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CHAPTER 1 

-INTRODUCTION 

Is the Wind a Practical Source of Power for Me? 

. 

Wind systems have caught the public imagination. The idea 1%’ 
installing a machine which produces power out of thin air, allows 
its owner to thumb his nose at utility bills and turns a home into 
an energy self-sufficient castle is immensely appealing. Those who, 
in increasing numbers, have sought to make this idea a reality 
have found that harnessing the wind is usually neither as 
inexpensive nor as easy as it-sounds. Unless you build your own, 
the initial cost of even a small wind turbine can be high. In ItlGSt 
cases, utility power is still needed during windless periods and 
times of high gout? demand. And even with storage batteries, many 
wind system owners have found that wind power can meet only part of 
their energy requirement. 

But despite these drawbacks and limitations, wind machine 
ownership can still be a satisfying experience. If y.our power CGS:.B 
are high, if you need mechanica 1 or electrical power in a remote 
location away from existing utility lines, if you live in an area 
with documented high annual average winds, or if the use of 
alternate energy sources makes practical and philosophical sense ?.c. 
you, installing a wind turbine may offer definite economic and 
operational, as well as emotional, rewards. 

This publication is intended to provide you with a basis for 
determining the practicality of wind energy for your particular 
situation. Whether or not it is a practical solution depends upon 
your specific energy needs and a variety of other considerations. 
If YOU decide that the wind is a practical energy source for you, 
other decisions are required, such as the, type and amount of equip- 
ment you will need and whether to buy a wind energy conversion systes 
(UECS) or build your own. This book will help you in making thess 
decisions. 

To decide if wind energy is practical for you, you will want. 
to determine your energy requirements, your available wind energy 
resource and the equipment needed to convert and use *the available 
energy. YOU will have to consider the cost of energy obtained fr-:#n 

l-l 



1-2 

FlGiiRE i-i: 

Steps for Determining the Practicality of a Wind System 

l Evaluate the legal and environmental impacts (A2, Chapter 7) 

0 Evaluate yaw energy requirements (Chapter 4) 

l Evaluate the wind resource at your proposed location (Chapter 3) 

l Select system components (Chapter 5.6) 

l Evaluate cost of the m (Chapter 61 

0 Reevaluate energy requirements and legal and environmental impacts if necessary 

l Evaluate alternatives in buying, insWing, and owning a wind system 

a wind system and decide if the wind is a practical source of power 
for you. This publication will provide you with the basic 
information or methods you need to make these decisions. You may 
already be familiar with material in some of the chapters. In 
that case, use this introduction as a guide to determining the 
chapters in which you would like to concentrate your efforts. 

Figure 1-1 shows the steps necessary in ycur cecision-making 
pOC=SZ. C*#ak r+sr - WY “.. 4 “C&d ; ii c1- G.&F table is tiscusued brieiiy in tnis 
introductory chapter; however, subsequent chapters provide more 
detailed-information about each step. W-ith the aid of this book, 
YOU may choose to proceed on your own through the entire decision- 
making process. Alternatives are to hire a consultant, or perhaps 
to seek advice from a manufacturer or distributor of wind machines. 



The steps listed in Figure I-1 are- sequential. The resu? ts 
determined at any given step, however, may negate results already 
obtained from previous steps. YOU then may want to repeat an 
earlier step in search of a different answer that will satisfy the 
new information. 

If your site is in a remote rural area9 you may Kant to go 
directly to Step 2. But if it is in an area with strict building 
or zoning codes, you will want to check the applicability of these 
codes to a wind turbine. Examples of possible restrictions include 
structure height and distance from property lines and roads. There 
also are other considerations to keep in mind as you proceed 
through the decision-making steps outlined in Figure l-l. There 
may be environmental issues such a: visual impact and noise from 
your wind system. Social issues may arise such as getting along 
with your neighbors while your wind machine blocks their view of 
the sunset. You may be confronted with a “wind rights” problem 
(your neighbor erects a tall building upwind of your shiny new 
machine and renders it an idle art form in your yard). You must 
think each possible issue through and resolve whether or not to 
proceed further in your WECS plan. 

Step 2 in Figure 1-1 calls for calculating your total energy 
requirements. One method is to look at your various monthly 
electric bills. These will tell how much you have used in the 
past. Try to relate this information to how you expect to use 
energy after you switch to a wind machine. Another way to assess 
your needs is to calculate the monthly energy demands (expressed 
in kilouatt-hours or kWh) by adding up the energy required to 
operate individual loads. -Figure 4-2 shows the energy rating for 
most appliances and farm equipment in current use. 

For pumping water, it is necessary to calculate the needed 
horsepower and the hours -f pumping needed. This g-ives you horse- 
power-hours which, like kl,owatt-hours, can be used as an energy 
assessment. Methods for making these calculations are given in 
Chapter 4. In some cases, you can simply determine gallons-per- 
hour of water you must pump and the total height you must raise 
the water (from well bottom to tank top, for example). Some water 
pumper manufacturers present performance data for their wind 
machines in terms of gallons-per-hour, height of water lift, 
and wind speed. 

The third step calls for an evaluation of the wind resource at 
your proposed site. This step requires more than holding up a wet 
finger or seeking the advice of neighbors. Most people tend to 
overestimate wind speeds. The amount of time and money you spend on 
this task is directed by your need for accuracy and by the size and 
importance of your wind system (from the standpoint of safety and 
energy production). Your options are hiring a consultant to perform 
a wind site survey or doing the survey yourself. 
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Techniques used in a site survey have varying degrees of 
effectiveness. The crudest, of course, is the wet finger to 
intuitively find places to install a wind machine. Another 
approach is the use of the Eeaufort Scale shown in Chapter 3. 
That table relates wind speed to the move[r,e.tt of trees and to other 
effects of the wind. You might contact a west:-er service for 
climatic data for your area or perhaps a local airport for its 
average wind speed. It is unlikely, however, that either source 
will have information pertinent to the exact area you have in mind. 
Average monthly wind power calculations for over 700 locations in 
the United States are included in Appendix l., The most effective 
approach is using instruments --the placement of wind speed and wind 
direction equipment- to get actual site readings. 

During your intuitive rxploration and/or site instrumenta- 
tion, you should have an awareness of the effects on wind speed 
by man-made and natural blockages. Examples are buildings, 
buildings, trees, and other features of the terrain. As shown in 
Figure 3-14, these obstructions interfere with normal wind speeds 
at given heights and thus will influence your eventual tower 
height = 

In the field, you might measure a wind speed of 20 mph at 
about 30 meters high (98.5 feet, which is very high for a tower 
intended for a home or farm wind system). Back in the city, how- 
ever, you may have to go as high as 200 meters to find the same 
wind speed as at 30 meters in the country. This is due to the in- 
terference that buildings have on air flow. It’s somewhat better 
in the suburbs, but you can see that open country causes the least 
resistance to wind, and th-at higher towers will raise your machine 
up into stronger winds. Pouch of Chapter 3 and Reference 10 are 
devoted to the effects of obstructions on air flow. 

Stronger winds have a critical effect on wind machines: 
a doubling of wind speed results in eight times more power avail- 
able to your wind machine. This means that a location with an 
annual average wind speed of 12.5 mph offers twice the energy 
available compared to a site with a 10 mph average. This pheno- 
menon is discussed more in Chapter 2. 

Calculating an sverage wind speed per year based on limited 
observations can be difficult at best. Winds vary considerably 
during the year when viewed on a monthly basis. This variation is 
illustrated in Figure 3-3 for three diffem locations. Your 
site may have strong winds in winter and weak winds in summer. A 
nearby site may have little or no wind at all. 

After analyzing available data to this point, you should 
know your energy requirements and energy resources (monthly and 
annual wind speed). Now is the time to match this information to 
determine the windmill size that will be needed. One means of 
doing this is shown in Figure 5.18B. As an example of how that 
illustration can be used, suppose you determine that 500 kilowatt- 
hours of energy will be required. By means of a few simple calcu- 



lations (described in Chapter 5), it is resolved that 2000 watts 
of power would be required from the wind generator when the wind 
blows at its average speed. Suppose now that your site analysis 
indicated an average wind speed of 10 mph. Referring to Figure 
5=18B, it is noted that no curve for windmill diameters crosses 
the intersection of 10 mph and 2000 watts. If another curve were 
to be drawn across this point, it probably tiould indicate a 40- or 
500foot diameter machine. If you think that this size windmill is 
too large for you, your budget, neighbors, or site, you have two 
alternatives: reduce your energy needs or find a site with a 
greater average windspeed. 

As another example, assume that you reduced the energy needs 
just mentioned to 500 watts. On Figure 5-18B, a curve crosses 
very close to the intersection of 500 watts and 10 mph. That 
curve indicates a wind machine 20 feet in diameter. You might be 
able to better cope with a machine this size. 

These are two examples, each illustrating a different type 
of conclusion. The ultimate conclusion, however, is based on more 
than the analysis just discussed. Attention also should be given 
to the wind system@s intended application and to the importance of 
size, cost, and to other factors. 

Selection of the type and brand of wind system, tower, and, 
other components will require careful consideration. There are 
various types of wind machines to choose from. Figures l-2 and 
l-3, for example, show two different types of machines. They are 
similar, however, in having propeller type blades mounted on a 
horizontal power shaft whereas the machine in Figure 5-5 has 
with a vertical shaft. There are other shapes for wind 
machines, and there are several manufacturers for practically all 
of the proven types. More types and brands of machines are emzrg- 
ing continually. 

. 
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FIGURE 1-2: American farm windmill. 
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FIGURE 13: FmREA wind turbine. 



l-8 

The U.S. Department of Energy (headquartered in Mashington, 
D.C.) and the American Wind Energy Association (54468 CR 31, 
Bristol, Indiana 46507) work together closely to n;zintain current 
lists of manufacturers. The Department of Energy has a Small 
Wind Systems Test Center located et its Rocky Flats Plant near 
Golden, Colorado. Hany of the different brands and types of wind 
machines are tested at the Center in an effort to promote product 
improvement. Results from these tests will be available to the 
public. 

Selection of a wind electric machine will be followed by 
selection of the tower, batteries, inverters, and other devices in ' 
the case of battery systems. For a non-battery electric system, a 
synchronous inverter or wind furnace heating element may be 
selected. A water pumper system requires the selection of a wind 
machine, tower, puz:ps. and plumbing. 

Figure 5-33 illustrates the interrelationship of components 
in one wind electric system. It shows a system in which the wind 
generator charges a set of batteries where the energy is stored. 
The batteries then supply electric power to various loads such as 
lights, motors, refrigerators, and television sets. Included is a 
backup generator that charges the batteries in the event of an 
extended low-wind period or during a period of extra heavy energy 
usage Q 

At the same time as equipsTnt is being selected, cost 
factors begin to appear. Figure 6-6 illustrates the trend usually 
experienced in installation planning. For small wind systems 
(under 30 to 40 kilowatts maximum power rating), the trend is for 
larger installations to be less expensive per kilowatt of rated 
power. 

In a complete cost analysis, you might estimate such factors 
as initial costs, interest and insurance costs, maintenance costs, 
and energy yield over the life of the equipment. Dividing total 
estimated costs (dollars) for the life of a windmill by total 
energy production (kilowatt-hours) provides you with a cost 
estimate of energy expressed in dollars per kilowatt-hour. You 
then can compare this directly with other sources of energy or 
other potential wind system installations. 

In preparing a system plan, you may discover it sometimes is 
more desirable to reduce your energy usage than to bu; a larger 
wind machine. It is almost always prudent to evaluate your 
options in the area of conservation. It also is well to allow 
for future growth in energy needs, but many times you will still 
find that a good system plan can be vastly improved by saving more 
power: 
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After deciding what equipment is wanted, you have three 
options as to how the equipment will be purchased: (1) buy 
directly from the manufacturer, (2) buy new OF used equipment. from 
a dealer, OF (3) buy used equipment fFOm someone else. Purchasing 
is important enough to warrsnt a brief comment on at least the 
first two alternatives. 

