designers often use classical aircraft wing
profiles as cross sections in the outermost part of the blade. The thick
profiles in the innermost part of the blade, however, are usually designed
specifically for wind turbines. Choosing profiles for rotor blades involves
a number of compromises including reliable lift and stall characteristics,
and the profile's ability to perform well even if there is some dirt on the
surface (which may be a problem in areas where there is little rain).

2 DOATR A 1227

Rotor Blade Materials

Most modern rotor blades on large wind turbines are made of glass fibre reinforced plastics, (GRP); i.e. glass
fibre reinforced polyester or epoxy. Using carbon fibre or aramid (Kevlar) as reinforcing material is another
possibility, but usually such blades are uneconomic for large turbines. Wood, wood-epoxy, or wood-fibre-epoxy
composites have not penetrated the market for rotor blades, although there is still development going on in this
area. Steel and aluminium alloys have problems of weight and metal fatigue respectively. They are currently
only used for very small wind turbines.

vii. Power Control of Wind Turbines

Wind turbines are designed to produce electrical energy as cheaply as possible. Wind turbines are therefore
generally designed so that they yield maximum output at wind speeds around 15 metres per second. (30 knots

Mitchell Organization Ltd. Page 29 of 99



or 33 mph). Its does not pay to design turbines that maximize their output at stronger winds, because such strong
winds are rare. In case of stronger winds it is necessary to waste part of the excess energy of the wind in order
to avoid damaging the wind turbine. All wind turbines are therefore designed with some sort of power control.
There are two different ways of doing this safely on modern wind turbines.

Pitch Controlled Wind Turbines

On a pitch controlled, wind turbine, the turbine's electronic controller checks the power output of the turbine
several times per second. When the power output becomes too high, it sends an order to the blade pitch
mechanism, which immediately pitches (turns), the rotor blades slightly out of the wind. Conversely, the blades
are turned back into the wind whenever the wind drops again. The rotor blades thus have to be able to turn
around their longitudinal axis (to pitch).

During normal operation, the blades will pitch a fraction of a degree at a time - and the rotor will be turning at
the same time. Designing a pitch controlled wind turbine requires some clever engineering to make sure that
the rotor blades pitch exactly the amount required. On a pitch controlled wind turbine, the computer will
generally pitch the blades a few degrees every time the wind changes in order to keep the rotor blades at the
optimum angle in order to maximize output for all wind speeds. The pitch mechanism is usually operated using
hydraulics.

Stall Controlled Wind Turbines

(Passive) stall controlled wind turbines have the rotor blades bolted onto the hub at a fixed angle. The geometry
of the rotor blade profile, however has been aerodynamically designed to ensure that the moment the wind speed
becomes too high, it creates turbulence on the side of the rotor blade which is not facing the wind as shown in
the picture in the previous section. This stall prevents the lifting force of the rotor blade from acting on the rotor.

If you have read the section on aerodynamics and aerodynamics and stall, you will realize that as the actual
wind speed in the area increases, the angle of attack of the rotor blade will increase, until at some point it starts
to stall. If you look closely at a rotor blade for a stall controlled wind turbine you will notice that the blade is
twisted slightly as you move along its longitudinal axis. This is partly done in order to ensure that the rotor blade
stalls gradually rather than abruptly when the wind speed reaches its critical value. (Other reasons for twisting
the blade are mentioned in the previous section on aerodynamics).

The basic advantage of stall control is that one avoids moving parts in the rotor itself, and a complex control
system. On the other hand, stall control represents a very complex aerodynamic design problem, and related
design challenges in the structural dynamics of the whole wind turbine, e.g. to avoid stall-induced vibrations.
Around two thirds of the wind turbines currently being installed in the world are stall controlled machines.

Active Stall Controlled Wind Turbines

An increasing number of larger wind turbines (1 MW and up) are being developed with an active stall power
control mechanism. Technically the active stall machines resemble pitch-controlled machines, since they have
pitchable blades. In order to get a reasonably large torque (turning force) at low wind speeds; the machines will
usually be programmed to pitch their blades much like a pitch-controlled machine at low wind speeds. (Often
they use only a few fixed steps depending upon the wind speed).

When the machine reaches its rated power, however, you will notice an important difference from the pitch
controlled machines: If the generator is about to be overloaded, the machine will pitch its blades in the opposite
direction from what a pitch controlled machine does. In other words, it will increase the angle of attack of the
rotor blades in order to make the blades go into a deeper stall, thus wasting the excess energy in the wind.

One of the advantages of active stall is that one can control the power output more accurately than with passive
stall, so as to avoid overshooting the rated power of the machine at the beginning of a gust of wind. Another
advantage is that the machine can be run almost exactly at rated power at all high wind speeds. A normal passive
stall controlled wind turbine will usually have a drop in the electrical power output for higher wind speeds, as
the rotor blades go into deeper stall. The pitch mechanism is usually operated using hydraulics or electric stepper
motors. As with pitch control it is largely an economic question whether it is worthwhile to pay for the added
complexity of the machine, when the blade pitch mechanism is added.
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Other Power Control Methods

Some older wind turbines use ailerons (flaps) to control the power of the rotor, just like aircraft use flaps to alter
the geometry of the wings to provide extra lift at takeoff. Another theoretical possibility is to yaw the rotor
partly out of the wind to decrease power. This technique of yaw control is in practice used only for tiny wind
turbines (1 kW or less), as it subjects the rotor to cyclically varying stress which may ultimately damage the
entire structure

viii. The Wind Turbine Yaw Mechanism
The wind turbine yaw mechanism is used to turn the wind turbine rotor against the wind.

Yaw Error
The wind turbine is said to have a yaw error, if the rotor is not perpendicular to the wind. A yaw error implies
that a lower share of the energy in the wind will be running through the rotor area. (The share will drop to the
cosine of the yaw error, for those of you who know math). If this were the only thing that happened, then yaw
control would be an excellent way of controlling the power input to the wind turbine rotor. That part of the rotor
which is closest to the source direction of the wind, however, will be subject to a larger force (bending torque)
than the rest of the rotor. On the one hand, this means that the rotor will have a tendency to yaw against the
wind automatically, regardless of whether we are dealing with an upwind or a downwind turbine. On the other
hand, it means that the blades will be bending back and forth in a flapwise direction for each turn of the rotor.
Wind turbines, which are running with a yaw error, are therefore subject to larger fatigue loads than wind
turbines, which are yawed, in a perpendicular direction against the
wind.

Yaw Mechanism

Almost all-horizontal axis wind turbines use forced yawing, i.e. they
use a mechanism which uses electric motors and gearboxes to keep
the turbine yawed against the wind. The image shows the yaw
mechanism of a typical 750 kW machine seen from below, looking
into the nacelle. We can see the yaw bearing around the outer edge, -
and the wheels from the yaw motors and the yaw brakes inside. Almost all manufacturers of upwind machines
prefer to brake the yaw mechanism whenever it is unused. The yaw mechanism is activated by the electronic
controller, which several times per second checks the position of the wind vane on the turbine, whenever the
turbine is running.

Cable Twist Counter

Cables carry the current from the wind turbine generator down
through the tower. The cables, however, will become increasingly
twisted if the turbine by accident keeps yawing in the same direction
for a long time. The wind turbine is therefore equipped with a cable
twist counter which tells the controller that it is time to untwist the
cables.

Occasionally you may therefore see a wind turbine, which looks like ik
it, has gone berserk, yawing continuously in one direction for five revolutions. Like other safety equipment in
the turbine there is redundancy in the system. In this case, the turbine is also equipped with a pull switch, which
is activated if the cables become too twisted.
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ix. Wind Turbine Generators

The wind turbine generator converts mechanical energy to
electrical energy. Wind turbine generators are a bit unusual,
compared to other generating units you ordinarily find
attached to the electrical grid. One reason is that the generator
has to work with a power source (the wind turbine rotor)
which supplies very fluctuating mechanical power (torque).

This section assumes that you are familiar with the basics of
electricity, electromagnetism, and in particular alternating
current. If any of the expressions volt (V), phase, three phase,
frequency, or Hertz (Hz) sound strange to you, you should
take a look at the Reference Manual on Electricity, and read
about alternating current, three phase alternating current, electromagnetism, and induction, before you proceed
with the following sections.

& DWWTHA 775

Generating Voltage (tension)

On large wind turbines (above 100-150 kW) the voltage (tension) generated by the turbine is usually 690 V
three-phase alternating current (AC). The current is subsequently sent through a transformer next to the wind
turbine (or inside the tower) to raise the voltage to somewhere between 10,000 and 30,000 volts, depending on
the standard in the local electrical grid. Large manufacturers will supply both 50 Hz wind turbine models (for
the electrical grids in most of the world) and 60 Hz models (for the electrical grid in America).

Cooling System

Generators need cooling while they work. On most turbines, this is accomplished by encapsulating the generator
in a duct, using a large fan for air cooling, but a few manufacturers use water-cooled generators. Water cooled
generators may be built more compactly, which also gives some electrical efficiency advantages, but they
require a radiator in the nacelle to get rid of the heat from the liquid cooling system.

Starting and Stopping the Generator

If you connected (or disconnected) a large wind turbine generator to the grid by flicking an ordinary switch, you
would be quite likely to damage both the generator, the gearbox and the current in the grid in the neighbourhood.
You will learn how turbine designers deal with this challenge in the section on Power Quality Issues, later.

Design Choices in Generators and Grid Connection

Wind turbines may be designed with either synchronous or asynchronous generators, and with various forms of
direct or indirect grid connection of the generator. Direct grid connection mean that the generator is connected
directly to the (usually 3-phase) alternating current grid. Indirect grid connection means that the current from
the turbine passes through a series of electric devices, which adjust the current to match that of the grid. With
an asynchronous generator, this occurs automatically.

x. Synchronous Generators
3-Phase Generator (or Motor) Principles
All 3-phase generators (or motors) use a rotating magnetic field. In the ‘
picture to the left, we have installed three electromagnets around a
circle. Each of the three magnets is connected to its own phase in the

three phase electrical grid.

As you can see, each of the three electromagnets alternates between
producing a South Pole and a North Pole towards the centre. The letters © DWTHA 1975
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are shown in black when the magnetism is strong and in light grey when the magnetism is weak. The fluctuation
in magnetism corresponds exactly to the fluctuation in voltage of each phase. When one phase is at its peak, the
other two have the current running in the opposite direction, at half the voltage. Since the timing of current in
the three magnets is one third of a cycle apart, the magnetic field will make one complete revolution per cycle.

Synchronous Motor Operation

The compass needle (with the North Pole painted red) will follow the magnetic field exactly, and make one
revolution per cycle. With a 50 Hz grid, the needle will make 50 revolutions per second, i.e. 50 times 60 = 3000
rpm (revolutions per minute). In the picture above, we have in fact managed to build what is called a 2-pole
permanent magnet synchronous motor. The reason why it is called a synchronous motor, is that the magnet in
the centre will rotate at a constant speed which is synchronous with (running exactly like the cycle in) the
rotation of the magnetic field.

The reason why it is called a 2-pole motor is that it has one North and one South Pole. It may look like three
poles to you, but in fact, the compass needle feels the pull from the sum of the magnetic fields around its own
magnetic field. Therefore, if the magnet at the top is a strong South Pole, the two magnets at the bottom will
add up to a strong North Pole. The reason why it is called a permanent magnet motor is that the compass needle
in the centre is a permanent magnet, not an electromagnet. (You could make a real motor by replacing the
compass needle by a powerful permanent magnet, or an electromagnet, which maintains its magnetism through
a coil (wound around an iron core) which is fed with direct current). The setup with the three electromagnets is
called the stator in the motor, because this part of the motor remains static (in the same place). The compass
needle in the centre is called the rotor, obviously because it rotates.

Synchronous Generator Operation

If you start forcing the magnet around (instead of letting the current from the grid move it), you will discover
that it works like a generator, sending alternating current back into the grid. (You should have a more powerful
magnet to produce much electricity). The more force (torque) you apply, the more electricity you generate, but
the generator will still run at the same speed dictated by the frequency of the electrical grid.

You may disconnect the generator completely from the grid, and start your own private 3-phase electricity grid,
hooking your lamps up to the three coils around the electromagnets. (Remember the principle of magnetic /
electrical induction from the reference manual section of this web site). If you disconnect the generator from
the main grid, however, you will have to crank it at a constant rotational speed in order to produce alternating
current with a constant frequency. Consequently, with this type of generator you will normally want to use an
indirect grid connection of the generator.

In practice, permanent magnet synchronous generators are not used very much. There are several reasons for
this. One reason is that permanent magnets tend to become demagnetized by working in the powerful magnetic
fields inside a generator. Another reason is that powerful magnets (made of rare earth metals, e.g. Neodymium)
are quite expensive, even if prices have dropped lately.

Wind Turbines With Synchronous Generators

Wind turbines, which use synchronous generators normally use electromagnets in the rotor, which are fed by
direct current from the electrical grid. Since the grid supplies alternating current, they first have to convert
alternating current to direct current before sending it into the coil windings around the electromagnets in the
rotor. The rotor electromagnets are connected to the current by using brushes and slip rings on the axle (shaft)
of the generator.

xi. Changing Generator Rotational Speed
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A Four Pole Generator

The speed of a generator (or motor) which is directly connected to a
three-phase grid is constant, and dictated by the frequency of the grid,
as we learned on the previous section. If you double the number of
magnets in the stator, however, you can ensure that the magnetic field
rotates at half the speed. In the picture to the left, you see how the
magnetic field now moves clockwise for half a revolution before it
reaches the same magnetic pole as before. We have simply connected
the six magnets to the three phases in a clockwise order.

S

This generator (or motor) has four poles at all times, two South and two
North. Since a four pole generator will only take half a revolution per
cycle, it will obviously make 25 revolutions per second on a 50 Hz grid, & DWTHA | 795
or 1500 revolutions per minute (rpm). Then we double the number of poles in the stator of a synchronous

generator we will have to double the number of magnets in the rotor, as you see on the picture. Otherwise, the
poles will not match. (We could use to two bent "horseshoe" magnets in this case).

Other Numbers of Poles

Obviously, we could repeat what we just did, and introduce another pair of poles, by adding 3 more
electromagnets to the stator. With 9 magnets, we get a 6-pole machine, which will run at 1000 rpm on a 50 Hz
grid. The general result is the following:

Synchronous Generator Speeds (rpm)

Pole number 50 Hz 60 Hz
2 3000 3600
4 1500 1800
6 1000 1200
8 750 900
10 600 720
12 500 600

The term "synchronous generator speed" thus refers to the speed of the generator when it is running
synchronously with the grid frequency. It applies to all sorts of generators, however: In the case of asynchronous
(induction) generators, it is equivalent to the idle speed of the generator.

High or Low Speed Generators?

Most wind turbines use generators with four or six poles. The reasons for using these relatively high-speed
generators are savings on size and cost. The maximum force (torque) a generator can handle depends on the
rotor volume. For a given power output you then have the choice between a slow-moving, large (expensive)
generator, or a high-speed (cheaper) smaller generator.
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xii. Asynchronous (Induction) Generators

Most wind turbines in the world use a so-called three-phase asynchronous
(cage wound) generator, also called an induction generator to generate
alternating current. This type of generator is not widely used outside the wind
turbine industry, and in small hydropower units, but the world has allot of
experience in dealing with it anyway:

The curious thing about this type of generator is that it was really originally A
designed as an electric motor. In fact, one third of the world's electricity 4

PR PR : o : : @ OWATHA 1293
consumption is used for running induction motors driving machinery in
factories, pumps, fans, compressors, elevators, and other applications where you need to convert electrical
energy to mechanical energy.

One reason for choosing this type of generator is that it is very reliable, and tends to be comparatively
inexpensive. The generator also has some mechanical properties, which are useful for wind turbines. (Generator
slip, and a certain overload capability).

The Cage Rotor
The essential component of the asynchronous generator is the cage
rotor. (It used to be called a squirrel cage rotor but after it became

politically incorrect to exercise your domestic rodents in a treadmill, — — .!._

we only have this less captivating name). The rotor makes the P —————
asynchronous generator different from the synchronous generator. —

The rotor consists of a number of copper or aluminium bars, which are

connected electrically by aluminium end rings, as you see in the

picture to the left. & ChATHA, [593

In the picture above you see how the rotor is provided with an "iron" core, using a stack of thin insulated steel
laminations, with holes punched for the conducting aluminium bars. The rotor is placed in the middle of the
stator, which in this case, again, is a 4-pole stator, which is directly connected to the three phases of the electrical
grid.

Motor Operation

When the current is connected, the machine will start turning like a
motor at a speed, which is just slightly below the synchronous speed
of the rotating magnetic field from the stator. Now, what is

happening? If we look at the rotor bars from above (in the picture N -
to the right), we have a magnetic field which moves relative to the K
rotor. This induces a very strong current in the rotor bars, which

offer very little resistance to the current, since they are short-
circuited by the end rings. The rotor then develops its own magnetic poles, which in turn become dragged along
by the electromagnetic force from the rotating magnetic field in the stator.

Generator Operation

Now, what happens if we manually crank this rotor around at exactly the synchronous speed of the generator,
e.g. 1500-rpm (revolutions per minute), as we saw for the 4-pole synchronous generator in the previous section?
The answer is nothing. Since the magnetic field rotates at exactly the same speed as the rotor, we see no induction
phenomena in the rotor, and it will not interact with the stator.

However, what if we increase speed above 1500 rpm?

In that case, the rotor moves faster than the rotating magnetic field from the stator, which means that again the
stator induces a strong current in the rotor. The harder you crank the rotor, the more power will be transferred
as an electromagnetic force to the stator, and in turn converted to electricity which is fed into the electrical grid.
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Generator Slip

The speed of the asynchronous generator will vary with the turning force (moment, or torque) applied to it. In
practice, the difference between the rotational speed at peak power and at idle is very small, about 1 per cent.
This difference in per cent of the synchronous speed is called the generator's slip. Thus, a 4-pole generator will
run idle at 1500 rpm if it is attached to a grid with a 50 Hz current. If the generator is producing at its maximum
power, it will be running at 1515 rpm.

It is a very useful mechanical property that the generator will increase or decrease its speed slightly if the torque
varies. This means that there will be less tear and wear on the gearbox. (Lower peak torque). This is one of the
most important reasons for using an asynchronous generator rather than a synchronous generator on a wind
turbine, which is directly connected to the electrical grid.

Automatic Pole Adjustment of the Rotor

Did you notice that we did not specify the number of poles in the stator when we described the rotor? The clever
thing about the cage rotor is that it adapts itself to the number of poles in the stator automatically. The same
rotor can therefore be used with a wide variety of pole numbers.

Grid Connection Required

In the section about the permanent magnet synchronous generator, we showed that it could run as a generator
without connection to the public grid. An asynchronous generator is different, because it requires the stator to
be magnetized from the grid before it works. You can run an asynchronous generator in a stand-alone system,
however, if it is provided with capacitors which supply the necessary magnetization current. It also requires that
there be some remanence in the rotor iron, i.e. some leftover magnetism when you start the turbine. Otherwise,
you will need a battery and power electronics, or a small diesel generator to start the system).

xiii. Changing the Number of Generator Poles
You may be thinking that a stator with twice as many gEUliet=
magnets would be twice as expensive, but that is not
really the case. Generators (and motors) are usually
made with a very large number of stator magnets
anyway, as you see in the picture. (We have not yet
added the stator coil windings on the iron).

The reason for this stator arrangement is that we wish
to minimize the air gap between the rotor and the
stator. At the same time, we need to provide cooling
of the magnets. The stator iron in reality consists of a
large number of thin (0.5-mm) insulated steel sheets,
which are stacked to form the stator iron. This
layering is done to prevent current eddies in the stator
iron from decreasing the efficiency of the generator.
The generator is like a whale, but in reality, the stator
of a generator consists of a very large number of
electromagnets.

The problem of providing more generator poles on an
asynchronous cage wound generator then really boils
down to connecting the neighbouring magnets
differently: Either we take a bunch of magnets at a time, connecting them to the same phase as we move around
the stator, or else we change to the next phase every time we get to the next magnet.

Two Speed, Pole Changing Generators

Some manufacturers fit their turbines with two generators, a small one for periods of low winds, and a large one
for periods of high winds. A more common design on newer machines is pole changing generators, i.e.
generators which (depending on how their stator magnets are connected) may run with a different number of
poles, and thus a different rotational speed. Some electrical generators are custom built as two-in-one, i.e. they
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are able to run as e.g. either 150 kW or 600 kW generators, and at two different speeds. This design has become
ever more widespread throughout the industry.

Whether it is worthwhile to use a double generator or a higher number of poles for low winds depends on the
local wind speed distribution, and the extra cost of the pole changing generator compared to the price the turbine
owner gets for the electricity. (You should keep in mind that the energy content of low winds is very small). A
good reason for having a dual generator system, however, is that you may run your turbine at a lower rotational
speed at low wind speeds. This is both more efficient (aerodynamically), and it means less noise from the rotor
blades (which is usually only a problem at low wind speeds).

Incidentally, you may have a few pole changing motors in your house without even knowing it: Washing
machines which can also spin dry clothes usually have pole changing motors which are able to run at low speed
for washing and at high speed for spinning. Similarly, exhaust fans in your kitchen may be built for two or three
different speeds. (In the latter case with a variable speed fan, you can use what you have learned about the
energy in the wind: If you want to move twice as much air out of your house per minute using the same fan, it
will cost you eight times as much electricity).

xiv. Variable Slip Generators for Wind Turbines

Manufacturers of electric motors have for many years been faced with the problem that their motors can only
run at certain almost fixed speeds determined by the number of poles in the motor. As we learned in the previous
section, the motor (or generator) slip in an asynchronous (induction) machine is usually very small for reasons
of efficiency, so the rotational speed will vary with around 1 per cent between idle and full load.

The slip, however is a function of the (DC) resistance (measured in ohms) in the rotor windings of the generator.
The higher resistance, the higher the slip, so one way of varying the slip is to vary the resistance in the rotor. In
this way, one may increase generator slip to e.g. 10 per cent. On motors, this is usually done by having a wound
rotor, i.e. a rotor with copper wire windings which are connected in a star, and connected with external variable
resistors, plus an electronic control system to operate the resistors. The connection has usually been done with
brushes and slip rings, which is a clear drawback over the elegantly simple technical design of a cage wound
rotor machine. It also introduces parts, which wear down in the generator, and thus the generator requires extra
maintenance.

Opti Slip ®

An interesting variation of the variable slip induction generator avoids the problem of introducing slip rings,
brushes, external resistors, and maintenance altogether. By mounting the external resistors on the rotor itself,
and mounting the electronic control system on the rotor as well, you still have the problem of how to
communicate the amount of slip you need to the rotor. This communication can be done very elegantly, however,
using optical fibre communications, and sending the signal across to the rotor electronics each time it passes a
stationary optical fibre.

Running a Pitch Controlled Turbine at Variable Speed

As mentioned in the next section, there are a number of advantages of being able to run a wind turbine at variable
speed. One good reason for wanting to be able to run a turbine partially at variable speed is the fact that pitch
control (controlling the torque in order not to overload the gearbox and generator by pitching the wind turbine
blades) is a mechanical process. This means that the reaction time for the pitch mechanism becomes a critical
factor in turbine design.

If you have a variable slip generator, however, you may start increasing its slip once you are close to the rated
power of the turbine. The control strategy applied in a widely used Danish turbine design (600 kW and up) is to
run the generator at half of its maximum slip when the turbine is operating near the rated power. When a wind
gust occurs, the control mechanism signals to increase generator slip to allow the rotor to run a bit faster while
the pitch mechanism begins to cope with the situation by pitching the blades more out of the wind. Once the
pitch mechanism has done its work, the slip is decreased again. In case the wind suddenly drops, the process is
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applied in reverse. Although these concepts may sound simple, it is quite a technical challenge to ensure that
the two power control mechanisms cooperate efficiently.

Improving Power Quality

You may protest that running a generator at high slip releases more heat from the generator, which runs less
efficiently. That is not a problem in itself, however, since the only alternative is to waste the excess wind energy
by pitching the rotor blades out of the wind. One of the real benefits of using the control strategy mentioned
here is that you get a better power quality, since the fluctuations in power output are "eaten up" or "topped up"
by varying the generator slip and storing or releasing part of the energy as rotational energy in the wind turbine
rotor.

xv. Indirect Grid Connection of Wind Turbines

Generating Alternating Current (AC) at Variable Frequency
Most wind turbines run at almost
constant speed with direct grid
connection. With indirect grid
connection, however, the wind 0 o ﬂk.j’ /\/
turbine generator runs in its own,
separate  mini AC-grid, as
illustrated in the graphic. This |

grid is controlled electronically oo o P voiabe D _ i
: . ook, Gearbo, and Generator ariable irect Irregular, ri
(usmg an 1nverter), so that the Fraquency  Current Switched Fraquency

frequency of the alternating A2 (L) A AL
current in the stator of the generator may be varied. In this way, it is possible to run the turbine at variable
rotational speed. Thus, the turbine will generate alternating current at exactly the variable frequency applied to
the stator. The generator may be either a synchronous generator or an asynchronous generator, and the turbine
may have a gearbox, as in the image above, or run without a gearbox if the generator has many poles, as
explained on the next section.

EEs
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Conversion to Direct Current (DC)

AC current with a variable frequency cannot be handled by the public electrical grid. We therefore start by
rectifying it; i.e. we convert it into direct current, DC. The conversion from variable frequency AC to DC can
be done using thyristor or large power transistors.

Conversion to Fixed Frequency AC

We then convert the (fluctuating) direct current to an alternating current (using an inverter) with exactly the
same frequency as the public electrical grid. This conversion to AC in the inverter can also be done using either
thyristor or transistors. Thyristor or power transistors are large semiconductor switches that operate without
mechanical parts. The kind of alternating current one gets out of an inverter looks quite ugly at first sight -
nothing like the smooth sinusoidal curve we learned about when studying alternating current. Instead, we get a
series of sudden jumps in the voltage and current, as you saw in the animation above.

Filtering the AC

The rectangular shaped waves can be smoothed out, however, using appropriate inductance and capacitors, in a
so-called AC filter mechanism. The somewhat jagged appearance of the voltage does not disappear completely,
however, as explained below.

Advantages of Indirect Grid Connection: Variable Speed

The advantage of indirect grid connection is that it is possible to run the wind turbine at variable speed. The
primary advantage is that gusts of wind can be allowed to make the rotor turn faster, thus storing part of the
excess energy as rotational energy until the gust is over. Obviously, this requires an intelligent control strategy,
since we have to be able to differentiate between gusts and higher wind speed in general. Thus it is possible to
reduce the peak torque (reducing wear on the gearbox and generator), and we may reduce the fatigue loads on
the tower and rotor blades.
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The secondary advantage is that with power electronics one may control reactive power (i.e. the phase shifting
of current relative to voltage in the AC grid), so as to improve the power quality in the electrical grid. This may
be useful, particularly if a turbine is running on a weak electrical grid. Theoretically, variable speed may also
give a slight advantage in terms of annual production, since it is possible to run the machine at an optimal
rotational speed, depending on the wind speed. From an economic point of view that advantage is so small,
however, that it is hardly worth mentioning.

Disadvantages of Indirect Grid Connection

The basic disadvantage of indirect grid connection is cost. As we just learned, the turbine will need a rectifier
and two inverters, one to control the stator current, and another to generate the output current. Presently, it seems
that the cost of power electronics exceeds the gains to be made in building lighter turbines, but that may change
as the cost of power electronics decreases. Looking at operating statistics from wind turbines using power
electronics (published by the German ISET Institute), it also seems that availability rates for these machines
tend to be somewhat lower than conventional machines, due to failures in the power electronics.

Other disadvantages are the energy lost in the AC-DC-AC conversion process, and the fact that power
electronics may introduce harmonic distortion of the alternating current in the electrical grid, thus reducing
power quality. The problem of harmonic distortion arises because the filtering process mentioned above is not
perfect, and it may leave some "overtones" (multiples of the grid frequency) in the output current.

xvi. Gearboxes for Wind Turbines

Why Use a Gearbox?

The power from the rotation of the wind turbine rotor is transferred to the
generator through the power train, i.e. through the main shaft, the gearbox and
the high speed shaft, as we saw in the section with the Components of a Wind
Turbine. However, why use a gearbox? Couldn't we just drive the generator
directly with the power from the main shaft? 2 IFFE wrara WIND POV ER.dlc

If we used an ordinary generator, directly connected to a 50 Hz AC (alternating current) three phase grid with
two, four, or six poles, we would have to have an extremely high speed turbine with between 1000 and 3000
revolutions per minute (rpm), as we can see in the section on Changing Generator Rotational Speed. With a 43-
metre rotor diameter that would imply a tip speed of the rotor of far more than twice the speed of sound, so we
might as well forget it.

Another possibility is to build a slow-moving AC generator with many poles. However, if you wanted to connect
the generator directly to the grid, you would end up with a 200-pole generator (i.e. 300 magnets) to arrive at a
reasonable rotational speed of 30 rpm. Another problem is, that the mass of the rotor of the generator has to be
roughly proportional to the amount of torque (moment, or turning force) it has to handle. Therefore, a directly
driven generator will be very heavy (and expensive) in any case.
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Less Torque, More Speed

The practical solution, which is used in
the opposite direction in lots of industrial
machinery, and in connection with car
engines, is to use a gearbox. With a
gearbox, you convert between slowly
rotating, high torque power, which you
get from the wind turbine rotor - and high
speed, low torque power, which you use
for the generator.

The gearbox in a wind turbine does not
"change gears". It normally has a single
gear ratio between the rotation of the
rotor and the generator. For a 600 or 750
kW machine, the gear ratio is typically
approximately 1 to 50.

The picture above shows a 1.5 MW

gearbox for a wind turbine. This particular gearbox is somewhat unusual, since it has flanges for two generators
on the high-speed site (to the right). The orange gadgets just below the generator attachments to the right are
the hydraulically operated emergency disc brakes. In the background, you see the lower part of a nacelle for a
1.5 MW turbine.

xvii. The Electronic Wind Turbine Controller

The wind turbine controller consists of a number of computers, which
continuously monitor the condition of the wind turbine and collect statistics on
its operation. As the name implies, the controller also controls a large number
of switches, hydraulic pumps, valves, and motors within the wind turbine. As
wind turbine sizes increase to megawatt machines, it becomes even more
important that they have a high availability rate, i.e. that they function reliably
all the time.

Communicating with the Outside World

The controller communicates with the owner or operator of the wind turbine
via a communications link, e.g. sending alarms or requests for service over the
telephone or a radio link. It is also possible to call the wind turbine to collect
statistics, and check its present status. In wind parks one of the turbines will
usually be equipped with a PC from which it is possible to control and collect data from the rest of the wind
turbines in the park. This PC can be called over a telephone line or a radio link.

Internal Communications

There is usually a controller both at the bottom of the tower and in the nacelle. On recent wind
turbine models, the communication between the controllers is usually done using fibre optics.
The image to the right shows a fibre optics communications unit. On some recent models, there
is a third controller placed in the hub of the rotor. That unit usually communicates with the
nacelle unit using serial communications through a cable connected with slip rings and brushes
on the main shaft.

Fail Safe Mechanisms and Redundancy
Computers and sensors are usually duplicated (redundant) in all safety or operation sensitive areas of newer,
large machines. The controller continuously compares the readings from measurements throughout the wind
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turbine to ensure that both the sensors and the computers themselves are OK. The picture above shows the
controller of a megawatt machine, and has two central computers. (We removed the cover on one of the two
computers to show the electronics).

What is Monitored?
It is possible to monitor or set somewhere between 100 and 500 parameter values in a modern wind turbine.

The controller may e.g. check the rotational speed of the rotor, the generator, its voltage and current. In addition,

lightning strikes and their charge may be registered. Furthermore measurements may be made of outside air

temperature, temperature in the electronic cabinets, oil temperature in the gearbox, the temperature of the

generator windings, the temperature in the gearbox bearings, hydraulic -
pressure, the pitch angle of each rotor blade (for pitch controlled or active stall
controlled machines), the yaw angle (by counting the number of teeth on yaw
wheel), the number of power cable twists, wind direction, wind speed from the
anemometer, the size and frequency of vibrations in the nacelle and the rotor
blades, the thickness of the brake linings, whether the tower door is open or
closed (alarm system).

Control Strategies

Many of the business secrets of the wind turbine manufacturers are to be found
in the way the controller interacts with the wind turbine components. Improved
control strategies are responsible for an important part of the increase in wind
turbine productivity in recent years. An interesting strategy pursued by some
manufacturers is to adapt the operational strategy to the local wind climate. In
this way, it may e.g. be possible to minimize uneconomic tear and wear on the
machine during (rare) periods of rough weather.

xviii. Controlling Power Quality from Wind Turbines

Most people think of the controller as the unit which runs the wind turbine, e.g. yaws it against the wind, checks
that the safety systems are OK, and starts the turbine. The controller does indeed do all these things, but it also
looks after the power quality of the current generated by the wind turbine.

Grid Connection and Power Quality

In the section about power quality you will learn how electricity companies require that wind turbines connect
"softly" to the grid and how they have certain requirements that, the alternating current and voltage move in
step with one another. The image to the right shows the high voltage section of a controller for a megawatt
machine. This part of the controller operates e.g. the thyristor, which ensure soft coupling to the electrical grid.

Reactive Power Control

Voltage and current are typically measured 128 times per alternating current cycle; (i.e. 50 x
128 times per second or 60 x 128 times per second, depending on the electrical grid
frequency). On this basis, a so-called DSP processor calculates the stability of the grid
frequency and the active and reactive power of the turbine. (The reactive power component is
a question of whether the voltage and the current are in phase or not). In order to ensure the
proper power quality, the controller may switch on or switch off a large number of electrical
capacitors, which adjust the reactive power, (i.e. the phase angle between the voltage and the
current). As you can see in the image to the left, the switchable capacitor bank is quite a large
control unit in itself in a megawatt-sized machine.
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Electromagnetic Compatibility (EMC)

There are very powerful electromagnetic fields around power cables and
generators in a wind turbine. This means that the electronics in the controller
system has to be insensitive to electromagnetic fields. Conversely, the
electronics should not emit electromagnetic radiation, which can inhibit the
functioning of other electronic equipment. The image to the left shows a
radiation free room with metal walls in the laboratory of one of the largest
wind turbine controller manufacturers. The equipment in the room is used to -
measure electromagnetic emissions from the components of the controllers.

xix. Size of Wind Turbines

Power Output Increases with the Swept Rotor Area

When a farmer tells you how much land he is farming, he will
usually state an area in terms of hectares or acres. With a wind
turbine, it is much the same story; though doing wind farming
we farm a vertical area instead of a horizontal one. The area of
the disc covered by the rotor, (and wind speeds, of course),
determines how much energy we can harvest in a year.

The picture gives you an idea of the normal rotor sizes of wind
turbines: A typical turbine with a 600 kW electrical generator
will typically have a rotor diameter of some 43 metres (141-
ft.). If you double the rotor diameter, you get an area, which is
four times larger (two squared). This means that you also get
four times as much power output from the rotor.

Rotor diameters may vary somewhat from the figures given above, because many manufacturers optimize their
machines to local wind conditions: A larger generator, of course, requires more power (i.e. strong winds) to turn
at all. So if you install a wind turbine in a low wind area you will actually maximize annual output by using a
fairly small generator for a given rotor size (or a larger rotor size for a given generator) For a 600 kW machine
rotor diameters may vary from 39 to 48 m (128 to 157 ft.) The reason why you may get more output from a
relatively smaller generator in a low wind area is that the turbine will be running more hours during the year.
20-110

Choosing Between Low and Tall Towers
Obviously, you get more energy from a larger wind turbine
than a small one, but if you take a look at the three wind

turbines below, which are 225 kW, 600 kW, and 1,500 kW 1 : A
respectively, and with rotor diameters of 27, 43, and 60 . e
metres, you will notice that the tower heights are different as

well.

Clearly, we cannot sensibly fit a 60-metre rotor to a tower of
less than 30 metres. But if we consider the cost of a large
rotor and a large generator and gearbox, it would surely be a waste to put it on a small tower, because we get
much higher wind speeds and thus more energy with a tall tower. (See the section on wind resources). Each
metre of tower height costs money, of course, so the optimum height of the tower is a function of:

a. tower costs per metre (10 metre extra tower will presently cost you about 15,000 USD)

b. how much the wind locally varies with the height above ground level, i.e. the average local terrain roughness
(large roughness makes it more useful with a taller tower),

c. the price the turbine owner gets for an additional kilowatt-hour of electricity.

Manufacturers often deliver machines where the tower height is equal to the rotor diameter. Aesthetically, many
people find that turbines are more pleasant to look at, if the tower height is roughly equal to the rotor diameter.
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Reasons for Choosing Large Turbines

a. There are economies of scale in wind turbines; i.e. larger machines are usually able to deliver electricity at
a lower cost than smaller machines. The reason is that the cost of foundations, road building, electrical grid
connection, plus a number of components in the turbine (the electronic control system etc.), is somewhat
independent of the size of the machine.

b. Larger machines are particularly well suited for offshore wind power. The cost of foundations does not rise
in proportion to the size of the machine, and maintenance costs are largely independent of the size of the
machine.

c. Inareas where it is difficult to find sites for more than a single turbine, a large turbine with a tall tower uses
the existing wind resource more efficiently.

Reasons for Choosing Smaller Turbines

a. The local electrical grid may be too weak to handle the electricity output from a large machine. This may
be the case in remote parts of the electrical grid with low population density and little electricity
consumption in the area.

b. There is less fluctuation in the electricity output from a wind park consisting of a number of smaller
machines, since wind fluctuations occur randomly, and therefore tend to cancel out. Again, smaller
machines may be an advantage in a weak electrical grid.

c. The cost of using large cranes, and building a road strong enough to carry the turbine components may
make smaller machines more economic in some areas.

Several smaller machines spread the risk in case of temporary machine failure, e.g. due to lightning strikes.

e. Aecsthetically landscape considerations may sometimes dictate the use of smaller machines. Large
machines, however, will usually have a much lower rotational speed, which means that one large machine
really does not attract as much attention as many small, fast moving rotors. (See the section on wind turbines
in the landscape).

xx. Wind Turbine Safety

The components of a wind turbine are designed to last 20 years.
This means that they will have to endure more than 120,000
operating hours, often under stormy weather conditions. If you
compare with an ordinary automobile engine, it usually only
operates only some 5,000 hours during its lifetime. Large wind
turbines are equipped with a number of safety devices to ensure
safe operation during their lifetime.

Sensors
One of the classical and most simple safety devices in a wind turbine is the vibration sensor in the image above,
which was first installed in the Gedser wind turbine. It simply consists of a ball resting on a ring. The ball is
connected to a switch through a chain. If the turbine starts shaking, the ball will fall off the ring and switch the
turbine off. There are many other sensors in the nacelle, e.g. electronic thermometers, which check the oil
temperature in the gearbox and the temperature of the generator.

Rotor Blades

Safety regulations for wind turbines vary between countries. Denmark is one of the only countries in which the
law requires that all new rotor blades be tested both statically, i.e. applying weights to bend the blade, and
dynamically, i.e. testing the blade's ability to withstand fatigue from repeated bending more than five million
times.

Towers
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Large, modern wind turbines normally use conical tubular steel towers. The primary advantage of this tower
over a lattice tower is that it makes it safer and far more comfortable for service personnel to access the wind
turbine for repair and maintenance. The disadvantage is cost.

Occupational Safety

The primary danger in working with wind turbines is the height above ground during installation work and when
doing maintenance work. New wind turbines are required to have fall protection devices; i.e. the person
climbing the turbine has to wear a parachutist-like set of straps. The straps are connected with a steel wire to an
anchoring system that follows the person while climbing or descending the turbine. The wire system has to
include a shock absorber, so that persons are reasonably safe in case of a fall.

A tradition (which has since been taken up by other manufacturers) is to place the access ladders at a certain
distance from the wall. This enables service personnel to climb the tower while being able to rest the shoulders
against the inside wall of the tower. Protection from the machinery, fire protection and electrical insulation
protection is governed by a number of national and international standards. During servicing, it is essential that
the machinery can be stopped completely. In addition to a mechanical brake, the rotor can be locked in place
with a pin, to prevent any movement of the mechanical parts whatsoever.

Overspeed Protection

It is essential that wind turbines stop automatically in case of malfunction of a critical component. E.g. if the
generator overheats or is disconnected from the electrical grid it will stop braking the rotation of the rotor, and
the rotor will start accelerating rapidly within a matter of seconds. In such a case it is essential to have an
overspeed protection system. Most wind turbines are requited by law to have two independent fail safe brake
mechanisms to stop the turbine.

Aerodynamic Braking System: Tip Brakes

The primary braking system for most modern wind turbines is the aerodynamic braking system, which
essentially consists in turning the rotor blades about 90 degrees along their longitudinal axis (in the case of a
pitch controlled turbine or an active stall controlled turbine), or in turning the rotor blade tips 90 degrees (in the
case of a stall controlled turbine). These systems are usually spring operated, in order to work even in case of
electrical power failure, and they are automatically activated if the hydraulic system in the turbine loses pressure.
The hydraulic system in the turbine is used turn the blades or blade tips back in place once the dangerous
situation is over. Experience has proved that aerodynamic braking systems are extremely safe. They will stop
the turbine in a matter of a couple of rotations, at the most. In addition, they offer a very gentle way of braking
the turbine without any major stress, tear and wear on the tower and the machinery. The normal way of stopping
a modern turbine (for any reason) is therefore to use the aerodynamic braking system.

Mechanical Braking System

The mechanical brake is used as a backup system for the aerodynamic
braking system, and as a parking brake, once the turbine is stopped in
case of a stall controlled turbine. Pitch controlled turbines rarely need
activate the mechanical brake (except for maintenance work), as the
cannot move very much once the rotor blades are pitched 90 degrees.
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5. Designing Wind Turbines

i. Basic Load Considerations

Whether you are building wind turbines or helicopters, you have to take the
strength, the dynamic behaviour, and the fatigue properties of your materials and
the entire assembly into consideration. Picture to the right is a water-pumping
windmill in South Australia.

Extreme Loads (Forces)
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Picture to the right is from Comodoro Rivadavia, Argentina (NEG Micon 750
kW turbines)

Wind turbines are built to catch the wind's kinetic (motion) energy. You may
therefore wonder why modern wind turbines are not built with allot of rotor
blades, as if the old "American" windmills you have seen in the Western
movies. Turbines with many blades or very wide blades, i.e. turbines with a
very solid rotor, however, will be subject to very large forces, when the wind
blows at a hurricane speed. (Remember that the energy content of the wind
varies with the third power (the cube) of the wind speed).

Wind turbine manufacturers have to certify that their turbines are built, so that
they can withstand extreme winds which occur, say, during 10 minutes once
every 50 years. To limit the influence of the extreme winds turbine manufacturers therefore generally prefer to
build turbines with a few, long, narrow blades. In order to make up for the narrowness of the blades facing the
wind, turbine manufacturers prefer to let the turbines rotate relatively quickly.