Buying factory-direct may seem to be a way to save time OF 
money, and for some folks it may be; but is the factory fully 
equipped to come out and install your machine and maintain it? If 
it isn’t, are you? Many wind turbine manufacturers simply do not 
offer such services and you should check before you buy. If you 
hire someone to do such work, don’t overlook the liability aspects 
that might be involved. 

Dealers are usually organized and staffed to provide all of 
the services you need in addition to offering the products needed 
to fully equip your system. Again, it is essential to ask if the 
dealer provides planning, installation and maintenance services. 
Generally they will help you perform all of the system planning 
tasks discussed here. 

Where you go from here depends on how helpful this introduc- 
tory chapter was to you. If you need more information, use Figure 
1-l and the various chapters, as identified in the table of 
contents, to guide you through the book. Additional data on wind 
machines 01 manufacturers can be obtained from The American Wind 
Energy Association.* Also, a great deal of assistance c;an be 
obtained if there is a dealer in your area. 
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The drag effect was used *by early windmill builders to great 
advantage. A diagram of a simple panemone, like the machines they 
built, looks something like Figure 2-2. Notice that one vane is 
broadside to the wind. On :his side of the machine, wind force 
(drag) will be strong. On the other side of the center shaft, the 
vane swings around edgewise to the wind and the drag is much less. 
Thus the machine turns, pivoting about the center shaft. This is 
how most drag machines work, although not all of them feature the 
pivot-mounted vanes. Eisewhere in this book, you will see other 
examples of this type of wind machine. 

FIGURE 2-2: Simple "Panemone" typewindturbine. 

The other way in which wind can exert its force on a wind 
machine is by the aerodynamic action called lift. Lift is a 
force produced on airplane wings in flight (Fig. 2-3). Notice 
that airflow around the airfoil-shaped blade tends to change 
direction slightly. A low-pressure area (like suction) forms over 
the curved side (topside) of the airfoil, and a high-pressure area 



CHAPTER 2 

WIND POWER - HOW IT WORKS 

Basic Wind Turbine Aerodynamics 

-- 

Basically, wind turbines extract power from the wind when thl 
rotors are pushed around by moving air. There are two primary 
ways in which the wind can accomplish this. One way is illUStFated 
in figure 2-l. It is a diagram of a parachute that tugs on a 
rope that in turn lifts a bucket of water from a well. Indeed, it 
is a wind machine. Important here, though, is the parachute 
tugging. It is caused by drag, which is the same force* you ex- 
perience while holding your hand in the breeze outside your car 
while motoring along the highway. Wind is actually pushing the 
parachute along. 

FIGURE 2-l: Simple wind-powered water pump. 

*Terms like force, power, 
later. 

and energy’are more technically discussed 
Also see the Glossary. 

2-1 
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(puPking upward) forms on the bottom. The result is a “force 
upward and PeFpendiCUlar to the wind direction; this makes the 
lift arrow .point slightly forward in Figure Z-3. Drag is also 
produced because the wind is being slowed slightly in the process 
of creating lift. 

FIGURE 2-3: Forms acting on a wind turbine blade. 

You can perfora simple experiments to verify lift. Take a 
sheet of stiff cardboard or a wood slat about the size of a j-by-5 
inch filing card. During a trip in an automobile, at about 30 mph 
hold the sheet or slat out in the wind. 

You are now ready to experience lift and drag. Gripping one 
end only, hold the board with its long dimension pointing outward 
from the car. Hold it edgewise to the wind. Let us call the edge 
at the front end the leading edge. Point the leading edge slight- 
ly upward; you should experience a slight upward lift. Point it 
slightly downward; you should now experience a slight downward 
force (also called lift by engineers). Somewhere between Upward 
and downward lift is an angle that produces no lift at all. See 
if you can find this angle of zero lift. It may not be parallel 
to the ground because your car bends the airflow around the wind- 
shield, fenders, and over the hood. 

At the angle of zero lift, notice that a slight amount of 
drag is produced. Drag will tug the board aft. Now, tilt the 
board about 90°, leading edge up. Notice that the drag has 
greatly increased. You might drop the board at this.point if you 
are moving too fast. 
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Now, to discover lift and drag working together, return the 
leading edge to thr zero-lift position. Slowly rotate the board, 
leading edge upward. Notice lift increasing. Notice drag also 
increasing. Lift will increase a little faster than drag, then 
suddenly drop substantially while drag continues to rise. This 
occurs with the leading edge somewhere near 20’ above the zero- 
lift angle. Engineers say the wing (your board) has stalled. -- 

During this experiment you wili realize that at some parti- 
cular angle, lift is much greater than drag. Lift is the force 
used to power wind machines designed for high efficiency, and this 
region of highest lift with low drag is very important to windmill 
designers. 

FIGURE 24: From lift to power - horizontal-axis wind turbine. 
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How does a wind machine use lift as the power-producing 
force? Let us look at a diagram of a familiar propeller-type wind 
turbine (Fig. 2-4). Notice that the blade performs its slight 
bending action on the windstream, with low-pressure and high- 
pressure sides similar to those shown in Figure 2-3. Lift is 
produced, as illustrated, generally in a direction that pushes the 
blade along its path. 

Drag is also produced, as you might expect, and this force 
tries to bend the blades and slow them down in their travel around 
the center power shaft. In addition, the drag force tries to topple 
the tower that supports the wind turbine. Designers would like 
high lift at low drag for this type of wind machine. Figure 2-5 
illustrates a typical wind generator designed for high-lift, low- 
drag operation. 

Figure 2-6 shows a Darrieus wind turbine, sometimes called an 
“eggbeater n type of wind machine. Unlike the propeller type in 
Figure 2-5 with its power shaft pcinting horizontally into the 
wind, the power shaft of the Darrieus is pointed across the wind. 
It could be horizontal as long as it pointed across the wind, but 
designers-have found it to be more practical for the shaft to be 
vertical. 

Chances are, you found it easy to see how the propeller 
blade of Figure 2-4 was pulled along, but the functioning of the 
Darrieus blade of Figure 2-6 is less obvious. You will agree, 
though, that sail boats can be sailed in circles. If you sit and 
visualize how a sailboat has wind first on one-side of the sails, 
then on the other as it travels around, you can begin to see how 
the Darrieus works. 

In the propeller case (Fig. 2-4), the lift force always 
pushes the blade along at about the same force, pivoting it about 
the shaft. With the Darrieus (Fig 2-61, the lift force almost 
always tugs the blade along its path but never with a constant 
force. At two areas along the path, lift is very weak. You can 
see that this occurs when the blade is pointed directly into the 
wind and directly downwind. At all other points along the blade 
path, lift tends to be much stronger and generally pulls the blade 
along its path. For this to work well, the blade must be moving 
along its circular path much faster than the wind is blowing. We 
discuss blade speed and wind speed in greater detail in Chapter 5. 



2-6 

FIGURE 2-5: Propeller-type wind turbine generator. 
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FIGURE Z-6: 9arries Rotor. 
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. Work, Energy and Power 

A good understanding of work, energy, and power is not 
completely necessary for using this book, but in most situations it 
will be very helpful. For instance, does a 120volt, lOO-amp-hour 
battery store power or energy? The words power and energy, while 
often used interchangeably, have different and important meanings. 

A length and force are needed to describe amounts of work. 
Work and velocity are needed to describe power, and power multi- 
plied by time equals energy. 

Work is performed when a force is used to lift, push, or 
pull some object through a distance. The amount of work done is 
determined by multiplying the force applied by the distance 
travelled (assuming the direction of the force is the same as the 
direction of travel). For instance, raising a 550-pound rock (250 
kilograms*) one foot (0.305 meter) requires 550 foot-pounds of 
work. 

L 1 
Mechanical power is the rate at which that work is perform- 

ed. That is, the force applied to an object times the velocity 
of the object (in the direction of the force), gives the power 
applied to it. For instance, if a windmill raises the 550 pounds 
of water at the rate of one foot per secondi, it is doing 550 foot- 
pounds of work per second, which is one horsepower (1 hp). 

Electric power, as distinguished from the”.mechanical power 
.%Jst discussed. is measured in watts, kilowatts (l’b’@O watts), and 
‘iby a power company) in megawatts (1000 kilowatts). One horse- 
power equals 746 watts of electric power. 

If we operate a 1 hp motor for ten hours at full capacity, 
10 horsepower-hours of energy will have been consumed, assuming 
that the motor is 100 percent efficient. Similarly, since 1 hp 
equals 746 watts, then 746 X 10 = 7,460 watt-hours, or 7.46 kilo- 
watt-hours (kilh) of electric energy will have been used? again 
assuming 100 percent efficiency. 

More realistically, let us assume the electric energy is 
consumed at 50 percent efficiency. This means that half the power 
going intc the motor is wasted. Then, to get 1 hp-hour out 
(7.46 kWh), we need’to put twice this amount in (-2 hp-hour, or 
14.93 kWh). 

Power is usually measured in hp (mechanical) and watts 
(electric), while energy is usually measured in hp-hour 
(mechanical) and kWh (electric). Electric energy consumption at 
constant power is simply power (kW) multiplied by the length of 
time involved (hours). 

*Common English-metric conversions of these and other measurement 
units that may be of use to you in your future energy considera- 
tions are given in Appendix 1. 
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For our purposes, WC can conveniently categorize energy and 
power as electrical or mechanical, as just described, or thermal 
(heat) l 

‘Mechanical power is converted to electricity by a genera- 
tor. A motor, for instance, converts electricity back to mechani- 
cal power - Because inefficiencies in both devices produce sOme 
heating, they usually need ventilation to remove that heat. 
An electric heater, of course,converts the electricity (more 
accurately electric power) that passes through it to heat. Heat 
energy is converted to mechanical energy by an engine, such as an 
internal combustion engine. 

Mechanical power is most often generated and transferred 
through a rotating shaft (such as an auto drive shaft or motor 
shaft). Mechanical power is described as a force times a velo- 
city. For rotating machinery, mechanical power is calculated from 
shaft torque times rpm.* 

Mechanical energy can be either potential or kinetic energy. 
A weight held in your hand above the ground has potential energy. 
It can potentially do some damage if you drop it because the 
potential energy, due to its height above the ground, is continu- 
ally transformed to kinetic energy as the weight speeds up. This 
kinetfc energy is the result of speed and weight. In fact, 
kinetic energy increases with the square of the speed (speed times 
speed) while the weight is falling. That means that if the speed 
doubles while a weight is falling, the weight then has four times 
the kinetic energy. 

Wind Power 

The kinetic energy in the wind (energy contained in the 
speeding air) is proportional to the square of its velocity (just 
as for a falling weight). Kinetic energy in the wind is partially 
transformed to pressure against an object when that object is 
approached and air slows down. This pressure, added up over the 
entire object, is the total force on that object. 

Power, we noted earlier, is force times velocity. This also 
applies to wind power. Since wind forces are proportional to the 
square of the velocity, wind power is proportional to wind speed 
cubed (multiplied by itself three times). If the wind speed 
doubles, wind power goes up by a factor of eight. This is an 
extremely important concept in wind power generation. To demon- 
strate this, consider that the blades of a conventional type of 
electricity-generating windmill function much like an airplane 
propeller (the blade shapes, however, are much different). In 
Figure 2-7, three propeller-driven airplanes are used to demon- 
strate this velocity-cubed effect. 

l A useful expression relating torque and rpm to horsepower is: 
horsepower = 0.190 x torque x rpm I 1000 where the -torque 
is in foot-pounds. 
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A 100 mph from 100 hp. 

6. 200 mph from 800 hp. 

Cc. 300 mph from 2700 hp. 

FIGURE 2-7: Power requirement increases with the cube of velocity. 
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m 

Here, as air speed increases from 100 to 200 to 300 miles 
per hour (44.7, 89.4, 134.1 meters per second), the power required 
increases from IO!! tc 800 to 2700 horsepower (74.6 to 597 to 2013 
kilowatts). 

As you can see, increasing the speed capability of the 100 
mph airplane to 200 mph means an engine change from 100 hp to 80: 
hp (double the speed, eight times the power). Aloo, to get 300 
mph t we need 27 times the power, 3 x 3 x 3 = 27. As shown in 
Figure 2-7, we have gone from a slow, good little plane to 
something that is bound to have to be rocket-launched, at extreme 
risk to the pilot and the reputation of the structural engineers 
required to keep the thing together. 

Incidentally, perhaps a word can be said here, drawing from 
the above example, about the idea of scaling up a lO-foot diameter 
wind turbine to, say, 100 feet in diameter. New structural 
problems must be considered. 

Wind turbine blades take energy from the air rather than pu 
energy in like a propeller, so when wind speed doubles, the power 
that can be extracted is eight times as great. When the wind 
speed triples, the power that can be extracted is 27 times 
greater. This tremendous effect of cubing the velocity can place 
great importance on the process of determining the best wind 
turbine location and emphasize the selection of the correct 
machine for your wind speeds. 

The power that wind turbine blades can extract from the wind 
is given by the expression: 

where: 

Power = 1exkxAxP x? 
3 

x = indicates multiplication (see Appendix 3) 

e = efficiency of the blades 

k = conversion factor for units (e.g., if units on the right 
side are feet, pound, and seconds, and results are 
desired in kilowatts) 

A = area swept out by the blades (a x blade radius’ for 
conventional wind turbines) 

V = wind velocity, far! enough upstream so as not to be 
affected by the wind turbine 

P = Greek letter rho; equals the density of air. 
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The terms e, k, and P need describing. . 
Tne efficiency of the blades in converting the kinetic 

energy in the wind to rotational power in the shaft needs some 
careful consideration. If all the kinetic energy in the air 
approaching a wind turbine were extracted by the spinning blades, 
the air would stop, like a car losing all its kinetic energy when 
it crashes into a wall. However, the air cannot stop, otherwise 
all the rest of the air behind it would have to spill around the 
rotor. Nature does not work that way. The air senses any solid 
object that it is approaching and moves around it, like the 
airflow around your automobile. When air approaches a partially 
solid object, such as the disc created by a spinning rotor, some 
of the air moves around it. The rest slows down as power is 
extracted by the windwheel. Figure 2-8 illustrates how airs 
starting far upstream of a conventional windmill rotor, travels 
past the rotor. This airstream starts out being somewhat smaller 
than the windwheel but gradually expands to the windmill rotor 
size as it passes through. At this point, some of the power is 
taken from the wind. The power extracted by the windwheel, 
divided by the power in the undisturbed wind passing though a hoop 
the same size as the rotor, is called the rotor power coefficient, 
or more commonly, the rotor efficiency. Because some of the wind 
passes around, rather than through, the windwheel, the efficiency 
must be less than 100 percent. 

FIGURE 2-8: Airstream expansion through a rotor. 
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Using laws of physics, engineers have shown that the maximua 
efficiency of a conventional wind system cannot exceed 59.3 
percent. The same laws of nature that have been harnessed to 
produce our present industrialized world and send men to the moon 
dictate this limit. Wind system efficiencies that are claimed to 
be,greater than this are suspect.+ We have been discussing, how- 
ever, horizontal-axis machines without a tip vane or surrounded 
with sheet metal to direct the flow. More power can be extracted 
from the blades if a duct is placed around the rotor, but than, if 
the maximum duct cross-sectional area is used in the equation, 
rather than the blade rotor area, the maximum efficiency possible 
is still about 59.3 percent. 

Well-designed blades operating at ideal conditions can 
extract most but not all of the 59.3 percent maximum power 
available. About 70 percent of this 59.3 percent is typical. 
Thus, a wind turbine rotor might have an advertised power 
coefficient, or efficiency, of 0.7 x 0.593 = 41.5 percent. Also, 
gear box, chain drive, or pulley losses, plus generator or pump 
losses (Chapt. 5) could decrease overall wind turbine efficiency 
to about 30 percent. This is about the maximum coefficient 
possible from a conventional, well-designed wind turbine, 
operating at its best condition. It can be much less (see Chapt. 
5 for typical wind turbine component efficiencies). 

The density of air at 60°F at sea level is 0.0763 pounds 
per cubic foot (1.22 kilogram per cubic meter). The densities 
at various altitudes divided by the sea level density (we will use 
the symbol DRA for density ratio at altitude) are: 

Altitude, feet 0 2,500 5,000 7,500 10,000 ’ 

DRA (at 60°F) 1 0.912 0.832 0.756 0.687 

The densities at various temperatures divided by the density at 
60° (we use the symbol DRT for density Iatio at temperature) 
are : 

Temperature OF 0 20 40 60 80 100 120 

DRT 1.130 1.083 1.040 1 0963 l 929 -897 

. 

l There presently are no manufacturer’s standards established for 
rating wind turbines. Usually, wind turbines are described in 
terms of power, not efficiency. Occasionally, an efficiency may 
be stated in terms of percentage of this 59.3 percent of theor- 
etical maximum power available. Thus, a 70 percent efficiency 
would mean 41.5 percent true efficiency. 
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To determine the true density at some particular altitude and 
temperature, we muitiply together the appropriate DRA, DRT, and 
standard density of 0.0763. For example, at lOOoF and 5000 feet 
elevation, the density P = 0.832 x 0.929 x 0.0763 = 0.0590 lb/ft' 

The symbol k is simply a number depending on the units used 
for density, velocity, and area. To simplify the above equation 
l/2 k x (standard density) are grouped together and labeled K, so: 

Power = K x e x DRA x DRT x A x Y3 

The most common units for # are: 

Power -- Area Velocity Value for k -- 

watts square feet mile3 per hour 0.00508 
watts square feet meters per second 0.00569 
watts square meter miles per hour 0.0547 
watts square meter meters per second 0.6125 
watts square feet knots C.00776 
horsepower square feet miles per hour 0.00000681 
horsepower square feet meters per second O.OOCO763 

The above equation has been used to calculate the curves in 
Figure 5-18A for DRA and DRT equal l.0, and e = 30 percent. 

As an example, a 150foot diameter rotor is operating in a 
20 mile-per-hour wind at an altitude of 5000 feet and at 80°F. 
The windmill efficiency -(including generator and transmission 
losses) is 30 percent. What is the power? 

Area = 3.14 x 152 + 4 = 176.6 square feet 
DRA = 0.832, DRT-= 0.963 
Power = 0.00508 x 0.30 x 0.832 x 0.963 x 176.6 x 203 

= 1725 watts 
= 1.725 kilowatts 

Notice that Figure 5-18B shows a power of 2.2 kilowatts for this 
rotor at sea level and 60°F. 

Finally, you want to buy -power, not efficiency. If two wind 
turbines have the same power output in the same wind conditions, 
and cost and reliability are the same, it is relatively unimpor- 
tant that one may be more efficient than the other.* Placing the 
wind turbine in the best wind location available to you and 
matching the power-producing velocity range of the wind turbtne to 
your wind conditions and load is most important. This is covered 
in subsequent chapters. 

*Everything else being the same, the more efficient wind turbine 
will have a smaller rotor diameter. This could reduce its weight 
ana cost. 



CHAPTER 3 

WIND BEHAVIOR AND SITE SELECTION 

Two percent of all solar energy reaching the earth is con- 
verted to wind energy. Surface winds over the United States 
available for conversion are sufficient to supply about 30 times 
the total energy consumption of the U.S. That is a huge amount of 
power. To reduce the scale of our thinking and to understand how 
winds are generated, let us first look at a few generalities about 
winds. 

FIGURE 3-l : Worldwide wind circulation. 

The United States and other parts of the north and south 
temperate zones experience a general westerly wind (Fig. 3-l). 
Changes occur in the weather with the alternate passage of high 
and low pressure systems. These cause barometer readings to 
fluctuate. The various pressure systems tend to migrate from west 
to east and bring about wind shifts, temperature changes, rain, 
and other weather features. 

Along with this general trend are the regional and local 
weather effects that are often strongly influenced by temperature 
diffbrences between the air, land, and water. For example, in an 
area of mountains and valleys, daytime sunshine heats the mountair: 
air, which rises and is then replaced by cooler air from the 
valley. This creates valley winds moving uphill. At night, the 
air cools by radiation to the night sky and moves downhill, 
creating a mourtsin breeze. 
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land breeze 
tNi$tt) 

sea breeze 
(Day) 

FIGURE 3-2: Local wind circulation example. 

Another example of regional or local wind occurs along 
coastal areas. Daily temperature differences between the surfsces 
of the sea and land cause .alternate sea and land breezes (Fig. 
3-2). Sea-land and valley-mountain winds are described in more 
detail later in this chapter. We can see that wind available for 
conversion is a result of ‘both the motion in the atmosphere over a 
huge area and the local effects of terrain and temperature. 

Understanding the characteristics of wind power variations 
With time is most important and is described in the first section 
of this chapter. The average winds in the United States are des- 
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cribed in the second section. LOCal wind effects are presented 
in the third section. fn the final section equipment and tech- 
niques for detemining your best sites and their wind power poten- 
tial are discussed. 

Appendix 1 contains wind speed and power information for 750 
stations in the United States and Southern Canada, plus other 
tables showing wind characteristics. Reference 10 contains addi- 
tional detailed information on the behavior of the wind and on how 
to perform a wind survey. 

WIND POUER VARIATIONS WITH TIME 

A 160foot-diameter wind turbine might 
power in a steady 1%mph wind, depending on 
kilowatt of power produced continuously for 

produce one kilowatt of 
the design. One 
30 days amounts to 720 - 

kilowatt-hours. This amount of energy Is about that used in the 
typical American home. The wind, however, is not constant. It is 
even more erratic than the average person would expect. The 
“speed-cubed” effect described in the previous chapter magnifies 
the effect of the fluctuating wind. For instance, a 20-mph wind 
has 2.37 times more power available than a 15-mph wind: 

(2ox2ox2o = 2.37). 
15X15X15 

. 

A lo-mph wind only has .30 times as much power as the wind blowing 
at 150mph: 

(10x10x10 = 0.30). 
15X15X15 

What if, instead of a 1%mph wind blowing continuously, half the 
time the wind blew at 20.mph and the other half of the time, at 
lo-mph? The average wind speed would be 15 mph, and the average 
wind power would be half of the two above numbers added together, 

2.37 +A!!= 1.33. 
2 2 

l 

So, in this simple example we find that 33 percent more power is 
available when the wind speed varies than when the wind is steady 
and has the same average wind speed. 
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Wind speed increases considerably with height. This is 
discussed in detail later in the chapter. 70. allow comparison of 
wind data, many of the recorded wind measurements in the world are 
taken at the standard height of 10 meters (32.8 ft). 

Figure 3-3 shows average wind speed for each month at three 
locations in the United States.* Each monthly value is an 
average of records from many years: The resulting average monthly 
wind powers are shown in Figure 3-4. These are determined by 
averaging the cube of each hourly wind speed reading (i.e. 15x15~15, 
for each month. By comparing with Figure 3-3, the speed-cubed 
effect is, once again, very striking. For example, Big Springs, 
Nebraska, usually has its windiest month in April, with an average 
wind speed of 15.8 mph, and its least windy months in July and 
August, when the average wind speed is 12.0 mph. The average wind 
powers for these two cases are 451 watts per square meter** for 
April, and 10 for July and August. 

The wind turbine owner who lives in an area with a high annu- 
al wind speed certainly has a great advantage. However, if his 
demand peaks in the season when the wind is at its mfnimum, the 
power requirement for a satisfactory wind system could be consid- 
ably higher than it would be if the annual average wind speed were 
less, but the seasonal wind speeds followed his demand. !iow to 
determine your power and energy needs is described in Chapter 4. 

Storage battery costs are high enough that no one attempts 
to even out wind energy cycles from month to month with batteries. 
They are useful for making up hourly, daily, or weekly differen- 
ces between supply and demand. Deficits over a month’s time. would 
have to be made up by a’ternative energy sources, such as an 
engine-driven generator, a wood stove, solar heating panels, or a 
connection to a utility power line. 