Fatigue Loads (Forces)

Wind turbines are subject to fluctuating winds, and hence fluctuating forces. This is particularly the case if they
are located in a very turbulent wind climate. Components, which are subject to repeated bending, such as rotor
blades, may eventually develop cracks, which ultimately may make the component break. A historical example
is the huge German Growian machine (100-m rotor diameter) which had to be taken out of service after less
than three weeks of operation. Metal fatigue is a well-known problem in many industries. Metal is therefore
generally not favoured as a material for rotor blades. When designing a wind turbine it is extremely important
to calculate in advance, how the different components will vibrate, both individually, and jointly. It is also
important to calculate the forces involved in each bending or stretching of a component. This is the subject of
structural dynamics, where physicists have developed mathematical computer models that analyse the behaviour
of an entire wind turbine. These models are used by wind turbine manufacturers to design their machines safely.

Structural Dynamics:

A 50-metre tall wind turbine tower will have a tendency to swing back and forth, say, every three seconds. The
frequency with which the tower oscillates back and forth is also known as the eigenfrequency of the tower. The
eigenfrequency depends on both the height of the tower, the thickness of its walls, the type of steel, and the
weight of the nacelle and rotor. Now, each time a rotor blade passes the wind shade of the tower, the rotor will
push slightly less against the tower. If the rotor turns with a rotational speed such that a rotor blade passes the
tower each time the tower is in one of its extreme positions, then the rotor blade may either dampen or amplify
(reinforce) the oscillations of the tower. The rotor blades themselves are also flexible, and may have a tendency
to vibrate, say, once per second. As you can see, it is very important to know the eigenfreqencies of each
component in order to design a safe turbine that does not oscillate out of control.

A very dramatic example of structural dynamic forces at work under influence of the wind (undampened torsion
oscillations) is the famous crash of the Tacoma Bridge.

ii. Wind Turbines: Horizontal or Vertical Axis Machines?

Horizontal Axis Wind Turbines

Most of the technology described in these section is related to horizontal axis wind turbines (HAWTs, as some
people like to call them). The reason is simple: All grid-connected commercial wind turbines today are built
with a propeller-type rotor on a horizontal axis (i.e. a horizontal main shaft). The purpose of the rotor, of course,
is to convert the linear motion of the wind into rotational energy that can be used to drive a generator. The same
basic principle is used in a modern water turbine, where the flow of water is parallel to the rotational axis of the
turbine blades.

Mitchell Organization Ltd. Page 45 0of 99



Pictured to the left is an Eole C 4200 kW Vertical axis Darrieus wind turbine with 100-m
rotor diameter at Cap Chat, Québec, Canada. The machine (which is the world's largest wind
turbine) is no longer operational.

Vertical Axis Wind Turbines

As you will probably recall, classical water wheels let the water arrive at a right angle
(perpendicular) to the rotational axis (shaft) of the water wheel. Vertical axis wind turbines
(VAWTSs as some people call them) are a bit like water wheels in that sense. (Some vertical
axis turbine types could actually work with a horizontal axis as well, but they would hardly
be able to beat the efficiency of a propeller-type turbine). The only vertical axis turbine,
which has ever been manufactured commercially at any volume, is the Darrieus machine,
named after the French engineer Georges Darrieus who patented the design in 1931. (It was
manufactured by the U.S. company FloWind that went bankrupt in 1997). The Darrieus machine is characterised
by its C-shaped rotor blades, which make it, look a bit like an eggbeater. It is normally built with two or three
blades.

The basic theoretical advantages of a vertical axis machine are
a. You may place the generator, gearbox etc. on the ground, and you may not need a tower for the machine.
b.  You do not need a yaw mechanism to turn the rotor against the wind.

The basic disadvantages are

a.  Wind speeds are very low close to ground level, so although you may save a tower, your wind speeds will
be very low on the lower part of your rotor.

The overall efficiency of the vertical axis machines is not impressive.

c. The machine is not self-starting (e.g. a Darrieus machine will need a "push" before it starts. This is only a
minor inconvenience for a grid connected turbine, however, since you may use the generator as a motor
drawing current from the grid to start the machine).

d. The machine may need guy wires to hold it up, but guy wires are impractical in heavily farmed areas.

e. Replacing the main bearing for the rotor necessitates removing the rotor on both a horizontal and a vertical
axis machine. In the case of the latter, it means tearing the whole machine down. (That is why EOLE 4 in
the picture is standing idle).

iii. Wind Turbines: Upwind or Downwind Machines?

Upwind Machines

Upwind machines have the rotor facing the wind. The basic advantage of upwind designs is that one avoids the
wind shade behind the tower. By far the vast majority of wind turbines have this design. On the other hand,
there is also some wind shade in front of the tower, i.e. the wind starts bending away from the tower before it
reaches the tower itself, even if the tower is round and smooth. Therefore, each time the rotor passes the tower,
the power from the wind turbine drops slightly. The basic drawback of upwind designs is that the rotor needs to
be made rather inflexible and placed at some distance from the tower (as some manufacturers have found out to
their cost). In addition, an upwind machine needs a yaw mechanism to keep the rotor facing the wind.

Downwind Machines

Downwind machines have the rotor placed on the lee side of the tower. They have the theoretical advantage
that they may be built without a yaw mechanism, if the rotor and nacelle have a suitable design that makes the
nacelle follow the wind passively. For large wind turbines, this is a somewhat doubtful advantage, however,
since you do need cables to lead the current away from the generator. How do you untwist the cables, when the
machine has been yawing passively in the same direction for a long period of time, if you do not have a yaw
mechanism? (Slip rings or mechanical collectors are not a very good idea if you are working with 1000-ampere
currents).

Small downwind turbine (22 kW). You may notice that the rotor is "coning" away from the tower.
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A more important advantage is that the rotor may be made more flexible. This is an

advantage in regard to both weight, and the power dynamics of the machine; i.e. the N\ A
blades will bend at high wind speeds, thus taking part of the load off the tower. The ‘}0""'
basic advantage of the downwind machine is thus, that it may be built somewhat
lighter than an upwind machine. The basic drawback is the fluctuation in the wind
power due to the rotor passing through the wind shade of the tower. This may give
more fatigue loads on the turbine than with an upwind design.

iv. Wind Turbines: How many blades?

The Three-Bladed Concept
Most modern wind turbines are three-bladed designs with the rotor position maintained upwind (on the windy
side of the tower) using electrical motors in their yaw mechanism. This design is usually called the classical
concept, and tends to be a standard against which other concepts are evaluated. The vast majority of the turbines
sold in world markets have this design. The basic design was first introduced with the renowned Gedser wind
turbine. Another characteristic is the use of an asynchronous generator.

Two-Bladed (Teetering) Concept

Two-bladed wind turbine designs have the advantage of saving the cost of one rotor blade and its weight, of
course. However, they tend to have difficulty in penetrating the market, partly because they require higher
rotational speed to yield the same energy output. This is a disadvantage both in regard to noise and visual
intrusion. Lately, several traditional manufacturers of two-bladed machines have switched to three-bladed
designs. Two- and one-bladed machines require a more complex design with a hinged (teetering hub) rotor (i.e.
the rotor has to be able to tilt in order to avoid too heavy shocks to the turbine when a rotor blades passes the
tower). The rotor is therefore fitted onto a shaft which is perpendicular to the main shaft, and which rotates
along with the main shaft. This arrangement may require additional shock absorbers to prevent the rotor blade
from hitting the tower.

One-Bladed Concept

Yes, one-bladed wind turbines do exist, and indeed, they save the cost of another rotor blade! If anything can
be built, engineers will do it. One-bladed wind turbines are not very widespread commercially, however,
because the same problems that are mentioned under the two-bladed design apply to an even larger extent to
one-bladed machines. In addition to higher rotational speed, and the noise and visual intrusion problems, they
require a counterweight to be placed on the other side of the hub from the rotor blade in order to balance the
rotor. This obviously negates the savings on weight compared to a two-bladed design.

v. Optimising Wind Turbines

Optimisation and Economics

Victoria in Southern Australia would never have been populated in the late 19th
century, were it not for the water pumping windmills - and these windmills are
really optimised for their purpose. The water pumping windmills to the right
look very different from modern, large wind turbines. But they are quite
sensibly designed for the purpose they serve: The very solid rotor with many
blades means that they will be running even at very low wind speeds, and thus
pumping a fair amount of water all year round.

DR o o ot ke

Clearly, they will be very inefficient at high wind speeds, and they will have to shut themselves down, and yaw
out of the wind in order to avoid damage to the turbine, due to the very solid rotor. However, that does not really
matter: We do not want them to empty the wells and flood the water tank during a gale. The ideal wind turbine
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design is not dictated by technology alone, but by a combination of technology and economics: Wind turbine
manufacturers wish to optimize their machines, so that they deliver electricity at the lowest possible cost per
kilowatt hour (kWh) of energy.

However, manufacturers are not very concerned about how efficiently they use the wind resource: The fuel is
free, after all. It is not necessarily a good idea to maximize annual energy production, if that means that one has
to build a very expensive wind turbine. In the next sections, we shall look at some of the choices manufacturers
have to make.

Relative Generator and Rotor Size

A small generator, (i.e. a generator with low rated power output in kW) requires less force to turn than a large
one. If you fit a large wind turbine rotor with a small generator it will be producing electricity during many
hours of the year, but it will capture only a small part of the energy content of the wind at high wind speeds. A
large generator, on the other hand, will be very efficient at high wind speeds, but unable to turn at low wind
speeds.

Clearly, manufacturers will look at the distribution of wind speeds and the energy content of the wind at different
wind speeds to determine the ideal combination of the size of the rotor and the size of the generator at different
wind turbine sites. Fitting a wind turbine with two (or more) generators can sometimes be an advantage, but
whether it really pays to do, it depends on the electricity price.

Tower Heights

In the section on wind shear, you have learned that taller towers generally increase a wind turbine's energy
production. Once again, whether a taller tower is worth the extra cost depends on both the roughness class, and
the cost of electricity.

vi. Designing for Low Mechanical Noise from Wind Turbines

Sound emissions from wind turbines may have two different origins: Mechanical noise, which we deal with in
this section, and aerodynamic noise, which we deal with in the next section.

Mechanical Sources of Sound Emission

Mechanical noise, i.e. metal components moving or knocking against each other may originate in the gearbox,
in the drive train (the shafts), and in the generator of a wind turbine. Machines from the early 1980s or before
do emit some mechanical noise, which may be heard in the immediate surroundings of the turbine, in the worst
cases even up to a distance of 200-m (600-ft.)

A survey on research and development priorities of wind turbine manufacturers conducted in 1995, however,
showed that no manufacturer considered mechanical noise as a problem any longer, and therefore no further
research in the area was considered necessary. The reason was that within three years noise emissions had
dropped to half their previous level due to better engineering practices.

Quieting Wind Turbine Gearboxes

Gearboxes for wind turbines are no longer standard industrial gearboxes, but they have been adapted specifically
for quiet operation of wind turbines. One way of doing this is to ensure that the steel wheels of the gearbox have
a semi-soft, flexible core, but a hard surface to ensure strength and long time wear. The way this is done is
basically to heat the gear wheels after their teeth have been ground, and then let them cool off slowly while they
are packed in a special high carbon-content powder. The carbon will then migrate into the surface of the metal.
This ensures a high carbon content and high durability in the surface of the metal, while the steel alloy in the
interior remains softer and more flexible.

Structural Dynamics Analysis

When going by car, plane, or train, you may have experienced how resonance of different components, e.g. in
the dashboard of a car or a window of a train may amplify noise. An important consideration, which enters into
the turbine design process today, is the fact that the rotor blades may act as membranes that may retransmit
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noise vibrations from the nacelle and tower. As explained in the tour section on Research and Development, the
turbine manufacturers nowadays make computer models of their machines before building them, to ensure that
the vibrations of different components do not interact to amplify noise. If you look at the chassis frame of the
nacelle on some of the large wind turbines on the market today, you may discover some odd holes, which were
drilled into the chassis frame for no apparent reason. These holes were precisely made to ensure that the frame
would not vibrate in step with the other components in the turbine.

Sound Insulation

Sound insulation plays a minor role in most wind modern turbines on the market today, although it can be useful
to minimize some medium- and high frequency noise. In general, however, it seems to be more efficient to
attack noise problems at the source, in the structure of the machine itself.

vii. Designing for Low Aerodynamic Noise from Wind Turbines

Aerodynamic Sources of Sound Emission

When the wind hits different objects at a certain speed, it will generally start making a sound. If it hits the leaves
of trees and bushes, or a water surface it will create a random mixture of high frequencies, often called white
noise. The wind may also set surfaces in vibration, as sometimes happens with parts of a building, a car or even
an (engineless) glider aeroplane. These surfaces in turn emit their own sound. If the wind hits a sharp edge, it
may produce a pure tone, as you can hear it from musical wind instruments.

Rotor Blade Sound Emission and the Fifth Power Law

Rotor blades make a slight swishing sound, which you may hear if you are close to a wind turbine at relatively
low wind speeds. Rotor blades must brake the wind to transfer energy to the rotor. In the process, they cause
some emission of white noise. If the surfaces of the rotor blades are very smooth (which indeed they must be
for aerodynamic reasons), the surfaces will emit a minor part of the noise. Most of the noise will originate from
the trailing (back) edge of the blades. Careful design of trailing edges and very careful handling of rotor blades
while they are mounted, has become routine practice in the industry. Other things being equal, sound pressure
will increase with the fifth power of the speed of the blade relative to the surrounding air. You will therefore
notice that modern wind turbines with large rotor diameters have very low rotational speed.

Rotor Blade Tip Design

Since the tip of the blade moves substantially faster than the root of the blade, great care is taken about the
design of the rotor tip. If you look closely at different rotor blades you will discover subtle changes in their
geometry over time, as more and more research in the area is being done. The research is also done for
performance reasons, since most of the torque (rotational moment) of the rotor comes from the outer part of the
blades. In addition, the airflows around the tip of rotor blades are extremely complex, compared to the airflow
over the rest of the rotor blade.

Research on Quieter Blades

Research on quieter rotor blades continues, but as mentioned in the section Noise is a Minor Problem, most of
the benefits of that research will be turned into increased rotational speed and increased energy output, since
noise is generally not a problem per say, given the distances to neighbouring houses etc.

6. Research and Development in Wind Energy
i. Research and Development in Wind Energy

For wind turbine manufacturers, the basic aim of research and development of wind
turbines is to be able to manufacture ever more cost effective machines, which are
also acceptable from an environmental point of view. The picture to the right shows
a computer simulation of the airflows and pressure distributions around a wind
turbine rotor blade moving towards the left.
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Basic Aerodynamics Research

Wind turbines engineers use techniques such as stall, which aircraft designers try to avoid at all costs. Stall is a
very complex phenomenon, because it involves airflows in three dimensions on wind turbine rotor blades. (e.g.
the centrifugal force will induce an airflow which makes the air molecules move radically along the rotor blade
from its root towards the tip of the blade).

3D computer simulations of airflows are rarely used in the aircraft industry, so wind turbine researchers have to
develop new methods and computer simulation models to deal with these issues. Computational Fluid
Dynamics, or CFD, is a group of methods that deal with simulating airflows around e.g. rotor blades for wind
turbines.

Aerodynamic Improvement Devices F’

A number of technologies known from the aircraft industry are increasingly being applied =~ ##==

to improve the performance of wind turbine rotors. One example is vortex generators, r
which are small fins, often only about 0.01 metre, (0.4 inch) tall, which is, fitted to the P—
surface of aircraft wings. The fins are alternately slightly skewed a few degrees to the right ?

and the left. The fins create a thin current of turbulent air on the surface of the wings. The
spacing of the fins is very accurate to ensure that the turbulent layer automatically dissolves
at the back edge of the wing.
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Curiously, this creation of minute turbulence prevents the aircraft wing from stalling at low wind speeds. Wind
turbine blades are prone to stalling even at low wind speeds close to the root of the blade where the profiles are
thick. Consequently, on some of the newest rotor blades you may find a stretch of one metre or so along the
backside of the blade (near the root) equipped with a number of vortex generators.

ii. Offshore Wind Power Research
Vindeby Offshore Wind Farm
Megawatt sized wind turbines, cheaper foundations and new
knowledge about offshore wind conditions is improving the
economics of offshore wind power. While wind energy is
already economic in good onshore locations, wind energy is
about to cross another frontier: The economic frontier set by
shorelines. Researchers and developers are about to challenge
conventional wisdom on electricity generating technologies:
Offshore wind energy is rapidly becoming competitive with
other power generating technologies.

The Danish Plan 21

According to the Danish Governments' Action Plan for Energy,
Energy 21, 4,000 MW of offshore wind power should be installed before year 2030. With another 1,500 MW
installed onshore, Denmark will then be able to cover more than 50 per cent of total electricity consumption by
wind energy. In comparison, the current wind power capacity in Denmark is 1,100 MW (mid 1998).

A total of 5,500 MW of wind power in the Danish electricity system means that the wind turbines periodically
will cover more than 100 per cent of Danish electricity demand. Therefore, the future offshore power plants
should be an integrated part of the Scandinavian electricity system, which are based on huge amounts on
hydropower. With a total investment of some 7 billion USD for the 4,000 MW offshore capacity the Danish
action plan will be the world's largest investment in wind power ever.

Offshore Timetable in Denmark

Danish power companies have already applied for planning permission for 750 MW of offshore wind parks.
According to their timetable more than 4,000 megawatts of wind power will be installed offshore in Denmark
before 2027. The first stage is likely to be a smaller 40 MW offshore park just of the coast of Copenhagen in
year 2000. A report drafted by the Danish power companies for the Minister of Environment and Energy
identifies four main areas in Danish sea territory suitable for wind power with a potential of 8,000 MW. The
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philosophy behind the selected areas is simple: For environmental reasons, the Committee has concentrated the
capacity in few and remote areas with water depths between 5 and 11 metres.

The areas have been selected to avoid national park areas, shipping routes, microwave links, military areas, etc.
The distance from coastal areas varies from 7 to 40 km. This also minimizes the visual impact onshore. The
most recent research into foundations indicates that it may be economic to install offshore turbines even at 15
metres water depth. This means that the offshore potential is some 16,000 MW in the selected areas in the
Danish Waters.

iii. Wind Turbine Offshore Foundations

The major challenge for offshore wind energy is cutting costs: Undersea cabling and foundations have until
recently made offshore wind energy an expensive option. New studies of foundation technology, however, plus
megawatt-sized wind turbines are now on the point of making offshore wind energy competitive with onshore
sites, at least for shallow water depths up to 15 metres (50 ft.). Since offshore wind turbines generally yield 50
per cent higher output than turbines on nearby onshore sites (on flat land), offshore siting may be quite attractive,
cf. the section on offshore wind conditions.

Steel is Cheaper Than Concrete

Power companies groups and engineering firms have made studies on the design and costing of offshore wind
turbine foundations in 1996-1997. The report concluded that steel is far more competitive than concrete for
larger offshore wind farms. It appears that all of the new technologies will be economic until at least 15 metres
water depth, and possibly beyond such depths. In any case, the marginal cost of moving into deeper waters is
far smaller than what was previously estimated. With these concepts foundation and grid connection costs for
large 1.5 megawatt turbines are only 10 to 20 per cent higher than the corresponding costs for the 450-500 kW
turbines used at Vindeby and Tune Knob offshore wind parks in Denmark.

50 Year Design Lifetime

Contrary to popular belief, corrosion is not a major concern with offshore steel structures. Experience from
offshore oilrigs has shown that they can be adequately protected using cathodic (electrical) corrosion protection.
Surface protection (paint) on offshore wind turbines will routinely be delivered with a higher protection class
than for onshore turbines. Oilrig foundations are normally built to last 50 years. This is also the design lifetime
for the steel foundations used in these studies.

Reference Turbine
The reference turbine for the study is a modern 1.5 MW three-bladed upwind turbine with a hub height of about
55 metres (180 ft.) and a rotor diameter of some 64 metres (210-ft.). The hub height of the reference turbine is
low compared with the typical onshore turbine of that size. In Northern Germany the typical hub, height of a
1.5-MW turbine varies from 60 to 80 m (200 to 260 ft.). Because of the very smooth surface (low roughness)
of water surfaces, it is cost-efficient to use lower towers. You may verify these conclusions using the Wind
Turbine Power Calculator, which already has a built in example of a 1.5 MW offshore wind turbine.

iv. Offshore Foundations: Traditional Concrete

Picture of a Foundation being floated out to Tunoe Knob.
The first offshore pilot projects in Denmark (and the world)
used concrete gravity caisson foundations. As the name
indicates, the gravity foundation relies on gravity to keep
the turbine in an upright position.

Vindeby and Tunoe Knob Offshore Wind Farms

Vindeby Offshore Wind Farm and Tunoe Knob Wind Farm
are examples of this traditional foundation technique. The
caisson foundations were built in dry dock near the sites
using armed concrete and were floated to their final destination before being filled with sand and gravel to
achieve the necessary weight. The principle is thus much like those of traditional bridge building. The
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foundations used at these two sites are conical to act as breakers for pack ice. This is necessary because solid
ice is regularly observed in the Baltic Sea and the Kattegat during cold winters.

Disadvantage of Concrete

Using traditional concrete foundation techniques the cost of the completed foundation is approximately
proportional with the water depth squared - the quadratic rule. The water depths at Vindeby and Tunoe Knob
vary from 2.5 m to 7.5 m. This implies that each concrete foundation has an average weight of some 1050 metric
tonnes. According to the quadratic rule, the concrete platforms tend to become prohibitively heavy and
expensive to install at water depths above 10 metres. Therefore, alternative techniques had to be developed in
order to break through the cost barrier, as we shall see on the next sections.

v. Offshore Foundations: Gravitation + Steel

Most of the existing offshore wind parks use gravitation foundations. A new
technology offers a similar method to that of the concrete gravity caisson. Instead of 1
armed concrete, it uses a cylindrical steel tube placed on a flat steel box on the
seabed.