A wind rose plot is shown in Figure 3-5 for a weather 
station along the east side of Lake Michigan for one year. The 
length of each bar in these diagrams shows the percentage of time 
that the wind blovs from that direction (toward the center of the 
circle). Each circl=r circular arc, represents 5 percent of 
that total time. The number at the end of each bar is the average 
wind speed for that direction. As an example, 11 percent of the 
time the wind blew from the northwest at the average wind speed of 
18.5 mph (6.7 m/s), 
15.8 mph. 

and 15 percent of the time from the south at 
The total length of all the bars adds up to 100 percent. 

*We use data from several examples in this chapter to show how to 
use similar data for understanding your own site and estimating 
your wind energy potential. 

**This refers to watts per square meter of rotor swept area of the 
wind machine. Refer to Chapter 5 for methods of calculating rot.::* 
swept area. 
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FiGURE 3-5: Wind rose for Muskegon Coast 
Guard Station, Michigan, et 
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FIGURE 3-6: Energy rose for Muskzgo? 
Coast Guard Station, Michigan 
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An energy rose is obtained by separately averaging the cubes 
of all th-ind speed readings from each of the sixteen direc- 
tions. In Figure 3-6 i.s the energy rose for the same case as the 
previous wind rose. The length of each bar gives the percent of 
wind energy from each direction. Again the total length of the 
bars is 100 percent. Notice the differences between the wind and 
energy roses. Uhile the wind blows from the northwest 11 per- 
cent of the time, it is responsible for 21 percent of the annual 
available wind energy. 

The battery capacity (or size of any other type of energy 
storage device) in a wind energy conversion system will depend 
partly on the typical length of time the wind speed remains too 
low to generate an adequate amount of power. This waiting time 
for the wind to return is called the return time. The following 
table gives an example of four cities in Kansas, where a calm day 
is one when a speed of 10 mph is not reached, As an examnle. ten 
times a year at Concordia, the return 
year I on an average, it is six days. 

Avg. 
monthly Total 

wind calm 
Location power* days/yr. 

Concordia 140 68 

Topeka 157 52 

Wichita 253 16 

Dodge City 336 7 

time is two days, ahd once a 

Occurences of 
return times of: 

23 4 5 6 days 

10 3 1 1 1 

8 2 1 0 0 

1 0 0 0 0 

0 0 0 0 0 

Notice that the number of consecutive calm days (wint speed does 
not reach 10 mph) increases rapidly as the average wind power 
decreases. The number of batteries required in a wind electric 
system will depend upon more weather factors than the return time. 
For instance, if the wind exceeds the cut-in speed for only a 
fraction of a day and only partially recharges the batteries, the 
next return time must be very short or the batteries will be com- 
pletely discharged. 

Regular daily fluctuations in wind speed can be large or 
small. Figure 3-7 shows the typical daily’ fluctuations of hourly 
readings of wind speeds at three locations. Oak Ridge, TN (5 year 
average record) is a southeastern U.S. interior location. Most of 
that area has a low average annual wind speed. The winds at the 
Muskegon Coast Guard Station, MI (1 year record) are considerably 
enhanced by a clear sweep from Lake Michigan and by strong lake 
breezes. The Livermore, CA (1 month record) location is in a 
mountain pass into the great Sacramento-San Joaquin Valley, so a 
daily mountain-valley wind cycle occurs. 

l Uatts per square meter. 
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FIGURE 3-7: Sample daily wind variations. 

Everyone is aware of good and bad years for rain. Wind 
power also varies from year to year. Dcdge City, Kansas has an 
average wind speed of 15.5 mph and an average wind power of 336 
watts per square meter - about the highest for any city in the 
hi ted States. In the ten year period from 1955 to 1964, the 
yearly deviations from the average power were: +5, -9, “5, -22, 
+26, +3, -13, -15, +18.5, and +33.5 percent. 

How are monthly and annual wind powers determined from wind 
speed readings? The sophisticated way that has been used by 
meteorologists to produce power curves and energy rose has in- 
volved the use of computers to take the cube of regularly sampled 
wind speeds, usually hourly or every third hour, and then average 
the thousands of values to obtain these monthly or annual averages. 
Many of the hourly wind readings are available from the National 
Weather Service in a form ready to be processed by a computer. 
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FIGURE 3-6: Average annual wind speed, mph. 

There are several approximate methods that can be used to 
determine average wind power. First, the average speed can be 
used in the pouer equation given in Chapter 2. However, Figure 3-8 
shows the large error that can occur if this is done. The shaded 
band in this figure represents the actual wind power divided by 
the power calculated from taking the cube of the average wind 
speed for 90 percent of the U.S. weather stations listed in 
Append ix 1. Like the example on page 3-3, the average of the cube 

0 
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of each of many fluctuating readings is considerably greater than 
the cube of the simple average wind speed. The effect is largest 
at low annual wind speeds. The band in this figure contains 90 
percent of the values, so you have a 90 percent chance of being 
within this band. Taken from this figure, the average values are 
listed here. 

Average annual wind speed, mph 
Correction Factor* 3.82 2107 212 21: 2% 2’80 

A simple way to calculate the average an;rual energy for each 
square meter or square foot of rotor swept area is to use your 
average annual wind speed (the way to determine this is described 
in the last section of this chapter) in the power equation on page 
2-13 along with the above factor, times the number of hours 
(8760 in one year). Thus, the annual average energy generated s in 
kWh (kilowatt-hours), is approximately: 

annual kWh = 8760 x ~~~~s 

= 8760 x K x e x A x V3 x DRA x DRT x (above correction factor) 
1000 

For instance, if the two density ratio correction factors (DRT 
and DRA) are assumed to be 1.0, the average annual wind speed is 
10 mph (so the correction factor from the above table is 2.7), the 
windmill diameter is 15 feet (so the area A = 3.14 x 15' = 177 

2 
square feet), and the average efficiency is 20 percent, then 
the approximate annual average energy generated is: 

annual kWh = 0.876 x .00508 x .20 x 177 x lo3 x 2.7 = 4,253 kWh 

This is a simple way to obtain a value for your annual energy 
generation. It is, however, quite approximate, since the shaded 
band in the above figure indicates there is a 90% chance your 
value will be somewhere within 30 percent of this calculated value 
(above 16 mph the uncerainty drops from 30 to 20 percent),, The 
data in Appendix 1 can be used to reduce this uncertainty. 

A better way to determine the expected wind power from a 
specific wind turbine being considered is described in Chapter 5. 
The method uses a wind duration plot. Some typical wind duration 
curves are shown in Figure 3-q. Each point on these curves shows 
the number of hours in the year which the Speed equals or exceeds 
the hours indicated directly below. For instance, a 10 mph wind 
speed is exceeded 3500 hours a year at Plum Brook, Ohio (where a 
large DOE-NASA wind turbine is being tested) and is exeeded 6950 
hours a year at Amarillo. 

*Correction factor = (Average annual wind power) 
(Fictitious power calculated from 

average annual wind speed) 



3-11 

GRANDPA’S KNOB, VI (140 ft.> 

time, hours per year 

FIGURE 3-9: Wind duration curves. 

AVERAGE WIND POWER DISTRIBUTION 
IN THE UNITED STATES 

At over one thousand locations in the United States, a daily 
log sheet is filled out with hourly weather observations of the 
one-minute average wind speed and direction. These records are 
sent to the National Climatic Center in Asheville, North Carolina, 
where these one-minute averages for every third hour are entered 
onto computer magnetic tape. Various monthly and yearly summaries 
are prepared, and all the original data are stored in archives. 
Each station receives summaries of its data and these are usually 
available for inspection (this is described in more detail later 
in this chapter). 

\ 
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The data from 750 wind recording stations in the United 
States and southern areas of bordering Canadian provinces have 
been processed to determine monthly averages of available wind 
power. The results are included in this report in Appendix I. 
The stations are arranged with the states in alphabetical order 
and by region within the state. These data have not been correc- 
ted for varying heights of the wind anemometer* (the instrument 
that is used to measure wind speed). Also, distortions in the 
wind pattern by natural terrain features, trees, and buildings 
affect most of these locations. Most stations are at civilian or 
military airports. Very often 9 the anemometer location has begn 
changed at least once over the yearSp new buildings erected D or 
even a highway overpass added nearby. MO particular set of data 
can be blindly accepted as unaffected by obstructions. As an 
example3 the energy rose for fdoffett Field, California, one of the 
stations listed, shows 45 percent of the average annual wind power 
coming from the north-northwest. However, directly upwind of the 
anemometer and not very far away, stands one of the worldls 
largest dirigible hangars! The wind and wind power measured from 
that direction would most certainly be considerably different if 
they were measured upwind of the hangar. 

Figure 3-10 shows very generally the wind power patterns for 
the continental United States. Typical open locations in the 
Pacific Northwest, southern Wyoming, Oklahoma-Texas Panhandle, and 
Cape Cod all average at least 200 watts per square meter at a 
height of 10 meters (32.8 feet). Two locations where data were 
previously presented, the east shore of Lake Michigan (Muskegon 
Coast Guard Station, Figs. 305,6,7) and 50 miles east of San Fran- 
cisco (Livermore, Fig. 3-7) both have a high annual wind power -- 
over 200 watts per square meter. These locations show here as 
areas of only medium and low wind power, respectively. This plot 
may be reasonably accurate for large open areas in the Great 
Plains but actually has little.value in mountainous regions, as 
far as application to any specific site. 

Alaska and Hawaii are not shown, the latter having too few 
stations to allow this sort of plot to be developed. An example 
is made of Oahu later in this chapter. In Alaska, there are 
generally high wind areas along much of the coastline, but in 
general, the wind diminishes rapidly inland from the coast. 

While Figure 3-10 gives a general impression of wind power 
available over the United States, the large table in Appendix 1 is 
much more useful. 

*As you will shortly read, wind speed varies with height above 
ground. Anemometers mounted higher above ground will measure more 
wind. 



FIGURE 3-10: Available wind power - annual average. 

Jack Reed, Sandia 
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- WINt POWEii VARIATIONS WITH HEIGHT AND 
LOCAL TERRAIN 

From Figure 3-10 and the wind power records in Appendix 1, 
you can obtain a general idea whether your part of the country has 
good wind power. If you live in an area with apparently low wind 
power, certain types of hill terrain can double the local wind 
speed, and this will create an eightfold increase in available 
wind power o If, on the other hand, you are in a generally good 
wind area, y our local winds may be disappointingly poor due to 
mountains, .ridges, trees, or buildings. Generally, if you live in 
flat country with a meteorological station in the region, probably 
a fairly good estimate of your available wind power can be made 
before any wind survey is performed. However, if you live in 
hilly or mountainous country, or even in flat country with a 
considerable number of local obstructions, it is nearly impossible 
to estimate in advance the available wind energy. Experience has 
shown that the typical person will greatly overestimate the local 
average annual wind speed. 

Effect of Height on Wind Power 

We describe here how the wind power changes with height over 
reasonably flat country. Examples of changes with height in hilly 
country or near different types of obstructions were being pre- 
pared in handbook form as this guide went to press. (Reference 10). 
The wind speed gradually increases with increasing height up to 
roughly 500 to 2000 feet above the earth’s surface. Meteorolo- 
gists call this region the atmospheric boundary layer. We will call 
how the wind changes with height the wind speed profile. Above 
it, the winds are more regular and onmnfluenced by the largest 
geological features, such as mountains. Figure 3-11 shows typical 
winds-over flat country at heights of 15, 30, and 100 feet near 
Sunnyvale, California. 

Figure 3-11 shows how irregular the winds are over a short 
time. It is not unusual for the instantaneous wind speed at a low-- 
er elevation to occasionally be greater than the wind speed at a 
higher elevation. 