Weight Considerations

A steel gravity foundation is considerably lighter than concrete foundations.
Although the finished foundation has to have a weight of around 1,000 tonnes, the
steel structure will only weigh some 80 to 100 tonnes for water depths between 4 and
10 m. (Another 10 tonnes have to be added for structures in the Baltic Sea, which
require pack ice protection). The relatively low weight allows barges to transport and _—
install many foundations rapidly, using the same lightweight crane used for the

erection of the turbines. The gravity foundations are filled with olivine, a very dense

mineral, which gives the foundations sufficient weight to withstand waves and ice pressure.

Size Considerations
The base of a foundation of this type will be 14 by 14-m (or a diameter of 15 m for a circular base) for water
depths from 4 to 10 m.

Seabed Preparation

The advantage of the steel caisson solution is that the foundation can be made onshore, and may be used on all
types of seabed although seabed preparations are required. Silt has to be removed and a smooth horizontal bed
of shingles has to be prepared by divers before the foundation can be placed on the site.

Erosion Protection LED DRK
The seabed around the base of the foundation will 30
normally have to be protected against erosion by 3
placing boulders or rocks around the edges of the base. 400 000 4— 22
This is, of course, also the case for the concrete version 27
of the gravitation foundation. This makes the
. . Lo ! 2,6

foundation type relatively costlier in areas with

- . 25

significant erosion. 350 000

24 .,r"’/f

Costs by Water Depth for Steel Gravitational 43 _,f"f
Foundations 2,2
The cost penalty of moving to larger water depths is 200 000 4—2,1
minimal compared to traditional concrete foundations. 0 ——————————
The reason is that the foundation base does not have to 5 g 7 o 2 m Im
increase in size proportion to the water depth to lean Forth Sea Baltic Sea

against ice pressure or waves. The cost estimates for
this type of foundation is for instance 2,343,000 DKK (= 335,000 USD) for a 1.5 MW machine placed at 8 m
water depth in the Baltic Sea (1997 figures). The costs include installation. The graph shows how the cost varies
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with water depth. Interestingly, the dimensioning factor (which decides the required strength and weight of the
foundation) is not the turbine itself but ice and wave pressure forces.

vi. Offshore Foundations: Mono Pile

The mono pile foundation is a simple construction. The foundation consists of a steel pile with a diameter of
between 3.5 and 4.5 metres. The pile is driven some 10 to 20 metres into the seabed depending on the type of
underground. The mono pile foundation is effectively extending the turbine tower under water and into the
seabed. An important advantage of this foundation is that no preparations of the seabed are necessary. On the
other hand, it requires heavy duty piling equipment, and the foundation type is not suitable for locations with
many large boulders in the seabed. If a large boulder is encountered during piling, it is possible to drill down to
the boulder and blast it with explosives.

USD DK

Costs by Water Depth for Mono Pile Foundations 20
The dimensioning factor of the foundation varies from the North Sea ]
to the Baltic Sea. In the North Sea, it is the wave size that determines =00 000 —2.%
the dimension of the mono pile. In the Baltic Sea the pack ice, 47 ———
pressure decides the size of the foundation. This is the reason why e
the mono pile foundation cost increases more rapidly in the Baltic 30 000 g’i
Sea than in the North Sea. The costs include installation (1997 23
prices). 2:2

200 000 4-2,1

3+

Erosion Considerations - L

Iarth Sea Baltic Sea

Erosion will normally not be a problem with this type of foundation.

Swedish Offshore Project

A 2.5 MW pilot project with five wind turbines using the mono pile technology has been installed in the Baltic
Sea south of the Swedish Island of Gotland. Using the mono pile foundation technique at Gotland involved
drilling a hole of 8 to 10 metres depth for each of the turbines (Wind World 500 kW). Each steel pile is slotted
into the solid rock. When the foundations are in place the turbines can be bolted on top of the mono piles. The
whole operation takes about 35 days under average Baltic weather conditions.

vii. Offshore Foundations: Tripod

Ramboll The tripod foundation draws on the experiences
with lightweight and cost efficient three-legged steel
jackets for marginal offshore fields in the oil industry.
From a steel pile below the turbine tower emanates a steel
frame, which transfers the forces from the tower into three
steel piles. The three piles are driven 10 to 20 metres into
the seabed depending on soil conditions and ice loads.

Advantages of the Tripod

The advantage of the three-legged model is that it is
suitable for larger water depths. At the same time only a
minimum of preparations are required at the site before
installation.

Multi-pile technology
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The foundation is anchored into the seabed using a relatively small steel pile (0.9-m diameter) in each corner.
Because of the piling requirement, the tripod foundation is not suited for locations with many large boulders.

Erosion Considerations

Erosion will normally not be a problem with this type of foundation. LED Dokl
30
Suitable for Larger Water Depths o0 000 L 2’:
This type of foundation is not suitable at water depths lower than 6- 27
7 metres. The main reason for this is that service vessels at low water !
depths will face problems approaching the foundation due to the - 2:5
steel frame. 34
23
Cost by Water Depth for Tripod Foundations 42
As in previous section, the basic difference between costs in the 300 o _?clu
North Sea and the Baltic Sea is that waves determine dimensioning T e 7 & s o w lm

in the North Sea, whereas ice is decisive in the Baltic Sea. The costs
include installation (1997 prices).

Farth Sea

Baltic Sea

7. Wind Turbines in the Electrical Grid

i. Wind Energy Variations T
The vast majority of the installed power ol b

of wind turbines in the world is grid
connected, i.e. the turbines feed their
electricity directly into the public 00
electrical grid. Wind energy production 3saf--
during a fine summer week. The graph il
above shows a summer week of
electricity output from the 650 MW :
(megawatts) of wind turbines installed in 200 e ™ g
the Western part of Denmark. The blue iso}-- 5 ;
curve at the top left shows the power .l
output on 25 June 1997, while the orange Pl : I A
curve shows the output the preceding 5':'_— """ A N T TR

450

] 1] S S

1] S i T s s v S S s S SN SN NS (N NN St sl
day' oogQ 0zo0 of00 Q&00 000 (o0 1200 (<400 le0Q 100 200 ZZ:00

Electrical power consumption was 2,700 MW at the time this curve was printed from the power company control
centre. Wind was supplying 270 MW i.e. wind was supplying exactly 10 per cent of the electricity consumption
of 3 million people at 13:45 hours when we visited the control centre.

Wind Matches Daily Electricity Consumption Patterns

At the bottom of the graph you can see the power output of the five preceding days. On average, the month of
June has the lowest wind power output during the year in Denmark. Some days of fresh winds, however, began
in the early morning hours of 24 June. The typical weather pattern is that winds are low at night, and higher
during the day, as you can see from the five days of moderate winds. This means that wind electricity generally
fits well into the electricity consumption pattern, i.e. wind electricity tends to be more valuable to the electrical
grid systems than if it were being produced at a random level.
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ii. Seasonal Variation in Wind Energy

160 714
Wind  Matches  Seasonal  Electricity 140 ] 133
) ] 128 126 12¢
Consumption Patterns 30 ]
] 1a7

In temperate zones summer winds are g . 93 50
generally, weak compared to winter winds. 1 al 77
Electricity consumption is generally higher in %0 1 ¢a 3
winter than in summer in these regions. Inthe ., ]
cooler areas of the globe, electrical heating is ]
therefore ideal in combination with wind < -
energy, because the cooling of houses varies ]

. . . . 20 ]
with the wind speed much like the electricity ]
production of wind turbines vary with wind o 1
speeds. Jan  Feb Mar #&pr May Jun Jul Hug Sep Oct Now Dec

In electricity systems that are not based on hydropower and wind there may be good reasons to avoid electrical
heating, however: Conventional power plant wastes allot of heat, and thus fuel (at least 60%), i.e. for every unit
of useful heat consumed by a household, the power station will waste 1.5 units of heat (and fuel).

Annual Variation in Wind Energy

Just as harvest yields vary from year to year in agriculture, you will find that wind patters may vary from year
to year. Typically, the variations are less than the changes in agricultural production. In the case of Denmark,
you will see that output from wind turbines typically have a variation (a standard deviation) of some 9 to 10 per
cent.

iii. Wind Turbines and Power Quality Issues

The buyer of a wind turbine does not need to concern himself with local technical regulations for wind turbines
and other equipment connected to the electrical grid. This responsibility is generally left to the turbine
manufacturer and the local Power Company. For the people who are technically minded, we go into some of
the electrotechnical issues involved in connecting a turbine to the grid in this section.

Power Quality vazgyomae

The term "power quality" refers to the yd \\

voltage stability, frequency stability, and Y e ,

the absence of various forms of electrical / ;
noise (e.g. flicker or harmonic distortion) S
on the electrical grid. More broadly J %
speaking, power companies (and their of T r T T Ih
costumers) prefer an alternating current ;
with a nice sinusoidal shape, such as the M, /
one in the image above. (If you are not M, f‘
familiar with the basics of alternating ;o "
current (AC), it may be useful to consult \\ ) /
the Reference Manual about this subject ~ -=23- DT 1998
before continuing).

Starting (and Stopping) a Turbine

Most electronic wind turbine controllers are programmed to let the turbine run idle without grid connection at
low wind speeds. (If it were grid connected at low wind speeds, it would in fact run as a motor, as you can read
about on the generator section). Once the wind becomes powerful enough to turn the rotor and generator at their
rated speed, it is important that the turbine generator becomes connected to the electrical grid at the right
moment. Otherwise, there will be only the mechanical resistance in the gearbox and generator to prevent the
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rotor from accelerating, and eventually overspeeding. (There are several safety devices, including fail-safe
brakes, in case the correct start procedure fails, which you may have read in the section on Wind Turbine Safety).

Soft Starting with Thyristors
If you switched a large wind turbine on to the grid with a normal switch, the neighbours would see a brownout
(because of the current required to magnetize the generator) followed by a power peak due to the generator
current surging into the grid. You may see the situation in the drawing in the accompanying browser window,
where you see the flickering of the lamp when you operate the switch to start the wind turbine. The same effect
can possibly be seen when you switch on your computer, and . s
the transformer in its power supply all of a sudden becomes
magnetized. Another unpleasant side effect of using a "hard"
switch would be to put allot of extra wear on the gearbox,
since the cut-in of the generator would work as if you all of
a sudden slammed on the mechanical brake of the turbine.

Large power thyristors in wind turbines get very hot when
they are activated. They have to be equipped with aluminium
heat sinks and fans as you see in the picture to the right.

To prevent this situation, modern wind turbines are soft
starting, i.e. they connect and disconnect gradually to the grid
using thyristors, a type of semiconductor continuous switches, which may be controlled electronically. (You
may in fact have a thyristor in your own home, if you own a modern light dimmer, where you can adjust the
voltage on your lamps continuously). Thyristors waste about 1 to 2 per cent of the energy running through them.
Modern wind turbines are therefore normally equipped with a so-called bypass switch; i.e. a mechanical switch,
which is activated after the turbine has been soft, started. In this way, the amount of energy wasted will be
minimized.

Weak Grids, Grid Reinforcement

If a turbine is connected to a weak electrical grid, (i.e. it is vary far away in a remote corner of the electrical grid
with a low power-carrying ability), there may be some brownout / power surge problems of the sort mentioned
above. In such cases, it may be necessary to reinforce the grid, in order to carry the fluctuating current from the
wind turbine.

Your local power company has experience in dealing with these potential problems, because they are the exact
mirror-image of connecting a large electricity user, (e.g. a factory with large electrical motors) to the grid.

Flicker

Flicker is an engineering expression for short lived voltage variations in the electrical grid, which may cause
light bulbs to flicker. This phenomenon may be relevant if a wind turbine is connected to a weak grid, since
short-lived wind variations will cause variations in power output. There are various ways of dealing with this
issue in the design of the turbine, mechanically, electrically, and using power electronics.

Preventing "Islanding"

Islanding is a situation which may occur if a section of the electrical grid becomes disconnected from the main
electrical grid, e.g. because of accidental or intended tripping of a large circuit breaker in the grid (e.g. due to
lightning strikes or short circuits in the grid). If wind turbines keep on running in the isolated part of the grid,
then it is very likely that the two separate grids will not be in phase after a short while.

Once the connection to the main grid is reestablished it may cause huge current surges in the grid and the wind
turbine generator. It would also cause a large release of energy in the mechanical drive train (i.e. the shafts, the
gear box and the rotor of the wind turbine) much like "hard switching" the turbine generator onto the grid would
do. The electronic controller of the wind turbine will therefore constantly have to monitor the voltage and
frequency of the alternating current in the grid. In case the voltage or frequency of the local grid drift outside
certain limits within a fraction of a second, the turbine will automatically disconnect from the grid, and stop
itself immediately afterwards. (Normally by activating the aerodynamic brakes as explained in the section on
wind turbine safety).
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iv. Grid Connection of Offshore Wind Parks

The Grid

The picture to the right shows the Danish electrical
transmission grid. Major power stations are shown in
yellow. Total generating capacity was some 10,000 MW
in 1998. Present and future offshore wind parks with a
total of some 4,100 MW are shown in white and blue. The
western and eastern part of the country are not directly
connected, but are connected to the German and Swedish
electrical transmission systems using AC (alternating
currency transmission lines). The rest of the connections
to Sweden, Norway, and Germany are DC (direct current)
connections.

Grid connection of offshore wind parks is not a major
technical problem per se, in the sense that the technologies, which are involved, are well known. Optimizing
these technologies for remote offshore sites will be important, however, to ensure reasonable economics.

The first commercial-sized offshore wind farms in Denmark will be located some 15-40 km (10-25 miles) from
shore, at water depths from 5 to 10, possibly 15 metres. The park sizes will range from 120 to 150 MW. The
first parks (year 2002) will be built using the present 1.5 MW generation of wind turbines, which by then will
have been through an onshore operational period of some five years.

Cabling

Undersea cabling connecting offshore parks to the main electrical grid is a well known technology. Undersea
cables will have to be buried in order to reduce the risk of damage due to fishing equipment, anchors, etc. If
bottom conditions permit, it will be economic to wash cables into the seabed (using high pressure water jets)
rather than digging or ploughing cables into the bottom of the sea.

Voltages

Inside the large 120-150 MW wind parks being planned in Denmark, it is likely that 30-33 kV connections will
be used. In the middle of each park, there will probably be a platform with a 30 to 150 kV transformer station,
plus possibly a number of service facilities. Connection to the Mainland will be done using 150 kV connections.
Reactive Power is related to phase-shifting of alternating current, which makes it more difficult to transport
usable energy through the electrical grid. See the Reference Manual on this web site for the technical details.

Reactive Power, HVDC

The undersea cables will have a high electrical capacitance, which may be useful to supply reactive power to
the parks. It may be optimal to have some form of variable reactive power compensation built into the system,
depending on the precise grid configuration. If the distance to the main grid is considerable, an interesting
alternative could be to connect the parks to the Mainland using high voltage direct current connections (HVDC).

Remote Surveillance

Remote surveillance of the parks will obviously be even more important than on land. Radio links for this
purpose have already been in operation at the Tunoe Knob and Vindeby offshore wind parks for some years.
With the large 1.5 MW units foreseen for these parks, it may be economic to install e.g. extra sensors on each
piece of equipment, (and continuously analyse its minute vibrations which tend to change their pattern as the
part is worn down). This technology which is well known in certain parts of industry to ensure optimum
maintenance of machinery.

Preventive Maintenance

Since weather conditions may prevent service personnel from approaching the wind turbines at times of bad
weather, it is extremely important to ensure a high availability rate of offshore wind turbines. Preventive
maintenance check programmes may need to be optimized for remote offshore locations.
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8. Wind Energy and the Environment

1.

ii.

Wind Turbines in the Landscape

To a large extent it is a matter of taste how people perceive that wind turbines fit into the landscape.

Numerous studies in Denmark, the UK, Germany, and the Netherlands have revealed that people who live near
wind turbines are generally more favourable towards them than city dwellers. The picture above shows one of
the larger groupings of Danish built wind turbines at Nédsudden on the island of Gotland in Sweden. The grey
paint on the turbines make them blend well into the landscape.

Size of Wind Turbines

Large wind turbines enable the same amount of energy to be produced with fewer wind turbines. There may be
economic advantages to this, such as lower maintenance costs. From an aesthetic point of view, large wind
turbines may be an advantage in the landscape, because they generally have lower rotational speed than smaller
turbines. Large turbines therefore do not attract the eye the way fast-moving objects generally do. A beautiful
book of photographic examples of Wind Turbines in the Landscape may be purchased from Birk Nielsens
Tegnestue, Aarhus, Denmark. The price is approximately 150 DKK, plus postage.

Sound from Wind Turbines

Noise is a Minor Problem Today

It is interesting to note that the sound emission levels for all new turbine designs tend to cluster around the same
values. This seems to indicate that the gains due to new designs of e.g. quieter rotor blade tips are spent in
slightly increasing the tip speed (the wind speed measured at the tip of the rotor blade), and thus increasing the
energy output from the machines.

In the guided tour section on Wind Turbine Design, we have explained how turbines today are engineered to
reduce sound emissions.

It thus appears that noise is not a major problem for the industry, given the distance to the closest neighbours
(usually a minimum distance of about 7 rotor diameters or 300 m = 1000 ft. is observed). The concepts of sound
perception and measurement are not widely known in the public, but they are fairly easy to understand, once
you get to grips with it. You can actually do the calculations yourself in a moment.

Planning Wind Turbine Installation in Regard to Sound
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Drowns out Turbine Noise.

No landscape is ever completely quiet. Birds and human activities emit sound, and at winds speeds around 4-7
m/s and up the noise from the wind in leaves, shrubs, trees, masts etc. will gradually mask (drown out) any
potential sound from e.g. wind turbines. This makes it extremely difficult to measure sound from wind turbines
accurately. At wind speeds around 8 m/s and above, it generally becomes a quite abstruse issue to discuss sound
emissions from modern wind turbines, since background noise will generally mask any turbine noise
completely.

The Influence of the Surroundings on Sound Propagation

Sound reflection or absorption from terrain and building surfaces may make the sound picture different in
different locations. Generally, very little sound is heard upwind of wind turbines. The wind rose is therefore
important to chart the potential dispersion of sound in different directions.

Human Perception of Sound and Noise

Most people find it pleasant listen to the sound of waves at the seashore, and quite a few of us are annoyed with
the noise from the neighbour's radio, even though the actual sound level may be far lower. Apart from the
question of your neighbour's taste in music, there is obviously a difference in terms of information content. Sea
waves emit random "white" noise, while you neighbour's radio has some systematic content, which your brain
cannot avoid discerning and analyzing. If you generally dislike your neighbour, you will no doubt be even more
annoyed with the noise. Sound experts for lack of a better definition define "noise" as "unwanted sound". Since
the distinction between noise and sound is a highly psychological phenomenon, it is not easy to make a simple
and universally satisfactory modeling of sound phenomena. In fact, a recent study done by the Danish research
institute DK Teknik seems to indicate that people's perception of noise from wind turbines is governed more by
their attitude to the source of the noise, rather than the actual noise itself.

iii. Measuring and Calculating Sound Levels The dB(A) Scale
Public authorities around the world use the so-called dB (A), or decibel (A), scale to quantify sound
measurement. To give you an idea of the scale, look at the table below.

Sound Threshold City Rock Jet Engine
Level of hearing Whispering Talking Traffic Concert 10m away
dB(A) 0 30 60 90 120 150
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The dB(A) scale measures the sound intensity over the whole range of different audible frequencies (different
pitches), and then it uses a weighing scheme which accounts for the fact that the human ear has a different
sensitivity to each different sound frequency. Generally, we hear better at medium (speech range) frequencies
than at low or high frequencies. The dB(A) system says, that the sound pressure at the most audible frequencies
are to be multiplied by high numbers while the less audible frequencies are multiplied by low numbers, and
everything is then added up to get an index number.

(The (A) weighing scheme is used for weak sounds, such as wind turbines. There exist other weighing schemes
for loud sounds called (B) and (C), although they are rarely used). The dB-scale is a logarithmic, or relative
scale. This means, that as you double the sound pressure (or the energy in the sound) the index increases by
approximately 3. A sound level of 100 dB(A) thus contains twice the energy of a sound level of 97 dB(A). The
reason for measuring sound this way is that our ears (and minds) perceive sound in terms of the logarithm of
the sound pressure, rather than the sound pressure itself. Most people will say, that if you increase the dB(A) by
10, you double the subjective loudness of the sound. In case you are interested in the exact definitions, take a
look at the Reference Manual on Acoustics of this web site.

Sound Propagation and Distance: Inverse Square Law

The energy in sound waves (and thus the sound intensity) will drop with the square of the distance to the sound
source. In other words, if you move 200 m away from a wind turbine, the sound level will generally be one
quarter of what it is 100 m away. A doubling of your distance will thus make the dB(A) level drop by 6.

At one rotor diameter distance (43 m) from the base of a wind turbine emitting 100 dB(A) you will generally
have a sound level of 55-60 dB(A) corresponding to a (European) clothes dryer. 4-rotor diameters (170 m) away
you will have 44 dB(A), corresponding to a quiet living room in a house. 6 rotor diameters (260 m) away you
will have some 40 dB(A). The precise relationship between sound level and distance from the sound source is
given in a table on the Reference Manual on Acoustics of this paper. In practice, sound absorption and reflection
(from soft or hard surfaces) may play a role on a particular site, and may modify the results shown here.

Adding Sounds from Several Sources

If we have two wind turbines rather than one, located at the same distance from our ears, naturally the sound
energy reaching us will double. As we have just learned, this means that two turbines will increase the sound
level by 3 dB(A). Four turbines instead of one (at the same distance) will increase the sound level by 6 dB(A).
You will actually need ten turbines placed at the same distance from you, in order to perceive that the subjective
loudness has doubled (i.e. the dB level has increased by 10). If you wish to learn the details about adding sounds
together, take a look at the Reference Manual on Acoustics in this paper.