Figure 3-12 shows the average wind speed for each time of 
the da:. or night at 10 heights up to nearly a mile high above Oak 
Ridge, Tennessee. The data for all but the bottom two curves were 
obtained from balloon measurements. Five .years of daily data were 
averaged to obtain these curves. While there are large changes in 
the average wind speed d,uring the day at each height (except 160 
meters), at any time during the d.aily cycle the average speeds 
increase with height. Taking the average of each curve in the 
above figure and plotting that versus height we have in Figure 
3-13 the average wind speed profile at Oak Ridge. This is an 
important type of curve, so let us practice reading it. What 
are the wind speeds at the 600 and 1100 meter heights above 
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FIGURE 3-l 1: Hourly wind speeds at 3 heights. 

the ground? Arrows have been drawn at these two heights. We move 
straight down from the tip of the arrows to the horizontal axis 
and read about 7 and 8 meters per second wind speed. Knowing the 
shape of your wind profile will help you select the best height 
for your wind turbine. 

The location on top of the wind speed profile and the shape 
of the profile deper.ds on (a) how flat the surface of the earth 
is, (b) the fricticn of the air trying to move across the surface 
of the earth, and (c) temperature differences aiong its path and 
up through the atmosphere. Figure 3-14 shows three wind speed 
profiles over flat terrain. Notice how the profile thickness 
increases with surface roughness. These profiles are really only 
correct when the wind is blowing strong enough to produce an 
appreciable amount of power from a wind turbine. If you live in 
flat country, you can estimate your wind speed profile shape by 
following the detailed explanation given in Reference 10. 
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FlGURE 3-12: Daily cum of wind speed for 
for sewml heights hove the 
ground at Oak Rid@, lennewee 
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FIGURE 3-14: AtmaqMrk wind speed profiles change shape and height with surface features. 

Effect of Regional and Local Terrain 
Features on Wind Power 

Before delving into local terrain effects upon the winds, we 
should distinguish between two kinds of wind. The large weather 
features which cover the country-at any time contain large scale 
patterns of winds. We experience this wind from above, or the 
wind aloft, after it is considerably diminished by the wind speed 
profile. Local winds are created from the ground up, so to speak, 
any time adjacent surfaces warm up at different rates .and the 
winds aloft are not overpowering the local effects. Thus a sea 
breeze is created since land heats up much faster than the sea. A 
-hillside receiving the morning sun warms up rapidly, while the 
valley below receives little direct sun and remains cold. This 
creates a wind. These local winds are in effect created by nature 
to reduce local air temperature differences; they do not have any 
appreciable effect on the winds aloft. 

. 
Local winds can only be described in general terms. If you 

live in an area with significant local winds, your awareness of 
these special situations will help you to capitalize on their wind 
enhancement effects. 
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FIGURE 3-15: Example sea breeze winds, fate afternoon, 
with no wiqds aloft. 
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During periods of light winds aloft in spring and summer, 
surface winds blow from ocean to land during the day (sea breeze) 
and in the reverse direction at night (land breeze). These 
breezes, as anyone near a large body of water knows, can be sub- 
stantial winds. In winter, the land breeze may occur in the 
daytime as well as at night. Figure j-2 roughly illustrates sea 
and land breezes. During a 240hour period, the cycles of wind and 
temperature are much smaller over water than over land. 

The devetopm$@ of a sea breeze is roughly as follows. 
Assuming there is@@ wind aloft, the sky is cl,&=, the daytime has 
arrived, the sun,tiiIl start heating the water and land. This heat 
is absorbed into se;ireral feet of water, but only into a fraction 
of an inch of card, so the latter warms up much faster. The land 
heats the air at ground level, but this air gradually rises many 
hundreds of feet. The warmer air is lighter than the air over the 
3ea so, as in the case of an open refrigerator door, the cold air 
rushes from the sea onto the land while the partially heated air 
far above the land moves out to sea to replace the incoming cold , 
air. The circulation pattern has been completed; a sea, breeze has 
been created. Starting as a local disturbance, this circulation 
pattern will extend many miles landward and seaward during each 
day. 



A feqling for possible wind speeds in a sea breeze can be 
obtained from Figure 3-15. This shows the wind speed at 5 P.M. 
with no winds aloft in an area extending about 1 mile high by 20 
miles out to the sea and 50 miles inland. In this example, winds 
from shoreline to about 11 miles inland are about 10 mph. Wind 
speeds of 15 mph caused by these sea breezes are common, even when 
winds aloft are still. Thus, a wind turbine at a seaside location 
can gain a great amount of power from this sealand breeze phenome- 
non and not rely solely on high winds aloft to be transmitted to 
the ground. Large lakes also create similar but smaller breezes. 

The complex nature of winds in valleys is briefly described 
here. When a strong wind aloft is blowing in a direction more or 
less parallel to a valley, there is a funneling effect. Winds are 
often stronger in the valley than over level country at these 
times, particularly where the valley narrows or its sides steepen. 
When the wind blows perpendicular to the valley, very complex flow 
patterns develop and often large areas in the valley will experi- 
ence a great commotion in the air called turbulence. 

Next, we consider what happens if the wind aloft is light. At 
night the air on the sloping sides of the valley will cool near the 
ground and, being heavier, will flow to the valley floor. When the 
slopes of the valley are warmed during the day, the wind will 
reverse direction. Complex combinations of these flows will occur 
as shown in Figure 3-16. The above effects cause most of the wind 
energy available in a valley to be aligned with the direction of 
the valley. Therefore, when siting a wind turbine, care should be 
taken to obtain the best location for capturing these winds. 

If a valley narrows at its lower end, the cold air may drain 
out of the upper, broader end of the valley. A study of night 
wind profiles in a number of Vermont valleys indicated that 
maximum winds on most nights were found at heights of 100 to 1000 
feet above the ground, often about two-thirds the height of the 
surrounding hills. The intensity of the wind gradually increases 
with increasing distance from the head of the valley. 

In spite of the frequent valley winds, if prevailing wind 
directions are roughly at rightangies CO T;ne valley, chances are 
that there is more wind energy available on the plateaus above the 
valley. The valley wind patterns sketched in Figure 3-16 may not 
contain a significant amount of recoverable wind energy. 

It is easy to see that wind records from a meteorological 
station at another part of a valley from your location (or at a 
different distance from a coastline) may give little indication of 
your own winds. 

The flow over a long isolated mountain ridge that faces the 
wind (and tends to block it) is another interesting case. Near 
the ground (at wind turbine height) the wind speed decreases as 
the toe of the ridge is approached, t.hen speeds up to greater than 



3-2 

FIGURE 3-16: Daily wind cycle in a valley facing a plain. No wind aloft. 
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FIGURE 3-l 7: How the mountains of Oahu affect the wind. 

the average in the region of the ridge line. If the sides of the 
ridge are very steep the increase in wind speed at the top will 
not be as great as for a ridge of moderate steepness. Also, the 
wind on the back side may be very turbulent and unsuitable for 
wind turbines. Near the toe of the hill on the upwind side the wi.nd 
power may be reduced to 50 percent9 and near the top it can be 
double the average wind speed depending on the slope of the sides. 
Some specific cases will be described in Reference 10. 

What happens to the wind near the ends of a ridge that faces 
the prevailing winds? The Hawaiian island of Oahu provides an 
excellent example of this. Recently, a large computer was used to 
predict the flow over and around this island. For much of the 

K”,‘,;e 
such a strong wind blows across the island that the sea 

influence is not particularly significant. This wind is 
confronted by a range of mountains 30 miles long (Fig. 3-17) that 
can be described as a ridge about 2500 feet high, with occasional 
peaks several hundred feet higher. The ridge line is ariented only 
about 13' counter-clockwise from a right angle to the prevailing 
wind direction. At each end, the ridge slopes down to sea level . 
within a space of 5 to 10 miles. 
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The wind path lines at 500 feet above the surface of Oahu 
and the surrounding ocean are indicated in Figure 3-17. This 
ridge is very long - about 60 times as long as it is high - but 
even so, the wind path lines indicate that about one-third of the 
air approaching the island at the 500 foot height is deflected 
around the ends of the ridge. There are some good wind turbine 
sites along the top of the ridge line where the wind speed is 
about twice that of the approaching wind. The north and south 
ends of the ridge are particularly attractive sites, however, as 
the airflow that is deflected around the ends of the ridge speeds 
up to approximately twice the approaching wind speed for large 
regions at each end of the ridge. Thus, if your location is near 
the end of a ridge that tends to block prevailing winds, you may 
have considerably more wind power than your neighbors out on the 
flat land. 

The wind near the top of an isolated hill is quite different 
than the wind over a long ridge. There is a strong tendency for 
the lower layers of the wind speed profile to split and go around 
the hill, particularly during the night and early morning when the 
ground has cooled off. For a wind turbine near the top, the hill 
acts quite a bit like a giant tower. 

There is another characteristic of the wind that is helpful 
for increasing the wind power available on high hills. Reexamin- 
ing Figure S-12, the average daily wind curves above Oak Ridge, 
Tennessee, notice how the wind above 200 meters is greater at 
night than during the day while the reverse is true below 100 
meters. This is a very general condition around much of the 
country. A wind turbine on a hilltop may produce power all night 
while below in the flat country the air will be nearly calm. 

Structures and trees are likely to be in the vicinity of a 
wind turbine. How close can a wind turbine be placed to these, 
and how much penalty is paid if these obstacles cannot be avoided? 
Both loss of wind speed and the wind turbulence downwind of these 
obstructions are important. Wind turbine generators spin at high 
speeds and tend to have long, thin blades. This makes them much 
more susceptible to damage from wind turbulence than water-pumping 
windmills. Older water-pumping windmills are often found very 
close to trees and apparently are able to withstand the resulting 
turbulence. A rule of thumb generally used for wind turbine 
generator placelent is: if the location is not well above all 
surrounding obstacles, the wind turbine should be placed at least 
10 obstacle heights or widths away from the obstacles. This is a 
reasonable rule. The results of some available wind measurements 
will be presented in Reference 10 to give a better feeling for how 
the wind is disrupted when it passes over and around obstacles. 

YOUR WIND POWER 

You are indeed fortunate if you live in flat, open terrain 
and happen to have a neighbor with a wind turbine. You are doubly 
fortunate if he happens to be performing the same tasks with his 
machine that you wish to perform, such as pumping water or pro- 
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ducing electricity. In effect, he has been measuring his wind 
power for a long time. The questions that you should consider 
are, how adequate is the wind for him, how does your demand com- 
pare with his, and how likely are you to have an appreciably lower 
(or higher) wind power per square foot (or square meter) than he 
has? 

More likely, there is no wind turbine close enough to 
provide any useful experience for you. You will have to make a 
decision about how much time, effort, and money it is appropriate 
to invest to increase your knowledge of your wind. There are 
three parts to this process: 

1. Making a preliminary estimate of your wind power. 
2. Measuring your winds, or wind power. 
3. Comparing your measurements with nearby meteorological 

stations to determine your long-term average from your 
short-term data. 

Before describing each of these, we will make a few observa- 
tions. Step 1 is the very least you must do. That rough estimate 
of your wind power can be combined with results from a preliminary 
load survey (Chap. 41, equipment selection (Chap. 5) and a preli- 
minary cost analysis (Chap. 6). You may find that you probably 
have only a fraction of the necessary wind available to make your 
investment a sound one and that only a minimal effort should be 
made to determine whether your wind power is much greater than 
your initial estimate. 