The Pure Tone Penalty

The fact that the human ear (and mind) discerns pure tones more easily than (random) white noise, means the
authorities may wish to take that into account when doing sound estimates. They consequently often have rules,
which specify that you add a certain number to the dB(A) figure in case you have pure tones present in a sound.

Wind Turbine Noise Information in Practice

In accordance with international standards manufacturers generally specify a theoretical dB(A) level for sound
emissions which assumes that all sound originates from a central point, although in practice, of course, it will
originate from the whole surface of the machine and its rotor. Sound pressure thus calculated is typically around
96-101 dB(A) for modern wind turbines. The figure itself is rather uninteresting, since there will not be a single
point, where you can experience that sound level! Rather, it is useful for predicting the sound level at different
distances from the wind turbine. Pure tones have generally be eradicated completely for modern wind turbines,
at least in the case of the modern turbines.

Legal Noise Limits

At distances above 300 m the maximum theoretical noise level from high quality wind, turbines will generally
be significantly below 45-dB(A) outdoors, corresponding to the legislation in Denmark. (For built-up areas with
several houses, a noise limit of 40 dB(A) is the legal limit in Denmark). Noise regulations vary from country to
country. In practice the same machine designs can be used everywhere.

Current Practice: Calculations Rather than Measurement
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Calculating potential sound emission from wind turbines is generally important in order to obtain planning
permission (from the public authorities) for installing wind turbines in densely populated areas. Generally
speaking, it is far easier to calculate the potential sound emissions than to measure them in practice. The reason
why it is difficult to measure the sound is that the sound level has to be some 10 dB(A) above the background
noise in order to measure it properly. The background noise from leaves, birds, and traffic will frequently be
above 30 dB(A), however. In most places in the world public authorities therefore rely on calculations rather
than measurements, when granting planning permission for wind turbines.

iv. Energy Payback Period for Wind Turbines

Two to Three Months Required

Modern wind turbines rapidly recover all the energy spent in manufacturing, installing, maintaining, and finally
scrapping them. Under normal wind conditions it takes between two and three months for a turbine to recover
all of the energy involved. This is one of the main results of a life cycle analysis of wind turbines done by the
Danish Wind Turbine Manufacturers Association. The study includes the energy content in all components of
a wind turbine, and it includes the global energy content in all links of the production chain.

Input Output Analysis Method

To find the results, the study employs a so called input output model of the Danish economy published by the
Danish Central Bureau of Statistics. The input output model divides the economy into 117 sub sectors, and
accounts for the flows of 27 different energy goods (fuels etc.) between the 117 sectors. The basic advantage of
using this method instead of engineering calculations, is that we are able to account properly for the amount of
energy used by producers of components and manufacturing equipment, buildings etc. in all links of the
production chain. The result is a large 117 by 117 table of energy flows. (Doing a mathematical operation on
the table called matrix inversion we obtain the amount of energy per dollar of output).

The Energy Balance for Offshore Wind Turbines

Offshore wind turbines may have a slightly more favourable energy balance than onshore turbines, depending
on local wind conditions. In Denmark and the Netherlands, where wind turbines onshore are typically placed in
flat terrain, offshore wind turbines will generally yield some 50 per cent more energy than a turbine placed on
a nearby onshore site. The reason is the low roughness of the sea surface. On the other hand, the construction
and installation of foundations require 50 per cent more energy than onshore turbines. It should be remembered,
however, that offshore wind turbines have a longer expected lifetime than onshore turbines, in the region of 25
to 30 years. The reason is that the low turbulence at sea gives lower fatigue loads on the wind turbines.

Analysis of 1980 Vintage Turbines

1980 wind turbines do surprisingly well in the studies of the energy balance. The analysis shows that while
small Danish 1980 turbines of 10-30 kW took almost a year to recover the energy spent in manufacturing,
installing and decommissioning them, turbines of 55 kW took some 6 months to recover all of the energy.

v. Birds and Wind Turbines

Birds often collide with high voltage overhead lines, masts, poles, and windows of buildings. They are also
killed by cars in the traffic. Birds are seldom bothered by wind turbines, however. Radar studies from Tjaereborg
in the western part of Denmark, where a 2 megawatt wind turbine with 60 metre rotor diameter is installed,
show that birds - by day or night - tend to change their flight route some 100-200 metres before the turbine and
pass above the turbine at a safe distance.

In Denmark, there are several examples of birds (falcons) nesting in cages mounted on wind turbine towers. The
only known site with major bird collision problems is located in the Altamont Pass in California. A "wind wall"
of turbines on lattice towers is literally closing off the pass. There, a few bird kills from collisions have been
reported. A study from the Danish Ministry of the Environment says that power lines, including power lines
leading to wind farms, are a much greater danger to birds than the wind turbines themselves.
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Some birds get accustomed to wind turbines very quickly, others take a somewhat longer time. The possibilities
of erecting wind farms next to bird sanctuaries therefore depend on the species in question. Migratory routes of
birds will usually be taken into account when siting wind farms, although bird studies from Yukon show that
migratory birds do not collide with wind turbines.

vi. Birds and Offshore Wind Turbines
Ornithologists' (Bird watchers) tower erected next to the
offshore wind farm at Tung Knob, Denmark, for a
three-year avian study which were completed in 1997.
Offshore wind turbines have no significant effect on water
birds. That is the overall conclusion of a three-year offshore
bird life study made at the Danish offshore wind farm Tune
Knob. The offshore Wind Park has been placed in this
particular area because of a very substantial population of
eiders (Somateria mollissima) and a small population of
scoters (Melanitta nigra). At Tung Knob more than 90 per
cent of the birds are eiders, and about 40 per cent of the North
Atlantic population of eiders are wintering in the Danish part
of the Kattegat Sea. The Studies were conducted by the
National Environmental Research Institute at Kalg,
Denmark.

Eight Different Studies
The very thorough study consists of both aerial surveys, bird
counts from observation towers, and observations of the

central experiment was a so-called before-after-control-impact study. From a watchtower placed one kilometre
from the turbines and from airplanes scientists mapped the population of eiders the winter before the erection
of the turbines and the following two winters.

Declining Population

During the three-year period the number of Eiders declined by 75 per cent and the number of scoters declined
by more than 90 per cent. Nevertheless, more interestingly, the populations of water birds fell in all of the shoal
of the Tung Knob and not just around the turbines. This indicated that other factors than the turbines had to be
taken into account. At the same time the area was repeatedly surveyed by divers in order to determine variations
for blue mussels (Mytilus edulis) which the birds prey on.

Less Food

The amount of blue mussels showed also great natural variation over the three years. Especially the population
of smaller mussels, which are the eiders’, preferred prey fell significantly in the three-year period. With these
findings in mind the scientific group concluded that the changes in size and composition of the blue mussel
population could explain the variation in the number of eiders before and after the construction of the wind
farm.

Safe Distance

Controlled experiments stopping the wind turbines for a certain period has been performed. In another
experiment decoys was used to attract the eiders, which are very social birds. The result of the experiment using
groups of decoys at different distances from the wind farm showed that the eiders were reluctant to pass at
distances of 100 m or closer to the turbines. The on/off experiment showed that there was no detectable effect
of revolving rotors on the abundance of eiders in the area. In fact the eiders - like people - apparently prefer
rotating turbines (but that result was clearly insignificant). The overall conclusion of the final two experiments
were that on one hand the eiders do keep a safe distance to the turbines, but on the other hand they do not get
scared away from their foraging areas by revolving rotors. In addition, the eiders showed normal landing
behaviour until 100 m from the turbines.
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Mussels Matter

The prevalence of eiders in the different zones around the turbines could be fully accounted for by the relative
abundance of food. The English edition of this study "Impact Assessment of an Offshore Wind Park on Sea
Ducks, NERI Technical Report No. 227 1998" is available from Miljebutikken, i.e. the Sales office of the Danish
Ministry of the Environment and Energy.

vii. Shadow Casting from Wind Turbines

Wind turbines, as other tall structures will cast a shadow on the neighbouring area when the sun is visible. If
you live very close to the wind turbine, it may be annoying if the rotor blades chop the sunlight, causing a
flickering (blinking) effect while the rotor is in motion. A bit of careful planning, and the use of good software
to plan your wind turbine site can help you resolve this problem, however. If you know where the potential
flicker effect is of a certain size, you may be able to place the turbines to avoid any major inconvenience for the
neighbours.

Few Rules

Shadow casting is generally not regulated explicitly by planning authorities. In Germany, however, there has
been a court case in which the judge tolerated 30 hours of actual shadow flicker per year at a certain neighbour's
property. In the 30 hours, it appears, one should only include flicker which occur during the hours where the
property is actually used by people (who are awake).

Predicting Shadow Flicker

Fortunately, we are able to predict quite accurately the probability of when and for how long there may be a
flicker effect. We may not know in advance whether there is wind, or what the wind direction is, but using
astronomy and trigonometry we can compute either a likely, or a "worst case" scenario, i.e. a situation where
there is always sunshine, when the wind is blowing all the time, and when the wind and the turbine rotor keep
tracking the sun by yawing the turbine exactly as the sun moves.

Figuring out the exact shape, place, and time of the shadow from a wind turbine requires allot of computation,
but at least one professional wind software program can do this very accurately, even in hilly terrain, and with
house windows of any size, shape, location and inclination facing in any direction.

Do it Yourself

In one of the following sections we have included another shadow calculator, which will give you a possibility
of computing a shadow Map of your particular area in flat terrain. The calculator gives you allot of options to
produce realistic estimates of actual shadow casting. Fortunately, you will discover that shadow casting
problems are generally restricted to a few areas close to the turbine. Since the calculation of shadow casting
requires lots of computer power, we have included a number of important general results on the following
sections.

viii. Calculating Shadows from Wind Turbines

Daily Shadow Variation - Worst Case

This simulation of shadow casting shows how the rotor shadow moves (worst case) from sunrise to sunset on a
particular day at a certain location on the globe. The image is seen directly from above, with the centre of the
wind turbine tower placed at the tiny black dot in the centre. The shadow positions are shown for every half-
hour during the day. Shadows, of course, are long around sunrise and sunset, and short at noon. Doing a worst
case simulation we assume that the rotor yaws so as to track the movement of the sun exactly. This is equivalent
to assuming that the rotor is a solid balloon (or a Darrieus turbine).

Map of maximum (worst case) shadows around a 600 kW wind turbine placed at 55 degrees northern latitude.
The turbine has a 43-m rotor diameter and a 50-m tower. The Map is 1200 m wide (East - West) and 750 m in
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the North - South direction. The Map was computed using the Wind Turbine Shadow Calculator that can be
found on the web.

Annual and Daily Shadows - Worst Case

This Map shows how shadows are typically distributed around a wind
turbine throughout a year, assuming a worst case direction of the rotor. You
will notice a number of kidney-shaped or bell-shaped areas around the wind
turbine in the centre of the Map. Each of the grey areas represents a certain
maximum number of minutes of shadow from the wind turbine rotor. Since
this Map was computed for 55 degrees latitude in the Northern Hemisphere,
there is no shadow South of the turbine.

Timing Shadows

You will notice from the white lines on the Map, that we can easily predict
the time of day when shadows may occur. The shadow will e.g. obviously * 2 555 nr AL OV R
be directly North of the turbine at solar noon, when the sun reaches its maximum height in the sky. (Solar noon
varies a bit during the year relative to our clocks, but it is fairly close to 12 o' clock, local time). The shadow
will be to the bottom left at 4 o'clock in the morning on a summer day, so shadows to the Southwest are a minor
problem in the Northern Hemisphere. (The shadows occur in summer only, and at 4 in the morning most
neighbours will be asleep anyway). The commercial software we referred to earlier will tell you exactly the
dates and times when shadows may occur.

ix. Refining Shadow Calculations for Wind Turbines
Random Rotor Direction (Random Azimuth) @555 i IMDPOER. di
It is very unlikely that the wind and thus the rotor will track the sun in practice. We may therefore get a more
realistic result if we modify our calculations by assuming that the rotor can assume any position at any time. In
the small picture to the far right you can see a situation where the rotor is directly facing the sun. The tiny white
dot near the bottom right is the centre of the wind turbine tower. Now, let us assume that we yaw the rotor out
of its position by one degree, take a snapshot of the shadow image, then yaw it by another degree, take another
snapshot etc., until we have done a full 360 degree turn. Then we overlay all our 360 snapshots, and what we
end up with will look similar to the small image to the left: The centre will get the most of the shadow, but as
we move towards the outer edge (where the vertical edges of the rotor disc cast their shadows) the overall
shadow intensity will decrease. Shadow casting is on average reduced to 63% of the worst case results, if you
assume a random rotor direction. Ideally, we should have a wind rose, (preferably hourly for each day or month)
to do an exact calculation.

Fixed Rotor Direction (Fixed Azimuth)

In practice the wind turbine rotor will follow the wind direction (if the wind speed is
above the cut in speed). This image shows the shape of an area (in red) which gives 10
hours or more of shadows per year at 55° Northern latitude with the rotor yaw (azimuth)
fixed at an angle of -45 degrees (i.e. with the wind permanently coming from the
Southwest or Northeast). As you can see, there will be almost no shadows at an angle of
+45 degrees, i.e. in the direction parallel to the rotor plane. Shadow casting is typically
reduced to around 62% of the worst case results, if we assume a fixed rotor direction.

_..-"'.
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Actual Rotor Direction (Wind Rose)

Usually we will already have a wind rose with a frequency distribution of the wind in the different directions of
the compass when we are planning a wind turbine site. Using that information, we may calculate a more exact
shadow picture. In the case of our test example, Copenhagen, shadows are reduced to some 64 per cent of the
comparable worst case value.

Turbine Operating Hours
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The rotor will not be running all the time, so we may multiply the number of minutes of shadow flicker by a
factor of typically 0.75, depending on the local wind climate, (and ideally using the correct factor for daytime
during each month).

Actual Sunshine Hours

When studying shadows, we should only count the fraction of the time when the sun is actually shining brightly,
ideally using the correct fraction for each hour of the day during the year. In 1853 the first reliable sunshine
recording device was invented (and improved in 1879), which means that in many parts of the world the
meteorological institutes have very accurate long term statistics on the number of hours of bright sunshine during
the year. The number of bright sunshine hours varies with the geographical location and the season (summer or
winter). We have included data for three Danish sites (Christiansg, Copenhagen, and Viborg) where the number
of sunshine hours vary from 44 to 40, and 36 per cent of the time.

Combining Turbine operating hours, Actual Rotor Direction, and Actual Sunshine Hours
If we use both turbine operating hours, the actual
rotor direction, and the actual bright sunshine hours
we get a result (in the case of Denmark) which is
some 18 per cent of the worst case assumption, using
75% operating hours in both cases. (The percentages
given above are the results of simulations for
Copenhagen on a 720 by 720 metre square with a
turbine in the centre with 43-m rotor diameter and 50
m hub height).

The two images below compare a worst case
simulation (with 75% operating hours) with an
actual simulation for Copenhagen (also 75%
operating hours) using both sunshine and wind
statistics. The red area is the zone with 30 hours of shadow or more per year. Each Map represents 720 by 720
metres.

The important conclusion of this simulation is that actual sunshine hours play a very important role in
diminishing the amount of shadows north of the turbine (in the Northern Hemisphere). The reason why this is
important is that there are very few hours of sunshine when the sun is low in the sky to the south during winter.

S FFE A IDF COAER. i
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X. Shadow Variations from Wind Turbines

Monthly Shadow Variation

In the case in relatively high latitudes (55°) in the Northern Hemisphere. The darkest areas represent the areas
with most shadows. In winter the sun stays in the Southern part of the sky, and the shadows are distributed in a
V-shaped area to the North of the turbine. In summer the sun rises very early in the morning to the Northeast
and sunset is in the Northwest. This means that the summer shadows will be distributed in an A-shaped area,
with the turbine in the tip of the "A". In locations closer to the equator there will be far less shadow north and
South of the turbine.
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Shadow Geometry Varies by Latitude
Each latitude on the globe has its own
shadow signature in terms of the area
affected by a certain period of shadows
from an object (30 hours per year). Close
to the equator the signature resembles a
butterfly. Farther away from the equator
it becomes more kidney-shaped, and
close to the poles it almost becomes a
circle. All of the graphs above were
computed using the shadow calculator
on this web site, and assume a "worst
case" or a random rotor position.

Shadow Size Grows with Rotor Diameter

Copenhagen 55 M P~
Paris 49 N"‘."‘-q._\ll

Drallas 33 N%{ )
-

)
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The size of the rotor shadow and the
number of shadow minutes per year near
the turbine varies in proportion to the
rotor area, as shown in the three pictures
above. The red areas indicate the annual

@ 1278 wan i IHDPOVER.D: - shadow  patterns with more than 30

hours of shadow (worst case) from wind turbine rotors of 43, 53, and 63 m mounted on 50 m towers and

computed for 55° latitude.

Hub Height of Minor Importance

The hub height of a wind turbine is of minor importance for
the shadow from the rotor. The same shadow will be spread
over a larger area, so near the turbine, say, up to 1,000 m, the
number of minutes per year with shadows will actually
decrease. The four pictures show shadow casting during a
year (worst case) from a wind turbine with a 43 m rotor
diameter, placed with four different hub heights and
computed for 55° latitude. The red areas represent areas with
more than 30 hours of shadows. If you are farther away from
a wind turbine rotor than about 500-1000 metres, the rotor of
a wind turbine will not appear to be chopping the light, but

B 1228 Y IMDPCOWER, dk

the turbine will be regarded as an object with the sun behind it. Therefore, it is generally not necessary to

consider shadow casting at such
distances

9. Wind Energy Economics

1.

What does a Wind Turbine Cost?

The Price Banana

The graph above gives an impression of
the price range of modern grid connected
wind turbines as of February 1998. As
you can see prices vary for each
generator size. The reasons are e.g.
different tower heights, and different
rotor diameters. One extra metre of tower
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will cost you roughly 1 500 USD. A special low wind machine with a relatively large rotor diameter will be
more expensive than a high wind machine with a small rotor diameter.

Economies of Scale

Mitchell Organization Ltd.

Page 66 of 99



As you move from a 150 kW machine to a 600 kW machine, prices will roughly triple, rather than quadruple.
The reason is, that there are economies of scale up to a certain point, e.g. the amount of manpower involved in
building a 150 kW machine is not very different from what is required to build a 600 kW machine. E.g. the
safety features, and the amount of electronics required to run a small or a large machine is roughly the same.
There may also be (some) an economy of scale in operating wind parks rater than individual turbines, although
such economies tend to be rather limited.

Price Competition and Product Range
Price competition is currently particularly tough, and the product range particularly large around 500 - 750 kW.
This is where you are likely to find a machine, which is optimized, for any particular wind climate.

Typical 600 kW Machines on the Market Today

Even if prices are very similar in the range from 500 to 750 kW, you would not necessarily want to pick a
machine with as large a generator as possible. A machine with a large 750 kW generator (and a relatively small
rotor diameter) may generate less electricity than, say a 450 kW machine, if it is located in a low wind area. The
working horse today is typically a 600-kilowatt machine with a tower height of some 40 to 50 metres and a rotor
diameter of around 43 metres.

Using a typical 600-kW turbine as an example (approximate amounts in US dollars, prices vary with tower
heights, rotor diameter, and local specifications):

Purchase Price: $400,000 to $500,000
Installation Costs: $100,000 to $150,000
Prices, costs, and exchange rates were reasonably accurate on February 1998.

1 000 Dollars per Kilowatt Average

The average price for large, modern wind farms is around 1 000 USD per kilowatt electrical power installed.
(Note, that we are not talking about annual energy production, yet. We'll return this discussion in sections to
follow. Energy production is measured in kilowatt-hours. If this sounds confusing, take a look at the Reference
Manual section. For single turbines or small clusters of turbines the costs will usually be somewhat higher. On
the next section we will discuss installation costs further.

ii. Installation Costs for Wind Turbines

Installation costs include foundations, normally made of armed concrete, road construction (necessary to move
the turbine and the sections of the tower to the building site), a transformer (necessary to convert the low voltage
(690 V) current from the turbine to 10-30 kV current for the local electrical grid, telephone connection for
remote control and surveillance of the turbine, and cabling costs, i.e. the cable from the turbine to the local 10-
30 kV power line.

Installation Costs Vary

Obviously, the costs of roads and foundations depend on soil conditions, i.e. how cheap and easy it is to build a
road capable of carrying 30 tonne trucks. Another variable factor is the distance to the nearest ordinary road,
the cost of getting a mobile crane to the site, and the distance to a power line capable of handling the maximum
energy output from the turbine. A telephone connection and remote control is not a necessity, but is often fairly
cheap, and thus economic to include in a turbine installation. Transportation costs for the turbine may enter the
calculation, if the site is very remote, though usually they will not exceed some 15 000 USD.

Economies of Scale

It is obviously cheaper to connect many turbines in the same location, rather than just one. On the other hand,
there are limits to the amount of electrical energy the local electrical grid can handle (see the section on Wind
Turbines in the Electrical Grid). If the local grid is too weak to handle the output from the turbine, there may be
need for grid reinforcement, i.e. extending the high voltage electrical grid. It varies from country to country that
pays for grid reinforcement - the Power Company or the owner of the turbine.
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iii. Operation and Maintenance Costs for Wind Turbines

Modern wind turbines are designed to work for some 120 000 hours of operation throughout their design lifetime
of 20 years. That is far more than an automobile engine which will generally last for some 4 000 to 6 000 hours.

Operation and Maintenance Costs

Experience shows that maintenance costs are generally very low while the turbines are brand new, but they
increase somewhat as the turbine ages. Studies done on the 5000 wind turbines installed in Denmark since 1975
show that newer generations of turbines have relatively lower repair and maintenance costs that the older
generations. (The studies compare turbines which are the same age, but which belong to different generations).