Making a Preliminary Estimate 
of Your Wind Power 

As a first step in making an estimate of your wind power, 
you should check for tall, unavoidable obstructions, particularly 
trees. Typical tower heights for wind generators in the one-to- 
ten-kilowatt class (the range you are most likely going to be 
interested in) are up to 100 feet. Two simple methods for 
measuring tree height, if the top is visible, are illustrated in 
Figure 3-18. For the first method, find a time in the morning or 
afternoon when the tree shadow falls across flat ground. Set up a 
vertical stick of known height and compare the length of the 
shadow from the stick to that from the tree. The equation for 
determining the tree height is: 

Tree height o (tree shadow) x (stick height) 4 (stick shadow) 

The second method for measuring tree height involves attaching a 
yardstick to a small pole or to the edge of some other fixed 
object so that you can simultaneously sight both the bottom and 
top of the tree without moving your head. The yardstick should be 
vertical. Note the distance along the yardstick between the lower 
and upper lines of sight; we call ‘&his distance h; the distance 
from your eye to the yardstick, distance d; and finally the 
distance from your eye to the tree ,’ distance D. The equation for 
determining the height is then: H t h x D 8 d. This method can be 
used on rough terrain with changing slope, as long as the me3su’“- 
ments are accurately made. 
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FIGURE 3-18: Two methods for estimating the height of a tree. 
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The second step in estimating your wind power involves find- 
,ng the closest meteorological stations that are listed in 
append ix ‘1. Compare their annual wind power averages. If they 
Ire at all close and there are no reasons (see previous discussion 
,f terrain and obstruction e f’Yf:z~s cn di.;dj wr.y your value wou7,d 
lot be about the same, you can take an average or place more 
{eight on some of the readings than the others, according to you%- 
iircumstances, to get a first estimate of your wind power. For 
jpen plains areas, this will work well, while in hilly or moun- 
;ainous terrain, the results will roost likely be poor. As an 
example, from Appendix 1, four meteorological stations in central 
Oklahoma (a typical plains area> within about 60 miles of a cer- 
;ain location have average annual wind powers of 263, 264, 174, 
nnd 167 watts per square meter. The average value is about 220, a 
rery high value. On the other hand, an extreme case that can be 
;aken from the tables in Appendix 1 and results in no useful data 
is the following: two meteorological stations are each 40 miles 
nway from a fairly mountainous location. These two stations have 
average annual wind powers of 429 and 45 watts per square meter!* 

The third step in obtaining a preliminary estimate of wind 
power is to simply start developing a better awareness of the winti 
and to make comparisons of the wind at your location with that 
uhere there are wind-measuring stations. The following table, th+ 
Beaufort Scale, relates wind speeds to easily recognizable pheno- 
aena. 

Hand-held wind anemometers, such as shown in Figure j-19, 
are available at many boating, outdoors, and aircraft supply 
stores. These are the least expensive of all wind-measuring 
devices. One of these can be used to help calibrate your sense cf 
the wind. Where around you do you find it to be especially windy 
or especially quiet? 

30 you occasionally or even regularly pass by one of the 
listed stations in Appendix l? Arrange to stop and look for the 
anemometer. Is it in a sheltered location or out in the open? 
Stay and eat your sandwich for lunch there. Get a feeling for 
their winds versus yours. At the very least, call them and ask 
about their anemometer location. Look for. other anemometer 
stations that are not listed in Appendix I, such as at small air- 
ports, forest fire and lookout stations, and colleges, Ask 
around. 

aPoint Arena and Santa Rosa, California, which are located in a 
mountainous, coastal region. 
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BEAUFORT SCALE 

Observations 

Calm Calm. Smoke rises vertically. 

Light air Direction of wind shown by 
smoke drift but not by wind 
vanes 

Light 
breeze 

Wind felt on face. Leaves 
rustle. Ordinary vane moved 
on wind. 

Gentle 
breeze 

Leaves and small twigs in 
constant motion. Wind extends 
light flags 

Moderate 
breeze 

Raises dust and loose paper. 
Small branches are moved 

Fresh 
breeze 

_ Small trees in leaf begin to 
sway. Crested wavelets form 
on inland waters 

Strong 
breeze 

Large branches in motion. 
Whistling in telegraph wires. 
Umbrellas used with difficulty 

Near 
gale 

Whole trees in motion. Incon- 
venience is felt when walking 
against the wind 

Gale Breaks twigs off trees. 
Generally impedes progress 

Strong 
gale 

Slight structural damage 
occurs (chimneys & roofs) 

Storm Seldom experienced inland. 
Trees uprooted. Considerable 
structural damage occurs 

Speed 
mph 

o-1 

l-3 

4-7 

8-12 

13-18 

18-24 

25-31 

32-38 

39-46 

47-54 

59-63 



FIGURE 3-19: Handheld wind aneometer. 

Nearly all libraries will carry the government publication 
titled Climatological Data* for your state. It contains some 
wind data, and it lists all the local weather observers for the 
National Weather Service, Most of these observers record only 
rainfall data, but they all receive this monthly publication. 

*Available from National Climatic Center, Federal Building, 
Asheville, NC 28801. Available on a subscription or single-copy 
basis. Subscription costs about $5/year. Order by- the state you 
want. 
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The team that designed ‘and built the Smith-Putnam wind 
turbine (see Reference 6) studied many promising wind sites in 
New England l 

They were mostly frustrated in their efforts to 
develop general rules for predicting the best wind sites, One 
powerful indicator that they did discover was that trees and 
plants can be greatly deformed in a consistent way by the wind. 
This is called flagging. They concluded: 

2 
Occasional very severe storms do not deform trees. 
Tree deformation is a poor yardstick of maximum icing, 
although absence of breakage by ice may be significant, 

3. Balsam trees are the best indicators of the mean wind 
speed in mountainous New England. Deformation begins 
when the mean velocity at a tree height of 30 to 50 feet 
reaches 17 mph. The other end of the scale is reached 
when balsam is forced to grow like a carpet, at a height 
of one foot, which indicates a mean wind speed of about 
27 mph. 

4, In this range between 17 and 27 mph, there are five 
easily recognized types of progressive deformation, 
brushing, flagging, throwing, clipping, and carpet. 

5 - . Tree deformation is a sensitive indicator of the unpre- 
dictable wind flows through and over mountains. Local 
transitions from prevailing very high winds (which hold 
balsams to a carpet), to prevailing .winds so moderate 
that the balsams reach normal growth without deforma- 
tion, occur within a matter of yards of one another! 
Many a gardener knows that even moderate winds can have 
a strong effect on most vegetable plants. A govern- 
ment sponsored study is under way for determining wind 
effects on vegetation in the northeastern section of 
the United States. 

Finally) combine all your information to make the best 
estimate of your wind power. Use this value for the first cut at 
sizing your wind system and estimating its costs. 

Wind and Wind Power Measurement Equipment 

To really measure your wind, you must mount a sensor on a 
pole high enough and far enough from buildings and trees to have 
a clear sweep of the wind. Ten feet is an absolute minimum 
height. Considering the time and money that will be invested in 
the survey, 25 to 50 feet is probably easily justifiable. Tele- 
vision antenna towers provide a good method to obtain these 
heights and can be as inexpensive as $1.50 to $2.00 per foot. 

Most standard meteorological equipment for commercial use 
will appear to be quite expensive to the individual homeowner. 
However, new, relatively inexpensive items are rapidly being 
developed by manufacturers involved in the wind turbine market. 
Many of these items can also be rented from the manufacturer or 
distributor. For discussion purposes, this equipment can be 
divided into: 1) sensors for actually measuring the wind 



Wind Cup Anemomeier 

Wind Cup Anemometer with Wind Vane 

Propeller-Type Wind Anemometer 

FIGURE 3-20: Wind Speed and Direction Sensors. 



velocity. 2) -meters for indicating the speed and/or direction, 
and 3) recording equipment that processes the data in one of 
several different possible ways and records the results. 

Three kinds of sensors of particular interest here are 
shown in Figure 3-20. The wind-cup anemometer is the most popu- 
lar type for surveys. It measures wind velocity but not direc- 
tion. To measure the direction, a wind vane is required. Both 
pieces of data can be obtained with the third type, the propeller- 
type device attached to a tail vane. If you expect that the 
direction of the wind will be important to the placement of your 
wind turbine, then more than the wind-cup anemometer is advisable, 

A note of caution must be made here. It is not unusual for 
an anemometer to give readings that are considerably in error, 
particularly after extended use. A ten percent wind speed error 
will produce about a 30 percent error in expected wind power, so 
some care is appropriate in selecting and maintaining the 
anemometer. 

The simplest way of displaying the wind speed and direction 
is on meters. You must, however, read and log the values on a 
regular basis, preferably hourly during your hours awake. These 
sensors can generate either a direct current signal, pulses, or 
an alternating current signal. If a de signal is used by the 
sensor , the wire length will probably be important, while the 
pulse type is unaffected by wire length as long as the signal 
received has adequate strength. 

The simplest recorder is a counter that displays the run- 
of-the-wind. It totals up the miles of wind that blow past the 
anemometer. Thus, if it records 240 miles in a 240hour period, 
the average wind velocity is 10 mph. You only need to read it 
once a day, but it would be better to read it more frequently to 
establish daily wind patterns. A homemade wind vane can be used 
to advantage for estimating the wind direction. 

Long-term recording devices need no attention on a daily 
basis. One type prints the wind speed and/or direction on a 
paper chart . Such continuous recordings as obtained at meteoro- 
logical stations require expensive apparatus and are not necessary 
here. At a fraction of the cost is a small, adequate recorder 
that prints a dot onto a slowly advancing paper chart. recorder 
indicating velocity every few seconds. A roll of paper will 
usually last a month or more. To use the data, one can eyeball an 
average for each time period, such as quarter, half, or one-hour inter- 
vals, and then record and process the data by hand. Owner V s manuals 
and equipment manufacturer’s publications detail simple methods 
for data reduction and use. 

Several recorclers are available that divide wind speeds into 
ranges (i.e. O-3, 4-7, g-11, etc.) and have counter displays for 
each range. For each time interval, such as one minute, one count 
is added to the counter for the average speed experienced during 
that period - The total counts in one month, for example, can be 
plotted as a wind duration curve (see Fig. 3-g). 
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At least one manufacturer of WECS equipment presently sells 
a device that collects data essentially the same way as the pre- 
vious recorders but then calculates the power that would result if 
some specific wind turbine were located there. There is just one 
display: total wind energy generated! The manufacturer will 
help you select a suitable wind turbine and use its character- 
istics in this recording device to perform the calculation. It 
can predict results for other windmills with a similarly rated 
wind speed. While this device is simple and direct, it is 
difficult to make correlations between its results and data from 
nearby meteorological stations. 

Determining Your Wind Power 

If you asked, “how long do I need to take wind data?” a 
meteorologist might tell you, “if you really want to know your 
wind, about five years is required!” He would be right and wrong. 
His answer could be right for some utility company which is con- 
sidering the investment of milli,ons of dolla-s in a group of wind- 
turbines and there is no long-term wind data for that regicn. His 
answer would not be appropriate if you are ccnsidering installing 
a $5,000 wind system. 

Better questions are, “how much will I gain by taking data 
an extra week, an extra month, or an extra six months, and how 
much will I gain by using wind survey equipment with more capabil- 
ity?” Heasuring your wind for one month and claiming you have 
determined your average wi.pd power is as absurd as measuring your 
rainfall for one month, multiplying by 12, and claiming you now 
know your average annual rainfall. However, by comparison with 
local weather station records, a few months worth of rainfall 
records can often provide you with a good indication of your 
annual average rainfall. Likewise, your average annual wind power 
is best estimated by comparing your data with weather station 
records. 

You inight ask, “where is the trade-off between time and 
money I.. Jested in a wind survey and the time and money invested in 
the windmill? What is the value of a wind survey to me? How much 
should I be willing to pay?” Let us look at three examples to get 
a feeling for what is involved. 

For the first example, we assumed you live in flat country, 
about 20 or 30 miles from the nearest meteorological statian. You 
have done a preliminary wind survey and you think you have a good 
site. T’he wind power at the nearest meteorological station is 
within 240 percent of other stations within 100 miles. You feel 
that your wind power is probably within 550 percent of that at 
this local station. We will assume that you have looked ahead at 
the next chapter and have evaluated your energy needs. You have 
tentatively selected several wind systems, the smallest one if 
your wind power is 50 percent greater than your estimate, and the 
largest windmill if your wind power is 50 ,percent less than the 



estimated. The largest unit has (100 + 50) + (100 - 50) = 3 
times the capacity of the smaliest unit. They range in price from 
$3000 to $7000. 

From your study of the economics involved (Chapter 6)) you 
have decided that $7000 iS your break-even point compared to ex- 
tending the power lines and using public utility power. You feel 
that spending $700 for a survey would be well worthwhile. Say 
that the survey shows you have 25 percent more power available 
than your original estimate with a 215 percent uncertainty. You 
would simpl-y buy a $4000 system and be done with it. The $700 
survey cost has in effect bought ‘you assurance (in a sense, 
insurance) that you need not spend $7000. You have saved $2300 
-moo0 - (4000 + 70011. 

As another example, suppose you have a summer cabin off in 
the woods and you use it approximately one month in a year. You 
are tired of hauling bottled gas and know that your tired, noisy, 
smelly, gummed-up engine-driven generator needs replacing. You 
have estimated the available power to A40 percent. Since your 
entire need for electrical energy is only for recreation, when you 
hit an unusally calm spell of weather you could simply not go to 
the cabin. Using the high (140 percent) and low (60 percent) wind 
power and your estimated need, you come up with two systems, most- 
ly composed of used equipment, with price tags of $1200 and $1600. 
The summer season is coming up and you are not there to take a 
survey and would have to contract it out. You decide to simply go 
ahead with a larger system since you feel you cannot get enough 
useful wind survey information for the few hundred .dollars differ- 
ence and the time allowed. 

As a final example, consider a farmer or rancher who needs a 
lot of power. He has made a preliminary survey and selected two 
systems based on his estimate of maximum and minimum wind power 
that will cost $10,000 and $25,000. Obviously, spending sever al 
thousands of dollars for 2 good wind survey will be a worthwhile 
investment . 

The important features of all three of these examples are: 
1) a preliminary estimate of wind power with an estimate of your 
accuracy ; 2) an estimate of .energy requirements (at least 2 pre- 
liminary estimate); 3) an estimate of your wind energy system low 
and high wind power cost, and 4) the maximum sum to place on the 
site survey. These four common features of the above examples are 
the first four stsps shown in Figure j-21, 2 logic diagram showing 
the steps to be taken in accomplishing 2 wind power survey. 
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Concerning the decision on the value of the wind survey, 
we return to the questions posed at the beginning of this seeticn. 
“How much will I gain by taking data an extra week, month, or six 
months, and how much will I gain by using wind survey equipment 
with more capability?n These questions probably don’t have any 
definite answers, but if you are interested in 2 small system, 
live in flat country near a weather station with wind records, and 
your preliminary survey shows your estimated average annual wind 
speed is quite high, two or three months of data with one wind-cup 
anemometer will probably produce adequate results. For the poten- 
tially larger, more expensive system, more sophisticated wind sur- 
vey equipment and longer data collection times are appropriate. 
Also, where the estimated average annual wind speed is less, there 
is a greater need for more than just run-of-the-wind readings. 
This is due to the larger scatter in wind power at the lower 
annual wind speeds shown in Figure 3-8, as described earlier in 
this chapter. 

Equipment alternatives include renting or purchasing of the 
wind sensor equipment. Some wind turbine manufacturers/distributors 
will rent anemometer equipment. If you buy equipment, you,can 
expect to recover- some of your costs by selling it when you have 
finished your site survey. Also, you may wish to have a profes- 
sional meteorologist, meteorology firm, or % knowledgeable distri- 
butor install the wind measuring equipment and perform the wind 
survey for you. 

The next step in the process of determining your wind power 
(see Figure 3-21) is to compare your wind recordings with the 
readings that have been obtained simultaneously at nearby meteor- 
ological stations. .You will then be able to estimate your long- 
term average wind power by using their summaries of years of data. 

At each of the stations listed in Appendix 1, an hourly 
record of weather conditions is written out on form WBAN lOA, one 
sheet for each day. This sheet includes hourly observations of 
wind direction and speed. These are made by estimating on the 
hour the average wind speed for a one minute period by observing a 
dial or strip chart recording. Visit or write your nearby sta- 
tion(s) to obtain copies of the records for the days of interest 
to you for comparison with your data. The WBAN 108 sheets (and 
the strip chart recordings) are sent to the National Climatic 
Center , and co.pies can also be ordered from them.* 

Much of the data since the mid-1940’s has been prepared for 
2nd proar??csed by computers to obtain various long-term wind aver- 
ages. Each station has a set of average monthly and yearly wind 
speeds for their location. These sheets are titled Percentage 
Frequency of Wind Direction and Speed. A sample from an excep- 
tionally windy site is shown in Figure 3-22. It shows the 
percentage of the hourly readings in each of 11 different speed 

*Federal Building, Asheville, North Carolina 28801 
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ranges (in knots) and 16 directions. In the right column is the 
mean wind speed (same as average wind speed) for each wind 
direction (remember that is the direction the wind blows from). 
Along the bottom are summat!ans for each column and the average 
wind speed for the entire period. This last value will be 
essentially the same as listed in that station in Appendix 1.’ You 
will at least want a copy of the annual summary and the sheets for 
your critical months when your expected demand is greatest 
compared to the available wind power. All the information you 
need for making up a wind rose (Fig. 3-5) or a wind duration curve 
(Fig. 3-9) is on this form. How to use this information to 
produce the wind duration curve is presented in Chapter 5. 

The method for using the data you collect from a wind-cup 
anemometer registering just the ru+of-the-wind is quite simple. 
Read your meter at the beginning of each month. Follow the 
manufacturer’s procedure for determining the miles of wind passing 
the meter during the previous month. Divide this number by the 
hours that have elapsed (for a 30 day month, 24 x 30 t 720) and 
you have your average wind speed for that month. Now, add up all 
the hourly wind speeds recorded at your nearest meteorological 
station for the month and divide that by the same number of hours. 
You have the average wind speed for the meteorological station for 
the same period. For instance, if your reading at the end of the 
first month is 5760, divided by 720 gives 8.0 miles per hour. If 
the sum of the weather station values for the same month were 
6261, then the average wind speed would be: 

6261 x 1.15 + 720 = 10.0 mph 

The 1.15 factor converts knots to miles per hour (all weather 
station readings are in knots). Your wind speed was 80 percent of 
that measured by the weather station, and your wind power is ( .8 x 
.8 x .8 x 100) = 51 percent of that at the station. Now, look in 
Appendix 1 at tT:e average annual wind power for that station. Let 
us say for example, that this value is 200 watts per square meter. 
Your expected average annual wind power based on your single 
reading for one month would be 0.51 x 200 = 102 watts per square 
meter. This might be 2 quite satisfactory estimate, or it may be 
2 very poor value depending on the terrain factors. If subsequent 
monthly comparisons show large differences in your wind power 
compared to the westher station wind power, the single month value 
was, of course, not good, However, if the values for the next 
couple of months are close to the first value, the average wind 
power based on these three months could be quite good. 

*Small changes in the average monthly and yearly wind speeds can 
be caused by including more recent years of wind records than used 
for the results in Appendix 1. Any’ large change should be 
investigated. Have they relocated the anemometer or built new 
buildings nearby? 
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CHAPTER 4 

POWER AND ENERGY REQUIREMENTS 

In Chapter 2 we described the difference between work, 
enewy T and power. This chapter will deal with two of these . 
quantities: how much power is needed, and how long is this power 
required. This is the same as asking how much energy is needed. 

As we stated fn Chapter 1, the entire process of selecting a 
suitable wind system involves determining what power is 
available from the wind at your site, knowing what you need in the 
way of energy and power, and then matching these to arrive at a 
wind system that will do the job. We will break this discussion 
of power and energy requirements into two separate parts. The 
first will discuss electric load estimation, and the second will 
discuss mechanical load estimation, particularly for water pump- 
lng . 

Before the discussion of power requirements, let us keep in 
mind that while it is well to calculate how much power you need, 
some consideration must be given to losses, or inefficiency. That . if you figure how much electric power you need to run a light 
%b, it will take a little extra , over and above the amount 
needed by the light bulb alone. The wires running from the 
generator to the light will waste some power because of electri- 
cal resistance. Friction is another example of inefficiency. This 
waste ends up as a power loss in the form of heat. Estimation of 
losses is an important part of your calculation of your power and 
energy needs. 

A pictorial view of energy and losses is shown in Figure 
4-1. The smaller the pie slice representing loss, the more energy _ 
available to the user. 

ELECTRIC LOAD ESTIMATION 

Two different numbers will result from performing the simple 
calculations here - first, the power load, which is expressed as 
the number of watts, or kilo (thousand) watts, and second, the 
energy requirement y which is expressed in kilowatt-hours (kWh). 

Electric power is a product of electric pressure, called 
volts, and current flow, called amperes (amps). Just as force 
times rate of motion equals power, usually expressed as horse- 
power, volts times amps equals power, expressed in watts. For 
example, a 12-volt battery that pushes 10 amps through a light 
uses electric power equal to 12 x 10 = 120 watts. Now suppose 
that the 1200watt light is left on for 10 hours. Then, the 
electric energy consumed will equal 120 watts times lO.hours, 
which equals 1200 watt-hours, or 1.2 kilowatt-hours. 

4-1 
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entire circle represents 
total energy. 
net energy available is 

. total less losses. 

FIGURE 4-l : Some energy is always lost. 

If a battery could store 2400 watt-hours of energy, then it 
would have a capacity to produce 120 watts of power for 20 hours. 
That is, 2400 watt-hours divided by 120 watts equals 20 hours. We 
will see more of these simple calculations as this chapter 
progresses. 

In order to arrive at these types of numbers, it is 
necessary for you to determine two types of information: 

i Which electrical devices you will use and how much power, 
in watts, they will draw. 

l How long these devices will operate, say, in hours per 
month. 

Later, we shall add a third item of information: at what time of 
the day the devices operate. 
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If it turns out that your wind system will provide power to 
electrical devices that you already use, and perhaps have used for 
some time, ‘then load analysis becomes a simple task of checking 
all your electric bills for the last dozen or so months. It is a 
good idea to know how your electric bill changes with each month 
of the year to see what seasonal changes look like. In many 
cases, changes in the weather affect your energy use patterns. 
Here, you are not concerned with the dollar figure of the bill, 
but instead the actual demand figure expressed as kWh. Make sure 
that your utility company meter-reader has really read your meter, 
as occasionally utilities will estimate your use if the meter 
reader is behind schedule or is afraid of your “Beware of Dogs11 
sign! Estimated kWh figures will not help you at all. 

If you have not saved enough bills to check the demand, you 
can usually obtain a summary from your electric utility company. 
In either case, the utility bill will give you the monthly energy 
demand. It will not, however , give you the power demand in watts 
or kilowatts. For that, you will have to list the devices you use 
and determine the power requirement of each. Figure 4-2 will 
assist you. This figure will also serve to assist in estimation 
of energy demand if you do not have your utility bills. 
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FIGURE 4-3: Estimating your energy requirements. 
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We will follow the. blocks in Figure 4-3 to apply a logical 
sequence to the foilowing discussion. 

Block 1. Determine the appl.iance load rating, expressed in watts, 
or kilowatts. 
Example: Brand C electric motor is a one-horsepower 
motor. Its electrical load when operating is 860 watts, 
and when starting, 1400 watts for one second. These data 
are found : on the appliance data plate, by writing to 
the manufacturer, by testing an appliance yourself, or 
from Figure 4-2 of this book. You can easily test the 
appliance if you presently have electric service. Watch 
your electric utility meter, which measures energy 
usage. Usually it contains a slowly spinning disc, and 
some number of revolutions of it indicates that one kWh 
has been consumed. Ask your power company what each 
revolution means. Turn off all other appliances so the 
meter stops. Then turn on the appliance you wish to 
rate and time the spinning disc.* 

Block 2. Determine the load cycle time and the number of hours 
the load will operate on a monthly basis. 
Example: Brand D refrigerator will operate an average 
of 15 hours per month. Note that this information de- 
pends on how well insulated the refrigerator is, the 
number of times the door is opened, how much bulk will 
be stored, and the room temperature. 