Older wind turbines (25-150 kW) have annual maintenance costs with an average of around 3 per cent of the
original turbine investment. Newer turbines are on average substantially larger, which would tend to lower
maintenance costs per kW installed power (you do not need to service a large, modern machine more often than
a small one). For newer machines the estimates range around 1.5 to 2 per cent per year of the original turbine
investment. Most of maintenance cost is a fixed amount per year for the regular service of the turbines, but some
people prefer to use a fixed amount per kWh of output in their calculations, usually around 0.01 USD/kWh. The
reasoning behind this method is that wear and tear on the turbine generally increases with increasing production.

Economies of Scale

Other than the economies of scale which vary with the size of the turbine, mentioned above, there may be
economies of scale in the operation of wind parks rather than individual turbines. These economies are related
to the semi-annual maintenance visits, surveillance and administration, etc.

Turbine Reinvestment

(Refurbishment, Major Overhauls)

Some wind turbine components are more subject to tear and wear than others. This is particularly true for rotor
blades and gearboxes. Wind turbine owners who see that their turbine is close the end of their technical design
lifetime may find it advantageous to increase the lifetime of the turbine by doing a major overhaul of the turbine,
e.g. by replacing the rotor blades. The price of a new set of rotor blades, a gearbox, or a generator is usually in
the order of magnitude of 15-20 per cent of the price of the turbine.

Project Lifetime, Design Lifetime

The components of mordern wind turbines are designed to last 20 years. It would, of course, be possible to
design certain components to last much longer, but it would really be a waste, if other major components were
to fail earlier. The 20-year design lifetime is a useful economic compromise, which is used to guide engineers
who develop components for the turbines. Their calculations have to prove that their components have a very
small probability of failure before 20 years have elapsed. The actual lifetime of a wind turbine depends both on
the quality of the turbine and the local climatic conditions, e.g. the amount of turbulence at the site, as explained
in the section on turbine design and fatigue loads. Offshore turbines may e.g. last longer, due to low turbulence
at sea. This may in turn lower costs, as shown in the graph on the right on the Economics of Offshore Wind
Turbines.

iv. Income from Wind Turbines

Energy Output from a Wind Turbine

If you have read the section on Annual energy output from a wind turbine, this graph will already be familiar to
you. The graph shows how annual energy production in million kilowatt-hours varies with the windiness of the
site. With a mean wind speed of, say 6.75 metres per second at hub height you get about 1.5 million-kilowatt
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hours of energy per year. As you can see, annual energy output t¥hiyear for typical Danish 600 kA wind turbine

varies roughly with the cube of the wind speed at turbine hub ** tleg
height. Just how sensitive energy production is to wind speed a5 % o
varies with the probability distribution for the wind, as explained k=13
in the section on the Weibull distribution. In this graph we have . /

three examples with different k-values (shape factors). We will /

be working with the red curve (k=2) in our example. 15

The Availability Factor o /
The figures for annual energy output assume that wind turbines //

are operational and ready to run all the time. In practice, 05 —

however, wind turbines need servicing and inspection once

every six months to ensure that they remain safe. In addition, 9.0 ————————————————————
component failures and accidents (such as lightning strikes) may 43 30 35 60 63 70 73 80 83 20 25100 més
disable wind turbines. Very extensive statistics show that the best turbine manufacturers consistently achieve
availability factors above 98 per cent, i.e. the machines are ready to run more than 98 per cent of the time. Total
energy output is generally affected less than 2 per cent, since wind turbines are never serviced during high
winds. Such a high degree of reliability is remarkable, compared to other types of machinery, including other
electricity generating technologies. The availability factor is therefore usually ignored when doing economic
calculations, since other uncertainties (e.g. wind variability) are far larger. Not all wind turbine manufacturers
around the world have a good, long reliability record, however, so it is always a good idea to check the
manufacturers' track record and servicing ability before you go out and buy a new wind turbine.

v. Wind Energy and Electrical Tariffs

This section is relevant for private investors in wind energy, but not for power companies, which of course know
everything about their own tariff system.

Electrical Energy Tariffs

Electricity companies are generally more interested in buying electricity during the periods of peak load
(maximum consumption) on the electrical grid, because this way they may save using the electricity from the
less efficient generating units. According to a study on the social costs and benefits of wind energy by the Danish
AKF institute, wind electricity may be some 30 to 40 per cent more valuable to the grid, than if it were produced
completely randomly. In some areas, power companies apply variable electricity tariffs depending on the time
of day, when they buy electrical energy from private wind turbine owners. Normally, wind turbine owners
receive less than the normal consumer price of electricity, since that price usually includes payment for the
power company's operation and maintenance of the electrical grid, plus its profits.

Environmental Credit

Many governments and power companies around the world wish to promote the use of renewable energy
sources. Therefore, they offer a certain environmental premium to wind energy, e.g. in the form of refund of
electricity taxes etc. on top of normal rates paid for electricity delivered to the grid.

Capacity Credit

To understand the concept of capacity credit, let us look at its opposite, power tariffs: Large electricity costumers
are usually charged both for the amount of energy (kWh) they use, and for the maximum amount of power (kW)
they draw from the grid, i.e. costumers who want to draw allot of energy very quickly have to pay more. The
reason they have to pay more is, that it obliges the power company to have a higher total generating capacity
(more power plant) available.

Power companies have to consider adding generating capacity whenever they give new consumers access to the
grid. Nevertheless, with a modest number of wind turbines in the grid, wind turbines are almost like "negative
consumers", as explained in the section on Wind turbines in the electrical grid: They postpone the need to install
other new generating capacity. Many power companies therefore pay a certain amount per year to the wind
turbine owner as a capacity credit. The exact level of the capacity credit varies. In some countries it is paid based
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on a number of measurements of power output during the year. In other areas, some other formula is used.
Finally, in a number of areas no capacity credit is given, as it is assumed to be part of the energy tariff. In any
case, the capacity credit is usually a fairly modest amount per year.

Reactive Power Charges

Most wind turbines are equipped with so called asynchronous generators, also called induction generators, cf.
the section on electrical parts of a wind turbine. These generators require current from the electrical grid to
create a magnetic field inside the generator in order to work. As a result of this, the alternating current in the
electrical grid near the turbine will be affected (phase-shifted). This may at certain times decrease (though in
some cases increase) the efficiency of electricity transmission in the nearby grid, due to reactive power
consumption. In most places around the world, the power companies require that wind turbines be equipped
with switchable electric capacitor banks, which partly compensate for this phenomenon. (For technical reasons
they do not want full compensation). If the turbine does not live up to the Power Company specifications, the
owner may have to pay extra charges. Normally, this is not a problem, which concerns wind turbine owners,
since the experienced manufacturers routinely will deliver according to local power company specifications.

vi. Basic Economics of Investment

Social Return from Investment in Wind Energy

On the next two sections, we look at the economics of an investment in wind energy from the point of view of
society as a whole, as economists typically do. If you do not like economics, or if you know everything about it
in advance, skip this section. We do not account for environmental benefits, we shall do that later. We do not
look at financing or taxation. These items vary enormously from one country to the other, but they do not make
any nation richer or poorer: They only serve to redistribute income. What society gets in return for investment
in wind energy is pollution-free electricity; let us find out how much that costs.

Private Investors' Guide

If you are a private investor in wind energy you can still use our calculations - pre tax, that is: Generally
speaking, investments which have a high rate of return before tax will have an even higher rate of return after
taxes.

This is a surprise to most people.

The reason is, however, that depreciation regulations for all sorts of business tend to be very favourable in most
countries. With rapid tax depreciation you get a higher return on your investment, because you are allowed to
deduct the loss of value of your asset faster than it actually loses it value. This is nothing special for wind
turbines. It is true for all sorts of business investment. Once again, do note, that our calculations in real terms
omit financing and taxes. As a prudent investor, you would probably want to plan your cash flow to make sure
you can pay your debts. This you obviously have to calculate in money terms, i.e. in nominal terms.

Working with Investments

With any investment, you pay something now to get something else later. We assume that a dollar in your pocket
today is more valuable to you than a dollar tomorrow. The reason why we say that, is that you could invest that
dollar somewhere or put it into a bank account and earn interest on it. To tell the difference between today's and
tomorrow's dollars, we therefore use the interest rate. If we do that, 1 dollar a year from now is worth 1/(1+r) to
you today. r is the interest rate, for example 5 per cent per year. Thus 1 dollar a year from now is worth 1/1.05
= (0.9523 dollars today. 1 dollar 2 years from now is worth 1/(1.05*%1.05) = 0.9070 and so forth...

However, what about inflation? To deal with that we shall simply only work with dollars, which have the same
purchasing power as a dollar does today. Economists call that working with real values, instead of nominal ones.

Work in Real Values, not Nominal Values
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Vil.

An investment in a wind turbine gives you a real return, i.e. electricity, and not just a financial (cash) return.
This is important, because if you expect some general inflation of prices during the next 20 years, you may
expect electricity prices to follow the same trend. Likewise, we would expect operation and maintenance costs
to follow roughly the same price trend as electricity. If we expect all prices to move in parallel (with the same
growth rates) over the next 20 years, then we can do our calculations quite simply: We do not need to adjust or
calculations for inflation, we simply do all of our calculations in the price level of our base year, i.e. the year of
our investment. In other words, when we work with real values, we work with money, which represent a fixed
amount of purchasing power.

Use the Real Rate of Interest, not the Nominal Rate

Since we are studying the real rate of return (profitability) of wind energy, we have to use the real rate of interest,
i.e. the interest rate minus the expected rate of inflation. (If both rates are high, say, above 10 per cent, you
cannot really subtract the percentages, you should divide like this (1-+r)/(1+1) but let's not make this into a course
in economics).

Typical real rates of interest for calculation purpose these days are approximately 5 per cent per annum or so.
You may say that in countries like Western Europe you could even go down to 3 per cent. Some people have a
very high demand for profitability, so they might wish to use a higher real rate of interest, say, 7 per cent. Using
the bank rate of interest is nonsense, unless you then do nominal calculations, i.e. add price changes everywhere,
including to the price of electricity.

Wind Energy Economics

There is no Such Thing as a Single Price for Wind Energy

As we learned from the section on energy output, annual electricity production will vary enormously depending
on the amount of wind on your turbine site. Therefore, there is not a single price for wind energy, but a range
of prices, depending on wind speeds.

Cost of Electricity Exarnple, €00 ki Turbine

LISCvkh The graph to the right shows how the cost of electricity produced by a typical 600-
02— kW wind turbine varies with annual production. The relationship is really very
g::l_.ll ] | simple: If you produce twice as much energy per year, you pay half the cost per
ans ] kilowatt-hour. (If you believe that maintenance costs increase with turbine use, the
0.08 J T graph might not be exactly true, but close to true).

0.07

g'gg ] \"\ If we use the graph above, plus the example from the section on income from wind
004 ] turbines we find the relationship between wind speeds and costs per kWh below.
ooz Remember, that everything in this section is based on examples, so you cannot use
0.0z 4 the graph to predict costs for any particular project. As an example, if your real rate
o of interest is 6 per cent per annum, rather than 5, costs are approximately 7.5 per cent
0.00 - ' ' |I|:| T Iiln 7 7 7' higher than shown in the graph. When you use the Wind Energy Economics

Million kvhiyear Calculator in a moment, you can use your own data to compute the cost of electricity.

The example is for a 600 kW wind turbine with project lifetime of 20 years; investment = 585,000 USD
including installation; operation & maintenance cost = 6750 USD/year; 5% p.a. real rate of interest; annual
turbine energy output taken from power density calculator using a Rayleigh wind distribution (shape factor =
2).
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You should note that wind speeds at 50 Sg;i:ﬂecmmy Example, 600 k' Turbine

metre hub height will be some 28 to 35 per 7,
cent higher* than at 10 metre height, which ;,, 1.

is usually wused for meteorological ;1 N
observations, for the wind speed pps ] Y
calculations. Look at the grey axis at the ppg ] \
bottom of the graph to see how wind speeds .07 *
at 10-metre height may translate into higher 0.0 ] AN
wind speeds. A wind speed of e.g. 6.25 m/s  0.05 1
at 10-metre height in roughness class 1 will .84 1

translate into 8 m/s at 50-metre hub height. ~ ©.0% 1
0.0z

001
000 e e T T e

* For roughness classes between 1 and 2.

? 1] |
rids wind speed at hub height

viii. Economics of Offshore Wind Energy T T T T T T T T T ! T

s Wwind speed at 10 m height, roughness class 1, with hub at 30 mheight

New Reports on Offshore Wind Energy

In 1997 the Danish electrical power companies and the Danish Energy agency finalized plans for large-scale
investment in offshore wind energy in Danish waters. The plans imply that some 4 100 MW of wind power are
to be installed offshore before the year 2030. Wind would by then cover some 50 per cent of Danish electricity
consumption (out of a total of 31 TWh/year).

Improving Economics of Offshore Wind Energy

In the previous section, the calculator already includes an example showing the expected average cost of
offshore wind energy in Denmark, using presently available technology. The most important reason why
offshore wind energy is becoming economic is that the cost of foundations has decreased dramatically. The
estimated total investment required to install 1 MW of wind power offshore in Denmark is around 12 million
DKK today, (equivalent to 4 million DEM, or 1.7 million USD). This includes grid connection etc.

Since there is substantially more wind at sea than on land, however, we Dok A,
arrive at an average cost of electricity of some 0.36 DKK/kWh = 0.05 ;4
USD/kWh = 0.09 DEM/kWh. (5% real discount rate, 20 year project pzas ]
lifetime, 0.08 DKK/kWh = 0.01 USD/kWh = 0.02 DEM in operation and ns 1

maintenance cost). 037 \\\
0.3¢
Accounting for Longer Project Lifetime 033 4

It would appear, however that turbines at sea would have a longer U3 1
technical lifetime, due to lower turbulence. If we assume a project lifetime "+
of, say, 25 years instead of 20, this makes costs 9 per cent lower, at some 052

0.325 DKK/kWh. The cost sensitivity to project lifetime is plotted in the E'g.; ;

accompanying graph- lg 18 20 3@ 4 2 2B 30
Praoject lifetinne

Power companies, however, seem to be optimizing the projects with a view to a project lifetime of 50 years.
This can be seen from the fact that they plan to require 50-year design lifetime for both foundations, towers,
nacelle shells, and main shafts in the turbines. If we assume that the turbines have a lifetime of 50 years, and
add an overhaul (refurbishment) after 25 years, costing some 25 per cent of the initial investment (this figure is
purely a numerical example), we get a cost of electricity of 0.283 DKK/kWh, which is similar to average onshore
locations in Denmark.

ix. Wind Energy and Employment

30,000 Jobs worldwide in 1995

The wind industry in 1995 employed some 30,000 people worldwide. This estimate is based on a study from
the Danish Wind Turbine Manufacturers Association, which was published in 1995. The study accounts for
both direct and indirect employment. By indirect employment we mean the people who are employed
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manufacturing components for wind turbines, and the people who are involved in installing wind turbines
worldwide.

9,000 Jobs in Denmark
The Danish wind industry had some 8 500 people employed in 1995. It may be interesting to see how they are
divided between different components:

Component Employment
Turbine assembly 3600
Rotor blades 2 000
Electronic controllers 700
Brakes, hydraulics etc. 200
Towers 1500
Installation of turbines 300
Other 300
Total 8300

In reality wind turbine production creates about 50 per cent more jobs, since Danish manufacturers import many
components, e.g. gearboxes, generators, hubs etc. from abroad. In addition, jobs are created through the
installation of wind turbines in other countries.

How was the Study done?
You may think we went out and asked the wind turbine manufacturers to get the figures. Well, we did, but only
to check our calculations. The point is, that you are likely to end up with the wrong answer, if you rely on asking
people about something as complex as job creation throughout the economy. You may see remarkably large
errors in other estimates made as naive back-of-an-envelope calculations elsewhere on the Web. (Out of
courtesy, we won't include the link, here). Actually, we started very differently using a so-called input-output
model, which is what most economists in government service, or central statistical bureaus would do. In an
input output model we actually follow the flow of deliveries from each sector of the economy to other sectors
of the economy. In our case, we have a 117 by 177 table of deliveries between the sectors, and the statisticians
have double-checked that they sum up to the total production in the economy. With
this table one may follow sub-sub-contracting all the way back in the economy in an
infinite number of links on the web.

10. Modern Wind Turbine History
i. The Wind Energy Pioneer - Poul la Cour

Poul la Cour

Poul la Cour (1846-1908) who was originally trained as a meteorologist was the
pioneer of modern electricity generating wind turbines. He built the world's first
electricity generating wind turbine in 1891. La Cour was also one of the pioneers of
modern aerodynamics, and built his own wind tunnel for experiments. La Cour gave
several courses for wind electricians each year at Askov Folk High School. The picture
shows Poul la Cour and his wife Christine at Askov.

La Cour was concerned with the storage of energy, and used the electricity from his wind turbines for electrolysis
in order to produce hydrogen for the gas light in his school. One basic drawback of this scheme was the fact that
he had to replace the windows of several school buildings several times, as the hydrogen exploded due to small
amounts of oxygen in the hydrogen(!)
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La Cour's Wind Turbines

Two of his test wind turbines in 1897 at Askov Folk High School, Askov, Denmark.
La Cour founded the Society of Wind Electricians which in 1905, one year after it
was formed, had 356 members.

k.

The Journal of Wind Electricity

The world's first Journal of Wind Electricity was also published by Poul la Cour.
In 1918 some 120 local utilities in Denmark had a wind turbine, typically of a size from 20 to 35 kW for a total
of some 3-megawatt installed power. These turbines covered about 3 per cent of Danish electricity consumption
at the time. The Danish interest in wind power waned in subsequent years, however, until a supply crisis set in
during World War II.

ii. The Wind Energy Pioneers - 1940-1950

The F.L. Smidth Turbines

During World War II the Danish engineering company F.L. Smidth (now
a cement machinery maker) built a number of two- and three-bladed wind
turbines. This is actually a Danish two-bladed wind turbine, although the
so-called "Danish concept" is a three bladed machine. All of these
machines (like their predecessors) generated DC (direct current).

The three-bladed F.L. Smidth machine from the island of Boge, built in
1942, looks more like a "Danish" machine. It was part of a wind-diesel
system, which ran the electricity supply on the island. Today, we would probably argue about
how the concrete tower looks, but this machine actually played an important role in the 1950s
. wind energy study. In 1951 the DC generator was replaced with a 35 kW asynchronous AC
(alternatmg current) generator, thus becoming the second wind
turbine to generate AC.

iii. The Wind Energy Pioneers: The Gedser Wind Turbine
Johannes Juul and the Vester Egesborg Turbines
The engineer Johannes Juul was one of the first " students of Poul La
Cour in his courses for "Wind Electricians" in g 1904. In the 1950s J.
Juul became a pioneer in developing the world's first alternating
current (AC) wind turbines at Vester Egesborg, @ Denmark.
Gedser is a good, windy area located at the
southern tip of the island of Falster in Denmark. The
concrete tower of the Gedser 4 turbine is still there
after 50 years, although it is now equipped with a
modern Danish wind turbine nacelle
The Gedser Wind Turbine
The innovative 200 kW Gedser wind turbine was built
LR in 1956-57 by J. Juul for the electricity company
SEAS at Gedser coast in the Southern part of LI& | L& Denmark. The three-

bladed upwind turbine with electromechanical yawing and an asynchronous generator was a pioneering design
for modern wind turbines, although its rotor with guy wires looks a bit old fashioned today.

Mitchell Organization Ltd. Page 74 of 99



The turbine was stall controlled, and J. Juul invented the emergency aerodynamic tip brakes, which were
released by the centrifugal force in case of over speed. Basically the same system is used today on modern stall
controlled turbines. The turbine, which for many years was the world's largest, was incredibly
durable. It ran for 11 years without maintenance.

The Gedser wind turbine was refurbished in 1975 at the request of NASA, which wanted
measurement results from the turbine for the new U.S. wind energy program. The machine ran for
a few years with test measurements after which it was dismantled. The nacelle and rotor of the
turbine are now on display the Electricity Museum at Bjerringbro, Denmark.

The Nibe Turbines

After the first oil crisis in 1973, interest in wind energy rekindled in several countries. In Denmark,
the power companies immediately aimed at making large turbines, just like their counterparts in Germany,
Sweden, the UK, and the USA. In 1979 they built two 630 kW wind turbines, one pitch controlled, and one stall
controlled. In many ways they suffered the same fate as their even larger colleagues abroad: The turbines became
extremely expensive, and the high-energy price subsequently became an essential argument against wind
energy.

iv. Wind Turbines From the 1980s

The Riisager Turbine

A carpenter, Christian Riisager, however, built a small 22 kW wind turbine in his own back yard using
the Gedser Wind Turbine design as a point of departure. He used inexpensive standard components
(e.g. an electric motor as generator, and car parts for gear and mechanical brake) wherever possible.
Riisager's turbine became a success with many private households around Denmark, and his success
gave the present day Danish wind turbine manufacturers their inspiration to start designing their own
wind turbines from around 1980.

Competing Turbine Designs

Picture from the secret testing grounds of
Vestas Wind Systems in 1979: The engineer
Léon Bjervig next to his 12 kW 7.3 m rotor diameter
Darrieus "biplane" machine. Some designs, including
the Riisager design were partly based on solid
experience from the classical Gedser wind turbine, or
classical slow moving multi-bladed American
"wind roses", others were more
revolutionary including vertical axis Darrieus
machines, machines using flaps for power control, or
hydraulics for the transmission system. Most

machines were very small by today's standards,"usually 5to 11 kW.

The Tvind 2 MW Machine

One important exception to the rule of small machines was the Tvind 2 MW machine, a fairly
revolutionary machine, (in a political sense, too, having been built by
idealist volunteers, practicing gender quotas and other politically correct
activities, including waving Chairman Mao's little red book.) The machine
is a downwind machine with 54-m rotor diameter running at variable
speed with a synchronous generator, and indirect grid connection using
power electronics. The machine is still running nicely. Early wind turbine
development was thus very different from simultaneous government
sponsored research programmes on very large machines in Germany,
USA, Sweden, the UK, or Canada. In the end, improved versions of the
classical, three-bladed upwind design from the Gedser wind turbine appeared as the commercial winner of this
wild competition, but admittedly not without a number of wreckage, mechanical, and financial.

. <£ |!

|
|

*
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Risoe National Laboratory

Risoe National Laboratory was really born to become the Danish answer to Los Alamos, i.e. the national centre
for nuclear research. Today it is far better known for its work on wind energy. Risoe National Laboratory's
Department of Wind Energy and Atmospheric Physics has a staff of some 60 people working on basic research
into aeroelastic, i.e. the interaction between aerodynamics and structural dynamics, on wind turbine technology,
and wind resource assessment. It also has a separate, small, commercial activity dealing with type approval of
wind turbines. Risoe was originally founded with this last purpose in mind, when the Danish Government
instituted a support program for the erection of wind turbines in Denmark. In order to protect the buyers of wind
turbines (and their surroundings) the Government required that all supported wind turbines be types approved
for safety. The strict safety regulations (including requirements for dual braking systems) indirectly helped
developing safer and more reliable wind turbines. (The support program was abandoned in 1989).

Bonus 30 kW

The Bonus 30 kW machine manufactured from 1980 is an example of one of the early models from present day
manufacturers. Like most other Danish manufacturers, the company was originally a manufacturer of
agricultural machinery. The basic design in these machines was developed much further in subsequent
generations of wind turbines.

v. The Great California Wind Rush

Nordtank 55 kW

The 55 kW generation of wind turbines, which were developed
in-1980 - 1981, became the industrial and technological
breakthrough for modern wind turbines. The cost per kilowatt-
hour (kWh) of electricity dropped by about 50 per cent with the
appearance of this generation of wind turbines. The wind
industry became much more professionalism, and the parallel
development of the European Wind Atlas Method by Risoe
National Laboratory was extremely important in lowering kWh
costs.

The picture shows a particularly imaginative way of siting these
Nordtank 55 kW wind turbines, on a harbour pier at the town of _
Ebeltoft, Denmark. Red tipped rotor blades have disappeared
completely from the market since then, after it was discovered that
birds do not fly into the rotors anyway.

The Great California Wind Rush

Literally thousands of these machines were delivered to the wind
program in California in the early eighties. The Micon 55 kW is one -
example of such a machine, delivered to one huge park of more than 1000 machines in Palm Springs, California.
Having started series manufacturing of wind turbines about 5 years earlier, Danish manufacturers had much
more of a track record than companies from other countries. About half of the wind turbines placed in California
are of Danish origin.

The market for wind energy in the United States disappeared overnight with the disappearance of the Californian
support schemes around 1985. Since then, only a tiny trickle of new installations has been commissioned,
although the market seems to have been picking up, lately. Germany is now the world's main market, and the
country with the largest wind power installation.
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vi. Modern Wind Turbines

Avedere Holme, Denmark

The picture shows the Avedere Wind
Farm, just 5 kilometres from the city
centre of Copenhagen, Denmark. The
12 Bonus 300 kW wind turbines, (and
one 1,000 kW power company test
wind turbine) are located next to a 250
MW coal-fired power plant.

Denmark's Largest Wind Farm: Rejsby
Hede. Denmark currently has some 900
megawatts of wind power, and 4,400
wind turbines in operation. 75 per cent
of the turbines are owned by
individuals or local wind turbine co-
operatives. The largest wind farm in
Denmark is Rejsby Hede, consisting of 40 Micon 600 kW machines.

vii. Offshore Wind Turbines

One of the world's first offshore wind farm is located North of the island of Lolland in the Southern part of
= Denmark

Vindeby

. The Vindeby wind farm in the Baltic Sea off the
coast of Denmark was built in 1991 by the utility
company SEAS. The wind farm consists of 11
Bonus 450 kW stall controlled wind turbines, and is
located between 1.5 and 3 kilometres North of the
coast of the island of Lolland near the village of
Vindeby. The turbines were modified to allow room
for high voltage transformers inside the turbine
towers, and entrance doors are located at a higher
level than normally. These same modifications were
carried over to the subsequent Tung Knob project.

Two anemometer masts were placed at the site to study wind conditions, and turbulence, in particular. A number
of interesting results on offshore wind conditions have been obtained through the studies, which were carried
out by Rise National Laboratory. The park has been performing flawlessly. Electricity production is about 20
per cent higher than on comparable land sites, although production is somewhat diminished by the wind shade
from the island of Lolland to the South.

Tung Knob

The Tuneg Knob offshore wind farm in the Kattegat Sea off the Coast of Denmark was built in 1995 by the utility
company Midtkraft. The Wind farm consists of 10 Vestas 500 kW pitch controlled wind turbines. The turbines
were modified for the marine environment, each turbine being equipped with an electrical crane to be able to
replace major parts such as generators without the need for a floating crane. In addition, the gearboxes were
modified to allow a 10 per cent higher rotational speed than on the onshore version of the turbine. This will give
an additional electricity production of some 5 per cent. This modification could be carried out because noise
emissions are not a concern with a wind park located 3 kilometres offshore from the island of Tune, and 6
kilometres off the coast of the Mainland Jutland peninsula. The park has been performing extremely well, and
production results have been substantially higher than expected.
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The Future of Offshore Wind Energy

Offshore wind energy is an extremely promising application of wind power, particularly in countries with high
population density, and thus difficulties in finding suitable sites on land. Construction costs are much higher at
sea, but energy production is also much higher. The Danish electricity companies have announced major plans
for installation of up to 4 000 megawatts of wind energy offshore in the years after the year 2000. The 4 000
MW of wind power is expected to produce some 13.5 TWh of electricity per year, equivalent to 40 per cent of
Danish electricity consumption.

viii. Megawatt-Sized Wind Turbines

Nordtank 1500
The prototype of the NEG Micon 1500 kW Turbine was commissioned in September 1995. The
original model had a 60 metre rotor diameter and two 750 kW generators operating in parallel.
The most recent version is a 1,500/750 kW model (with two 750 kW generators) with a 64 metre
rotor diameter. The photograph was taken at the Tjaereborg site in the Western part of Denmark
near the city of Esbjerg. The Tjaereborg test site for megawatt turbines is located in Western
Denmark near the city of Esbjerg

Vestas 1.5 MW

The prototype of the Vestas 1500 kW
commissioned in 1996. The original
metre rotor diameter and a 1,500 kW generator. The
version has a 68-metre rotor diameter and a dual
generator. The picture shows the nacelle being hoisted
background to the left you may see the ELSAM 2 MW
concrete tower), and the NEG Micon 1500 kW a bit
background. At the far left you can catch a glimpse of a
turbine (the most recent version is a 1 MW turbine).

Turbine was
model had a 63-
most recent
1650/300 kW
by a crane. In the
test turbine (on a
farther in  the
Bonus 750 kW

The Future for Megawatt-Sized Turbines
600 and 750 kW machines continue to be the "working horses" of the
industry at present, but the megawatt-market is expected to take
off in 1998. Megawatt-sized machines will be ideal for offshore applications, and for areas where space for
siting is scarce, so that a megawatt machine will exploit the local wind resources better.
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11. Frequently Asked Questions About Wind Energy
a. Are wind turbines noisy?

Wind Turbines Whisper Quietly, Now

Large, modern wind turbines have become very quiet. At distances above 200 metres, the swishing sound of rotor
blades is usually masked completely by wind noise in the leaves of trees or shrubs. There are two potential sources
of noise from a wind turbine: Mechanical noise from the gearbox or generator, and acrodynamic noise from the rotor
blades.

Mechanical noise has virtually disappeared from modern wind turbines. This is due to better engineering with more
concern about avoiding vibrations. Other technical improvements include elastically dampened fastenings and
couplings of the major components in the nacelle, and to a certain extent sound insulation. Finally, the basic
components themselves, including gearboxes, have developed considerably over the years. Modern wind turbine
gearboxes use "soft" gearwheels, i.e. toothed wheels with hardened surfaces and relatively elastic interiors. Read
more in the section on designing for low mechanical noise.

Aerodynamic noise i.e. the "swish" sound of the rotor blades passing the tower of a wind turbine primarily arises at
the tip and the back edge of the rotor blade. The higher the rotational speed, the louder the sound. Aerodynamic
noise has been cut dramatically during the past ten years due to better design of rotor blades (particularly blade tips
and back edges). Read more in the section on designing for low aerodynamic noise. Pure tones can be very annoying
to a listener, while "white noise" is hardly noticed at all. Rotor blade manufacturers take extreme care to ensure a
smooth surface, which is important to avoid pure tones. Likewise, manufacturers who install wind turbines take great
care to ensure that the rotor blades are not damaged when a wind turbine is being installed.

b. Do wind turbines really save energy?

Wind Energy is Clean, and Saves Energy

Can a wind turbine ever recover the energy spent in producing maintaining, and servicing it?

Wind turbines use only the energy from the moving air to generate electricity. A modern 600 kW wind turbine in an
average location will annually displace 1,200 tonnes of carbon dioxide from other electricity sources, i.e. usually
coal fired power stations. The energy produced by a wind turbine throughout its 20-year lifetime (in an average
location) is eighty times larger than the amount of energy used to build, maintain, operate, dismantle, and scrapping
it again. In other words, on average it takes only two to three months for a wind turbine to recover all the energy
required to build and operate it.

c. Are there enough wind resources around?

Wind Energy is Abundant

Wind resources are plentiful. Wind will not run out. Denmark is one of the countries which is planning for substantial
amounts of electricity consumption to be provided by wind energy. Already (1999), wind energy is covering 10 per
cent of Danish electricity consumption, a figure which will increase to at least 14 per cent by 2003. 50 per cent of
that country's electricity consumption will come from wind by the year 2030 according to Government plans
("Energy 21"). The wind resources above the shallow waters in the seas around Europe could theoretically provide
all of Europe's electricity supplies several times over. In Denmark alone, 40 per cent of the country's present
electricity consumption could be covered from offshore wind parks located in an area of some 1,000 square
kilometres of shallow sea territory.
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d. Can wind contribute significantly to electricity production?

Wind Energy Makes a Difference

Wind Turbines have grown dramatically in size and power output.

A typical Danish wind turbine of 1980 vintage had a 26 kW generator and a rotor diameter of 10.5 metres. A modern
wind turbine has a rotor diameter of 43 metres and a 600 kW generator. It will produce between 1 and 2 million-
kilowatt hours in a year. This is equivalent to the annual electricity consumption of 300 to 400 European households.
The latest generation of wind turbines has a 1,000-1,650 kW generator and a 50-66-metre rotor diameter. Europe's
largest wind park in Carno, Wales produces the equivalent of the electricity consumption of 20,000 homes. In Europe
more than 6,600 megawatts of wind power were on-line as of January 1999, covering the average domestic electricity
consumption of seven million people. Worldwide 10,000 MW have been installed. This is equivalent to the amount
of nuclear power installed worldwide by 1968.

e. Is there any progress in wind turbine technology?

Wind Energy is an Advancing Technology

Technological advances in aerodynamics, structural dynamics and micrometeorology have contributed to a 5 per
cent annual increase in the energy yield per square metre wind turbine rotor area (as recorded in Denmark between
1980 and 1995). New technology is continuously being introduced in new wind turbines. The weight of wind turbines
has halved in 5 years, the sound level has halved in 3 years, and the annual energy output per turbine has increased
100-fold in 15 years.

f.  Is wind energy expensive?

Wind Energy is Inexpensive

Wind energy has become the least expensive renewable energy technology in existence.

Since the energy contents of the wind varies with the cube (i.e. the third power of the wind speed, the economics of
wind energy depends heavily on how windy the site is. In addition, there are generally economies of scale when
building wind parks of many turbines. Today, according to the electrical power companies, the energy cost per
kilowatt-hour of electricity from wind is the same as for new coal-fired power stations fitted with smoke scrubbing
equipment, i.e. around 0.05 USD per kWh for an average European site. R&D studies in Europe and the US point
to a further fall in energy costs from wind of some 10 to 20 per cent between now and the year 2005.

g. Is wind energy safe?

Wind Energy is Safe
Wind energy leaves no harmful emissions or residue in the environment. Wind Energy has a proven safety record.
Fatal accidents in the wind industry have been related to construction and maintenance work only.

h. Are wind turbines reliable?

Wind Turbines are Reliable

Wind turbines only produce energy when the wind is blowing, and energy production varies with each gust of wind.
The variable forces acting on a wind turbine throughout its expected lifetime of 120,000 operating hours could be
expected to exert significant tear and wear on the machine. Turbines therefore have to be built to very exacting
industrial standards. High quality modern wind turbines have an availability factor above 98 per cent, i.e. the turbines
are on average operational and ready to run during more than 98 per cent of the hours of the year. This availability
factor is beyond any other electricity generating technology. Modern wind turbines only require a maintenance check
every six months.
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i. How much land is required to site wind Turbines?

Wind Energy Uses Land Resources Sparingly

Wind turbines and access roads occupy less than one per cent of the area in a typical wind park. The remaining 99
per cent of the land can be used for farming or grazing, as usual. Since wind turbines extract energy from the wind,
there is less energy in the wind shade of a turbine (and more turbulence) than in front of it. In a wind park, turbines
generally have to be spaced between three and nine rotor diameters apart in order not to shade one another too much.
(Five to seven rotor diameters are the most commonly used spacing). If there is one particular prevailing wind
direction, e.g. West, turbines may be spaced very closely in the direction at a right angle to that direction, (i.e. North-
South). Whereas a wind turbine uses 36 square metres, or 0.0036 hectares to produce between 1.2 and 1.8 million
kilowatt hours per year, a typical biofuel plant would require 154 hectares of willow forest to produce 1.3 million
kilowatt hours per year. Solar cells would require an area of 1.4 hectares to produce the same amount of electricity
per year.

j. Can wind turbines blend into the landscape?

Wind Energy Can and Must Respect Landscape Values

Wind turbines obviously have to be highly visible, since they must be located in windy, open terrain to be economic.
Better design, careful choice of paint colours - and careful visualization studies before siting is decided - can improve
the visual impact of wind farms dramatically. Some people prefer lattice towers instead of tubular steel towers,
because they make the tower itself less visible. There are no objective guidelines, however. Much depends on the
landscape and the match with architectural traditions in the area. Since wind turbines are visible in any case, it is
usually a good idea to use them to emphasize natural or man-made features in the landscape. See some examples in
the guided tour section on wind turbines in the landscape. Like other man-made structures, well-designed wind
turbines and wind parks can give interesting perspectives and furnish the landscape with new architectural values.
Wind turbines have been a feature of the cultural landscape of Europe for more than 800 years.

k. How is the landscape affected after a wind turbine has been dismantled?

Wind Projects Minimize Ecological Impact

Wind turbine manufacturers and wind farm developers have by now substantial experience in minimizing the
ecological impact of construction work in sensitive areas such as moors, or mountains, or when building wind farms
in offshore locations. Restoring the surrounding landscape to its original state after construction has become a routine
task for developers. After the useful life of a wind farm has elapsed, foundations can be reused or removed
completely. The scrap value of a wind turbine can normally cover the costs of restoring its site to its initial state.

1. Do wind turbines bother wildlife?

Wind Turbines Coexist Peacefully with Wildlife

Deer and cattle habitually graze under wind turbines, and sheep seek shelter around them. While birds tend to collide
with man-made structures such as electrical power lines, masts, or buildings, they are very rarely affected directly
by wind turbines. A recent study suggests that the impact of overhead power lines leading electricity away from
wind farms have far greater impact on bird mortality than the wind farms themselves. Falcons are in fact nesting and
breeding in cages attached to two Danish wind turbines! Studies from the Netherlands, Denmark, and the US show
that the total impact on birds from wind farms is negligible compared to the impact from road traffic.

m. Can wind turbines be placed anywhere?
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Wind Turbines Require Careful Siting

The energy content of the wind varies with the cube, (i.e. the third power) of the wind speed. Twice as much wind
yields eight times as much energy. Manufacturers and wind farm developers therefore take extreme care in siting
wind turbines in as windy areas as possible. The roughness of the terrain, i.e. the terrain surface, its contours, and
even the presence of buildings, trees, plants, and bushes affect the local wind speed. Very rough terrain or nearby
large obstacles may create turbulence, which may decrease energy production and increase tear and wear on the
turbines. Calculating the annual energy production from a wind turbine is quite a complex task: It requires detailed
maps of the area (up to three kilometres in the prevailing wind directions), and accurate meteorological wind
measurements for a at least a one year period. You may read more in the Guided Tour section on wind energy
resources. Qualified advice from experienced manufacturers or consulting firms is therefore essential for the
economic success of a wind project.

n. Can wind turbines be used economically in inland areas?

Wind Turbines can be Quite Economic in Inland Areas

Although wind conditions near seashores tend to be ideal for wind projects, it is indeed possible to find highly
economic inland areas for wind turbines. As the wind passes over a hill, or through a mountain pass, it becomes
compressed and speeds up significantly. Rounded hilltops with a wide view in the prevailing wind directions are
therefore ideal as wind turbine sites. See this paper on speed up effects. Tall wind turbine towers is a way of
increasing the energy yield of a wind turbine, since wind speed usually increases significantly with height above
ground level. In low wind areas, manufacturers may be able to supply special wind turbine versions with large rotors
compared to the size of the electrical generator. Such machines will reach peak production at relatively low wind
speeds, although they will waste some of the energy potential of high winds. Manufacturers are increasingly
optimizing their machines to local wind conditions worldwide.

0. How can the varying output from wind turbines be used in the electrical grid?

Wind Energy Integrates Well into the Electrical Grid

The major drawback of wind power is variability. In large electrical grids, however, consumers' demand also varies,
and electricity-generating companies have to keep spare capacity running idle in case a major generating unit breaks
down. If a power company can handle varying consumer demand, it can technically also handle the "negative
electricity consumption" from wind turbines. The more wind turbines on the grid, the more short-term fluctuations
from one turbine will cancel out the fluctuations from another. In the Western part of Denmark, more than 25 per
cent of the electricity supply today comes from wind during windy winter nights. Read more in this paper in the
section on wind energy in the electrical grid

p- Will wind energy work on a small scale?

Wind Energy is a Scalable Technology

Wind energy can be used in all sorts of applications - from small battery chargers in lighthouses or remote dwellings
to industrial scale turbines of 1.5 megawatts capable of supplying the equivalent of the electricity consumption of
one thousand families. Other interesting and highly economic applications include wind energy used in combination
with diesel powered backup generators in several small, isolated electrical grids throughout the world. Desalination
plants in island communities in the Atlantic and the Mediterranean Sea is another recent application.

q. Can wind energy be used in developing countries?
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Wind Energy is an Ideal Developing Country Technology

Although wind turbine design has become a high tech industry, wind turbines can easily be installed in developing
countries, and serviced and maintained locally. Turbine manufacturers provide training courses for personnel.
Installation of wind turbines provides jobs in the local community, and manufacturers will often manufacture heavy
parts of the turbine, e.g. towers, locally once the installation rate reaches a certain level. Wind turbines require no
subsequent expensive provision of fuel, a major obstacle for several other electricity generating technologies in
developing areas. India has become one of the large wind energy nations of the world with substantial local
manufacturing. P. R. of China is presently taking the lead in East Asia.

r. Does wind energy create jobs?

Wind Energy Provides Jobs

The wind industry today (1999) provides more than 40,000 jobs worldwide. The wind industry is becoming more
multinational, as the industry matures and more manufacturing is established in new markets. In Denmark alone,
more than 15,000 people make a living from wind energy, designing and manufacturing wind turbines, components,
or rendering consultancy and engineering services. Today employment in the wind industry is larger than e.g. the
fishing industry. The Danish production of wind turbines demands another 5,000 jobs in other countries which erect
wind turbines or manufacture turbine components such as generators and gearboxes. Read more on the section on
employment in the paper.

s. Is wind energy popular in countries which already have many wind turbines?

Wind Energy is Popular

Opinion polls in several European countries, Denmark, Germany, Holland, and the UK, show that more than 70 per
cent of the population is in favour of using more wind energy in the electricity supply. People who live near wind
turbines are on average even more favourable towards wind energy, with a score of more than 80 per cent in favour
of wind energy. In Denmark, more than 100,000 families own shares in one of the 5,200 modern wind turbines
scattered throughout the country. More than 80 per cent of the wind power capacity in Denmark is owned by private
individuals or wind co-operatives.

t.  What is the wind energy market like?

Wind Energy is a Rapidly Growing Market!

Since 1993, growth rates in the wind turbine market have been around 40 per cent per annum, and growth rates of
20 per cent per annum are expected for the next ten years. Currently there are some 40 wind turbine manufacturers
worldwide. Around half of the turbines in the world come from Danish manufacturers. Wind energy is gaining
ground in developed and developing countries alike. In developed countries wind energy is mostly in demand
because of its pollution-free qualities. In developing countries its popularity is linked to the fact that turbines can be
installed quickly, and require no subsequent fuel supplies. The wind turbine industry is now a 1.5 billion USD
industry with an extremely bright future, particularly if environmentally friendly energy policies gain ground
internationally.

u.  Why are Danish wind turbines well known around the world?

The Danish Wind Turbine Industry is the World's Largest

In 1998 Danish wind turbine companies supplied 1,200 megawatts of new generating capacity, equivalent to a
medium-sized nuclear power station. Danish manufacturers had a 50 per cent share of the world market for wind
turbines in 1998. Development of modern wind energy for electricity generation has a long tradition in Denmark. It
began in more than a hundred years ago, in 1891.
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12. Wind Energy Reference Manual

i.  Wind Energy Concepts

Unit Abbreviations:
m = metre = 3.28 ft. s = second h = hour W = Watt
HP = horsepower J=Joule cal = calorie toe = tonnes of oil equivalent

Hz = Hertz (cycles per second) 10-12 = p pico = 1/1000,000,000,000

10-9 = n nano = 1/1000,000,000  10-6 = p micro = 1/1000,000 10-3 = m milli = 1/1000
103 =k kilo = 1,000 = thousands 106 = M mega = 1,000,000 = millions

109 = G giga = 1,000,000,000 1012 =T tera = 1,000,000,000,000

1015 =P peta = 1,000,000,000,000,000

Wind Speeds
1 m/s =3.6km/h=2.187 mph = 1.944 knots
1 knot =1 nautical mile per hour = 0.5144 m/s = 1.852 km/h = 1.125 mph

Wind Speed Scale
Wind Speed at 10 meters Height Beaufort Scale
m/s Knots (outdated) Type of Wind
0.0-04 0.0-0.9 0 Calm
04-1.8 09-35 1 Light
1.8-3.6 3.5-7 2
3.6-5.8 7-11 3
5.8—8.5 11-17 4 Moderate
8.5-11 17-22 5 Fresh
11-14 22 - 28 6 Strong
14-17 28 —34 7
17-21 34-41 8 Gale
21-25 41 -48 9
25-29 48 — 56 10 Strong Gale
29-34 56 — 65 11
>34 > 65 12 Hurricane

Roughness Classes and Roughness Lengths

The roughness class is defined in the European Wind Atlas on the basis of the roughness length in metres z0,
(i.e. the height above ground level where the wind speed is theoretically zero. Ln the natural logarithm function).

if (length <= 0.03)

class  =1.699823015 + In(length)/In(150)

if (length > 0.03)

class  =3.912489289 + In(length)/In(3.3333333)
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Roughness Classes and Roughness Length Table

Roughness | Roughness | Energy Index Landscape Type
Class Length m (per cent)
0 0.0002 100 Water Surface

0.5 0.0024 73 Completely open terrain with a smooth surface, (e.g. concrete
runways in airports, mowed grass, etc.)

1.0 0.03 52 Open agricultural area without fences and hedgerows and very
scattered buildings. Only softly rounded hills

1.5 0.055 45 Agricultural land with some houses and 8 metre tall sheltering
hedgerows with a distance of approx. 1250 metres

2.0 0.1 39 Agricultural land with some houses and 8 metre tall sheltering
hedgerows with a distance of approx. 500 metres

2.5 0.2 31 Agricultural land with many houses, shrubs and plants, or 8
metre tall sheltering hedgerows with a distance of approx. 250
metres

3.0 0.4 24 Villages, small towns, agricultural land with many or tall
sheltering hedgerows, forests and very rough and uneven
terrain

3.5 0.8 18 Larger cities with tall buildings

4.0 1.6 13 Very large cities with tall buildings and skyscrapers

Definitions according to the European Wind Atlas, WAsP.

Density of Air at Standard Atmospheric Pressure

Density of Air at Standard Atmospheric Pressure
Temperature | Temperature Density
° Celsius ° Fahrenheit | (i.e. mass of dry air kg/m3) | Max. water content kg/m3
25 -13 1.423
20 -4 1.395
-15 5 1.368
-10 14 1.342
-5 23 1.317
0 32 1.292 0.005
+5 41 1.269 0.007
+10 50 1.247 0.009
+15% 59 1.225 0.013
+20 68 1.204 0.017
+25 77 1.184 0.023
+30 86 1.165 0.030
+35 95 1.146 0.039
+40 104 1.127 0.051
*) The density of dry air at standard atmospheric pressure at sea level at 15° C is used as
a standard in the wind industry.
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Power of the Wind **)

m/s W/m? m/s W/m? m/s W/m?
0 0 8 314 16 2509
1 1 9 447 17 3009
2 5 10 613 18 3572
3 17 11 815 19 4201
4 39 12 1058 20 4900
5 77 13 1346 21 5672
6 132 14 1681 22 6522
7 210 15 2067 23 7452

**) For air density of 1.225 kg/m3, corresponding to dry air at standard atmospheric pressure at sea
level at 15° C.

The formula for the power per m2 in Watts = 0.5 * 1.225 * v3, where v is the wind speed in m/s.
Warning: Although the power of the wind at a wind speed of e.g. 7 m/s is 210 W/m2, you should
note, that the power of the wind at a site with an average wind speed of 7 m/s typically is about
twice as large

ii. Energy and Power Definitions

Energy

Physicists define the word energy as the amount of work a physical system is capable of performing. Energy,
according to the definition of physicists, can neither be created nor consumed or destroyed. Energy, however
may be converted or transferred to different forms: The kinetic energy of moving air molecules may be
converted to rotational energy by the rotor of a wind turbine, which in turn may be converted to electrical energy
by the wind turbine generator. With each conversion of energy, part of the energy from the source is converted
into heat energy.

When we loosely use the expression energy loss (which is impossible by the definition above), we mean that
part of the energy from the source cannot be used directly in the next link of the energy conversion system,
because it is converted into heat. E.g. rotors, gearboxes or generators are never 100 per cent efficient, because
of heat losses due to friction in the bearings, or friction between air molecules.

Most of us have the sensible notion, however, that as we e.g. burn fossil fuels, somehow, loosely speaking, the
global potential for future energy conversion becomes smaller. That is absolutely true. Physicists, however, use
a different terminology: They say that the amount of entropy in the universe has increased. By that they mean
that our ability to perform useful work converting energy decreases each time we let energy end up as heat
which is dissipated into the universe. Useful work is called energy by physicists.

Since the vast majority of wind turbines produce electricity, we usually measure their performance in terms of
the amount of electrical energy they are able to convert from the kinetic energy of the wind. We usually measure
that energy in terms of kilowatt-hours (kWh) or megawatt hours MWh during a certain period of time, e.g. an
hour or a year. People who want to show that they are very clever, and show that they understand that energy
cannot be created, but only converted into different forms, call wind turbines Wind Energy Converters (WECs).
The rest of us may still call them wind turbines.

Note Energy is not measured in kilowatts, but in kilowatt-hours (kWh). Mixing up the two units is a very
common mistake, so you might want to read the next section on power to understand the difference.

Energy Units
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1 J (joule) =1Ws =4.1868 cal

1 GJ (gigajoule) =1091J

1 TJ (terajoule) =1012]J

1 PJ (petajoule) =10157J

1 kWh (kilowatt hour) = 3,600,000 Joule

1 toe = 7.4 barrels of crude oil in primary energy
(tonne oil equivalent) = 7.8 barrels in total final consumption

= 1270 m3 of natural gas
= 2.3 metric tonnes of coal
1 Mtoe =41.868 PJ
(million tonne oil equivalent)

Power

Electrical power is usually measured in watt (W), kilowatt (kW), megawatt (MW), etc. Power is energy transfer
per unit of time. Power may be measured at any point in time, whereas energy has to be measured during a
certain period, e.g. a second, an hour, or a year. (Read the section on energy, if you have not done so yet).

If a wind turbine has a rated power or nameplate power of 600 kW, that tells you that the wind turbine will
produce 600 kilowatt hours (kWh) of energy per hour of operation, when running at its maximum performance
(i.e. at high winds above, say, 15 metres per second (m/s)). If a country like Denmark has, say 1000 MW of
wind power installed, that does not tell you how much energy the turbines produce. Wind turbines will usually
be running, say, 75 per cent of the hours of the year, but they will only be running at rated power during a limited
number of hours of the year.

In order to find out how much energy the wind turbines produce you have to know the distribution of wind
speeds for each turbine. In Denmark's case, the average wind turbines will return 2,300 hours of full load
operation per year. To get total energy production you multiply the 1000 MW of installed power with 2,300
hours of operation = 2,300,000 MWh = 2.3 TWh of energy. (Or 2,300,000,000 kWh).

In other areas, like Wales, Scotland, or Western Ireland you are likely to have something like 3,000 hours of
full load operation or more. In Germany the figure is closer to 2,000 hours of full load operation. The power of
automobile engines are often rated in horsepower (HP) rather than kilowatt (kW). The word "horsepower" may
give you an intuitive idea that power defines how much "muscle" a generator or motor has, whereas energy tells
you how much "work" a generator or motor performs during a certain period of time.

Power Units
1kW =1359HP

iii. Proof of Betz' Law

This section gives a proof of Betz' law. Before reading this section you should have read the sections on how
the wind turbine deflects the wind and Betz' Law. If you do not follow the argument in detail, just glance through
the rest of this section, which uses Betz' own reasoning from his book Wind-Energy from 1926 to explain the
law.

Proof of Betz' Theorem

Let us make the reasonable assumption that the average wind
speed through the rotor area is the average of the undisturbed
wind speed before the wind turbine, v1, and the wind speed after
the passage through the rotor plane, v2, i.e. (vl+v2)/2. (Betz
offers a proof of this).

The mass of the air streaming through the rotor during one second is m = F (v1+v2)/2
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where m is the mass per second, is the density of air, F is the swept rotor area and [(v1+v2)/2] is the average
wind speed through the rotor area. The power extracted from the wind by the rotor is equal to the mass times
the drop in the wind speed squared (according to Newton's second law):

P=(172) m (v12 - v22)

Substituting m into this expression from the first equation we get the following expression for the power
extracted from the wind:

P = (/4) (v12 - v22) (vI+v2) F

Now, let us compare our result with the total power in the undisturbed wind streaming through exactly the same
area F, with no rotor blocking the wind. We call this power PO:

PO=(/2) VI3 F

=,
[}

The ratio between the power we extract from the
wind and the power in the undisturbed wind is
then: 03

(P/P0) = (1/2) (1 - (v2/v1)2) (1 + (v2/v1)) 04 \
0z

N
N\

We can see that the function reaches its @l

We may plot P/PO as a function of v2/v1:

maximum for v2/vl = 1/3, and that the \
maximum value for the power extracted from 0 T T T T T T T T T Y
the wind is 0,59 or 16/27 of the total power in oooorooE 0 b4 03 0e 07 0B DR wiy
the wind @ [#2% Saren Krohn

iv. Acoustics
dB(A) Sound Levels in decibels and Sound Power in W/m2
To understand acoustics one should refer to an acoustics table, read the section starting with Sound from Wind
Turbines in this paper. If you wish to know about designing wind turbines for quiet operation, read the sections
on turbine design in this paper.
The subjective sound loudness is perceived to double every time the dB(A) level increases by 10.
By definition the sound level in dB = 10 * log10(power in W/m2) + 120, where log10 is the logarithm function
with base 10. [If you only have access to the natural log function, In, then you can always use the relation

log10(x) = In(x) / In(10)]

If you solve the equation for the power, you get: The sound power in W/m2 = 100.1*(dB-120)

v. Electricity
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Voltage

In order to make a current flow through a cable you need to have a voltage difference between the two ends of
the cable - just like if you want to make air move through a pipe, you need to have different pressure at the two
ends of the pipe. If you have a large voltage difference, you may move larger amounts of energy through the
wire every second, i.e. you may move larger amounts of power. (Remember that power = energy per unit of
time, cf. the section on Energy and Power Definitions).

Alternating Current
The electricity that comes out of a battery is direct current (DC), i.e. the electrons flow in one direction only.
Most electrical grids in the world are alternating current (AC) grids, however. One reason for using alternating
current is that it is fairly cheap to transform the current up and down to different voltages, and when you want
to transport the current over longer distances you have much lower energy losses when you use a high voltage.
Another reason is that it is difficult and expensive to build circuit breakers (switches) for high DC voltages,
which do not produce huge sparks.

Woltage
Grid Frequency +az5) 7 e
With an alternating current in the 423 r \\
electrical grid, the current changes rd
direction very rapidly, as illustrated on Iy M,
the graph above: Ordinary household / AN
current in most of the world is 230 Volts . %,
alternating current with 50 cycles per 2 4 & & o uz o 14 & B foms
second =50 Hz ("Hertz" named after the k '
German Physicist H.R. Hertz (1857- , !
1894)). The number of cycles per second ra
is also called the frequency of the grid. In 230 N /
America household current is 130 volts s -
with 60 cycles per second (60 Hz). In a DOWATHA 1978
50 Hz system a full cycle lasts 20 milliseconds (ms), i.e. 0.020 seconds. During that time the voltage actually
takes a full cycle between +325 Volts and -325 Volts. The reason why we call this a 230 volt system is that the
electrical energy per second (the power) on average is equivalent to what you would get out of a 230 volt DC
system.

As you can see in the graph, the voltage has a nice, smooth variation. This type of wave shape is called a
sinusoidal curve, because you can derive it from the mathematical formula

voltage = vmax * sin(360 * t * f),

where vmax is the maximum voltage (amplitude), t is the time measured in seconds, and f is the frequency in
Hertz, in our case f=50. 360 is the number of degrees around a circle. (If you prefer measuring angles in radians,
then replace 360 by 2*pi).

Phase

Since the voltage in an alternating current system keeps oscillating up and down you cannot connect a generator
safely to the grid, unless the current from the generator oscillates with exactly the same frequency, and is exactly
"in step" with the grid, i.e. that the timing of the voltage cycles from the generator coincides exactly with those
of the grid. Being "in step" with the grid is normally called being in phase with the grid. If the currents are not
in phase, there will be a huge power surge, which will result in huge sparks, and ultimately damage to the circuit
breaker (the switch), and/or the generator.

In other words, connecting two live AC lines is a bit like jumping onto a moving seesaw. If you do not have
exactly the same speed and direction as the seesaw, both you and the people on the seesaw are likely to get hurt.
The section on Power Quality Issues explains how wind turbines manage to connect safely to the grid.

Mitchell Organization Ltd. Page 89 of 99



Three Phase Alternating Current yoltage
The power of alternating current (AC) fluctuates. For domestic
use for e.g. light bulbs this is not a major problem, since the wire
in the light bulb will stay warm for the brief interval while the
power drops. Neon lights (and your computer screen) will blink,
in fact, but faster than the human eye is able to perceive. For the
operation of motors etc. it is useful, however, to have a current
with Constant power.

@ 1FEE DOWTHA

Voltage Variation for Three Phase Alternating Current

It is indeed possible to obtain constant power from an AC system by having three separate power lines with
alternating current which run in parallel, and where the current phase is shifted one third of the cycle, i.e. the
red curve above is running one third of a cycle behind the blue curve, and the yellow curve is running two thirds
of a cycle behind the blue curve. As we learned in the previous section, a full cycle lasts 20 milliseconds (ms)
in a 50 Hz grid. Each of the three phases than lag behind the previous one by 20/3 = 6 2/3 ms. Wherever you
look along the horizontal axis in the graph above, you will find that the sum of the three voltages is always zero,

and that the difference in voltage between any two phases
fluctuates as an alternating current.

Connecting to 3 Phase Alternating Current

On the section on synchronous generators we mention that each
of the electromagnets in the stator is connected to its own phase.

Y ou may wonder how that can be done, because in a three-phase
system we usually have only three conductors (wires). The answer is given in the
pictures.

Delta Connection

If we call the three phase conductors L1, L2 and L3, then you connect the first magnet to L1 and L2, the second
one to L2 and L3, and the third one to L3 and L1.

This type of connection is called a delta connection, because you may arrange the conductors in a delta shape
(a triangle). There will be a voltage difference between each pair of phases which in itself is an alternating
current. The voltage difference between each pair of phases will be larger than the voltage we defined in the
previous section, in fact it will always be 1.732 times that voltage (1.732 is the square root of 3).

Star Connection

There is another way you may connect to a three-phase grid, however:

You may also connect one end of each of the three magnet coils to its own phase, and then connect the other
end to a common junction for all three phases. This may look surprising, but consider that the sum of the three
phases is always zero, and you'll realize that this is indeed possible

Electromagnetism — Part One
\ Electromagnetism was discovered by accident in 1821 by the Danish Physicist
H.C. Orsted. Electromagnetism is used both in the conversion of mechanical
energy to electrical energy (in generators) and in the opposite direction in electric
motors. In the picture to the left we have set up an electric circuit with a coil of
insulated copper wire, winding around an "iron" (magnetic steel) core.

Electromagnetism Part — Two
The current magnetizes the iron core and creates a pair of magnetic poles, one
North, and the other South. The two compass needles consequently point in
opposite directions. This magnetic field would be created whether we had the iron
core in the middle or not. Nevertheless, the iron core makes the magnetic field
\ much more powerful. The iron core may be shaped e.g. like a horseshoe, or a C,
which is a design used in generators. Generators usually have several North -
South Pole pairs. For now, let's see how electromagnetism can work "in reverse"
on the next section on induction.
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vi. Environment and Fuels

Induction Part — One

To the left we have set up another experiment, that looks almost like the one in the
previous section. In the upper part we have a battery, a switch, and an
electromagnet. Left the electromagnet we have set up another iron core with an
insulated copper coil around it. We have then connected a light bulb to the lower
coil.

Induction Part — Two

As you can see, the light bulb flashes the moment you connect the switch to the
battery. The explanation is, that the magnetic field coming from the upper
electromagnet flows through the lower iron core. The change in that magnetic field,
in turn induces an electric current in the lower coil. You should note that the current
in the lower coil ceases once the magnetic field has stabilized. If you switch off the
current, you get another flash, because the magnetic field disappears. The change
in the field induces another current in the lower core, and makes the light bulb flash
again.

Energy Content of Fuels *)

North Sea Crude Oil

GlJ per tonne
42.7

LPG (Liquefied petroleum gas: Propane, Butane) 46.0

Petrol (Gasoline) 43.8
JP1 (Jet aircraft fuel) 43.5
Diesel / Light Fuel oil 42.7
Heavy Fuel Oil 40.4
Orimulsion 28.0
Natural Gas 39.3 per 1000 Nm3
Steam Coal 24.5
Other Coal 26.5
Straw 14.5
Wood chips 14.7
Household Waste (year1995) 10.0
Household Waste (year 1996) 9.4
CO2-Emissions *)
kg CO2 per GJ kg CO2 per kg fuel
Petrol (Gasoline) 73.0 3.20
Diesel / Light Fuel oil 74.0 3.16
Heavy Fuel Oil 78.0 3.15
Orimulsion 76.0 2.13
Natural Gas (methane)  56.9 2.74
Coal 95.0 2.33 (steam coal)
2.52 (other)
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13. Manufactures, Service Suppliers, Monthly Magazines, Web-sites, and etc.
i. Danish Wind Turbine Manufacturers

Bonus Energy A/S

NEG Micon A/S

Nordex A/S

Vestas Wind Systems A/S
Wind World af 1997 A/S
Rotor Blade Manufacturers
LM Glasfiber A/S

ii. Major Component and Service Suppliers

ABB

AVN Hydraulik A-S

Bossard Danmark A/S

DAN CONTROL Engineering A/S
P.N. Erichsen A/S

FAG Danmark A/S

Flender A/S, Fritz Schur Gear A/S
Indutrans A/S

KK-electronic A/S

Kristiansands Jernsteperi A.S.
Otto Kehler Maskinfabrik A/S
Niebuhr Tandhjulsfabrik A/S
PCH Engineering A/S
Rautaruukki Danmark

Reichhold Danmark A/S

Siemens A/S

SKF Danmark A/S
SVENDBORG BRAKES A/S
TEKNATEX ApS

iii. Other Wind Energy Associations

AWEA - American Wind Energy Association (USA)

BWE - Bundesverband Wind Energie e.V., German Wind Energy Association (D)

BWEA - British Wind Energy Association (GB)

CANWEA - Canadian Wind Energy Association (CAN)

DV - Danmarks Vindmelleforening - Danish Wind Turbine Owners' Association (DK) (in Danish only)
EOLE (CAN) (pour les francophones)

EWEA, European Wind Energy Association (EU)

Finnish Wind Power Association (FIN)

IWEA, Irish Wind Energy Association (IE)

South African Wind Energy Association (ZA)

iv. Wind Energy Research Institutions

AKEF, Institute of Local Government Studies, Denmark (DK)

Risoe National Laboratory, Wind Energy and Atmospheric Physics Department (DK)

Wind resource assessment, the WAsP® system, and the European Wind Atlas are well covered.
Technical University of Denmark (DK)
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ECN, Netherlands Energy Research Foundation(NL)

National Wind Technology Center (USA)

Delft University of Technology, Institute for wind energy (NL)

University of Muenster (D)

TU Berlin Aerospace Institute (D)

Includes statistics on German wind energy, plus links to all possible and impossible web sites on wind energy.
Cranfield Wind Turbine Research Group (GB)

Sandia National Laboratory (USA)

University of Newcastle, NSW (AUS)

EGETEK - Aegean Technology and Success Foundation (TR)

v. Wind software companies

Energy and Environmental Data (DK), makers of WindPro®
Risoe National Laboratory (DK), makers of WAsP®

vi. Governmental Institutions

Danish Energy Agency: The Energy 21 Plan (DK)

Impressive plans for a future sustainable energy system for Denmark
U.S. Department of Energy Wind Energy Program (USA)

Wind Energy in California, California Energy Commission (USA)
KEMA (in nederlands) - Turbine installation data for the Netherlands.

vil. Magazines

Windpower Monthly (DK) - Good international coverage of the wind business.
WindStats Newsletter (USA) - Professional, interesting articles plus loads and loads of statistics on wind turbine
production in many parts of the world.

viii. Companies and their Web-sites

American Wind Energy Association (AWEA), Washington, DC, USA
http://www.awea.org/
Keywords: wind turbines, wind power, catalogs

Frisse Wind, The Amsterdam Wind Turbine Cooperative, Amsterdam, Netherlands
http://www.design.nl/friswind/
Keywords: renewable energy sources, wind power, wind turbines

Finnish Wind Power Association (FWPA), Helsinki, Finland
http://alpha.cc.tut.fi/~vihriala/fwpa/fwpahome.html
Keywords: renewable energy sources, wind power, directories

Investigating Wind Energy, The Franklin Institute Science Museum, USA
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