Block 3. Determine the appliance’s monthly energy requirement. 
This is calculated by multiplying together the data 
from blocks 1 and 2 above. The result is in watt-hours, 
or kilowatt-hours. 
Example: A color television is determined in step 1 
to require 350 watts. You know that it will be used 
for 150 hours per month, so: 

350 watts times 150 hours equals 52,500 watt-hours. 
To get kilowatt- hours: 52,500 e 1000 = 52.5 
kilowatt-hours (kWh) . 

Block 4. Determine maximum load. This calculation will result 
in your maximum power demand, expressed as kilowatts 
(kW), which would occur if all of your appliances were 
operating at the same time. 

Example: 

Il_ower (watts) 
200 

Coffee pot 894 
Dishwasher 1200 
Refrigerator 300 
Water heater 6000 
Max imum Load : 8594 watts = 8.59 kW 

l This will not be adequate for obtaining the starting load, but 
that is not necessary for these load calculations. 
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Block 5. Determine your total monthly energy requirement. 
Total er.?rgy is expressed in kilowatt-hours (kWh). 

‘This is the energy you must supply each month, or pay 
for when supplied by your utility company. 

Example: 

Coffee Pot 
Dishwasher 
Refrigerator 
Water heater 
Total Energy Requirement 

Energy requirement (kWh) 
24 

396 

33000 
399 kWh per mcytb 

(Note: The above examples are selected at random from Figure 4-2 
and do not necessarily represent a typical household load. 1 

We shall return to monthly energy requirements shortly, but 
first let us look more closely at a daily breakdown of your 
electrical load. 

Block 6. Determine your daily load cycle history. 
This calculation will give you a much better estimate 
of your actual electric load demand. Simply adding up 
all of the loads, as in the above example, 
assumes that all appliances will be on at <he same 
time and gives a worst case figure, but does not 
reflect a real case. To arrive at a load cycle his- 
tory, you must make estimates of the time of day your 
devices wi,ll be on and for how long. 
This estimate may be as accurate or as rough as 
necessary. How accurate you decide to be in making 
estimates will depend entirely on your assessment of 
the importance of this calculation. For an accurate 
estimation, it will be’necessary to actually monitor 
any items that operate on a cyclic basis, such as 
refrigerators. For less accuracy, it may be 
reasonable to assume such loads rronVS continuously. 
As a first example (not representative, but illustra- 
tive of the thinking here), we shall separate items 
by their nature: those which you control, and those 
which operate automatically. For this example, items 
that operate automatically shall be assumed to operate 

The other loads will require estimation 
-*cycles, as listed below. 

Automatic Items Load (watts) 
Re f r igerator 300 
Water heater 6000 

Time 
Continuous 
Continuous 



4-8 

User-controlled Items 
TV 200 4 hours per day 

a3 follows: 
1 hour: 8 am - 9 alt 
3 hours: 6 pm - 9 pm 

Coffee pot 894 20 minutes per day 
7:30 - 7:50 am 

Dishwasher 1200 1 hour per day: 
5 pm - 6 pm 

From this table, we can see a base load, that is, a continuous 
load equal to 6300 watts, with peak loads going as much as 1200 
watts higher. Again, this is not a representative example, but 
compare it with the following example. 

If we made a simple graph of this load, it would look some- 
thing like Figure 4-4. 

I 1 i 
. 1 ll’~lllllllllllll1 i 

I I I i I 1 

6a.m 6p.m 

FIGURE 4-4: Graph of example load history. 
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For a second example, let us be more realistic. The 
assumptfan that all automatic items are continuous Itads 
should be adjusted. Since the data were originally 
extracted from Figure 4-2, let us look at that chart 
again. 

Notice that the refrigerator is listed as ZOO-3OO watts. 
for 25 to 30 kWh per month. Using 300 watts and 30 kWh 
(or 30,000 watt-hours) per month, we can calculate the 
hours per month this device operates: 

30,000 watt-hours per month + 300 watts = 100 hours 
per month. 

Now, assuming a 30.day month, 100 hours per month + 30 
days = 3.3 hours per day. This is the estimated number 
of hours per day this refrigerator will operate. Now 
we must guess when, and for how long during each cycle 
it operates. A safe guess is that it cycles most 
during mealtimes. 

For the water heater, a similar calculation should 
be made: 300,000 watt-hours per month + 6000 watts 
+ 30 days = 1.6 hours per day. 

Automatic Items Load 
Refrigerator 300 

Time 
3.3 hours per day: 
1.1 hours each 7 am, 
noon, 5 pm. 

Water heater 6000 1.6 hours per day: 
0.8 hours each 8 am, 
6 pm. 

With use-controlled items similar to the first example, 
results from the new graph (Fig. 4-5) will be somewhat 
closer to reality. 

Performing the type of analysis in Figure 4-5 may not 
actually be necessary for your energy requirement esti- 
mates, but it is a good way to understand the nature ana 
characteristics of the electric load you expect. 

Block 7. Determine your monthly energy requirements. A previous 
example illustrated how a monthly energy requirement of 
399 kWh was established. This could have been any month. 
For some months, a heavy demand for heating may raise 
electrical consumption, while in others, air conditioning 
will prevail. Thus, you must complete a demand analysLs 
for each month of the year. A graph plotted from your 
totals would look like Figure 4-6. 
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FIGURE 4-6: Typical monthly energy demand 
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MECHANICAL LOAD ESTIMATION 

Estimation of mechanical load may be as simple as reading 
the data plate on a device you expect to drive mechanically by 
wind Dower. a& can be as complex as calculating the horsepower 
requiked to pun, water through some pipes. This section will 
primarily with estimation of power required to pump water. 

deal 

FIGURE 4-7: Water pump system diagram. 
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Figure ‘4-7 illustrates a’ complete water pump and storage 
system. In any system such as this one, you are expected to know 
the pump depth and tank height. Add these two together and you 
get water head - the maximum height to which the pump must lift 
water (we assume the tank is not pressurized).* 

WATER HEAD = PUMP DEPTH + STORAGE TANK HEIGHT 

(Where water head is measured in feet, pump depth is measured in 
feet from ground surface [minimum allowable water height] and tank 
height is measured from ground surface to top of water outlet at 
tank. ) 

Example: Pump depth 200 feet 
Tank height 70 feet 
Water head = 200 + 70 = 270 feet 

Notice that while the water is being lifted to the total 
height of 270 feet as in the example, it must pass through pipes 
that are considerably longer, unless the tank is directly on top 
of the well. The loss of pressure (head loss) from water flowing 
through the pipes will increase the amount of load on the pump. 
We calculate the head loss using the head loss factor from the 
graph on Figure 4-8. This factor is the feet of head loss per 
hundred feet of pipe run. Thus, you need to measure total length 
of pipe run and know flow rate measured in gallons per minute and 
the pipe diameter .** 

. 

l %or a pressurized tank add 2.31 feet of water head for each psi. 

**Figure 4-8 assumes standard (“schedule 40”) steel pipe. For 
other diameters than those listed, the head loss at the same 
flow rate is proportional to the fifth power of the ratio of 
the pipe diameters. Pipe diameter is approximately the in- 
ternal diameter. The outside diameter will be l/4 - l/2 inch 
larger. 



I 
I 
I 
I 
I 

d= 1’ 

, d=2’ 

flow rate (WM.) 

FIGURE 4-8~ Head loss factor. * 
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From Figure 4-8 a value ‘of head loss factor can be 
determined that, when you have measured pipe run, can be converted 
to head loss. 

Head loss = head loss factor x pipe run + 100 
(When pipe run measured in feet. ) 

(Note: This value is for steel pipe and does not include valve and 
fmng losses.. If several hundred feet of pipe length is 
involved, fitting losses can be neglected. To include them in an 
approximate way, count up the number of tees and elbows. For 
l-inch pipe a&l 3 feet of pipe length for each fitting, and for 
fully open valves, add none for a gate, 12 feet for an angle, and 
30 feet for a globe valve (the usual spigot-type valve). This is 
then the total equivalent pipe length. For other pipe sizes, pro- 
portion these lengths to the pipe size (i.e., twice these values 
for 2-inch pipe). For smooth plastic pipe reduce the head loss 
factor by 40 percent.) 

Example: Maximum pump capacity - 5 gpm 
Pipe run - 250 feet 
Water head - 250 feet 
Pipe diameter - 3/4 inch 
Two 90’ elbow fittings installed 

From Figure 4-8, find 5-gpm flow rate on the horizontal 
(bottom) line. From this point, go straight up to the 3/4-inch 
pipe curve line. From there, look straight to the left to read 
head loss factor = 6.0 on the vertical scale. This is 6 feet per 
100 feet of pipe run. Then total head loss factor = 6 x 250 I 100 
= 15 feet. For the two elbow fittings add 2.3 feet each. Then 
head loss = 15 + 4.6 = 19.6 feet. From here, we calculate TOTAL 
HEAD, which is the actual load presented to the pump! 

TOTAL HEAD = WATER HEAD + HEAD LOSS 
(Where all factors are measured in feet .I 

Continuing the example, total head loss = 250 + 19.6 = 269.6 feet, 
or 270 feet. 

Because of head loss, the pump is loaded as if it has to 
pump water 19.6 feet higher than it really does. 

Now we can calculate horsepower required by the pump and 
supplied by the wind turbine. From Figure. 4-9, you can read the 
theoretical horsepower (no losses) knowing the total head and flow 
rate. Continuing our example, for total head = 270 feet, and 5 
izP@, the theoretical horsepower = 0.3. This is the horsepower 
supplied by the pump. Now you must calculate horespower supplied 
to the pump by the wind turbine. For most well-maintained or new 
piston pumps installed on wind turbines, assume a pump efficiency 
of 70 percent. 

Then : 
wind turbine horsepower = pump horsepower i 0.7 
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0 = flew rate in gallons per minde lg.p.m.) 

total @ad (feet) 

FIGURE 4-9: IReoretical pump horsepower. 

Example: 

Pump horsepower calculated in previous example = 0.3. Then 
wind turbine horsepower = 0.3 + 0.7 = 0.43. Thus, a 1/2=horsepower 
wind turbine can pump water at a little more than 5 gpm up a total 
height of 250 feet, through 250 feet of 3/4-inch iron pipe with 
two elbow fittings installed. 

At this point in our calculations, we have developed a 
method to predict how much horsepower is needed. This is a power 
requirement, but, as with electrical systems, we need to know 
horsepower-hours (hp-hr) , the energy requirement. 

For this, you must estimate your daily (or monthly) water 
requirements in gallons just as you would estimate electrical re- 
quirements. 

Use Figure 4-10 to add up the gaiions of water you need 
daily (adjust these according to y6ur experience). Multiply 
values by 30 for monthly calculations. 
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effect of External Temperaturo on . 
Water Consumpti"n 

Temperature 
(JP.1 

g::::::::: 
70......... 

..I ..I... 
EL....... 
loo........ 

Dairy Cows 

wnparature 
. . . . . . . . . 

E-70...... 
7%as...... 
40-loo..... 

Temperature 
70 ......... 
80 ......... 
90 ......... 
100 ........ 
70 ......... 
70 . ......... 

Water Consumption 
Pounds ?*r Hog Per Hour 

'75-125 275-380 Pregnant ) 
lb. hogs lb. hogs SW9 

0.2 0.5 0.95 
-25 .5 .85 
.3c .6S .80 
.30 .85 .95 

.35 .65 .60 .8S :E 
CallOns Per Day Per Cow 

/ 
ebactating Lactating 

\ 
Dry 

Jersey9 Bolsteina Holateina 
11.4 18.7 10.4 
12.8 21.7 11.5 
14.7 21.2 12.3 
20.1 19.9 10.7 

nilliter Per Bird Per Day 
r White Rhode Island ' 

Leghorn Bed 
286 294 
272 321 
350 408 
392 371 
222 216 
246 286 

water Consumption of Sheep 
(Pounds of Water psr Day) 

On range or dry puture............. 5-13 
On range (salty feeds) . . . . . . . . . . . . . . 
On rations of hay and grain or. 0.3:: 

hay, roots and grain . . . . . . . . . . . . . . 
on good pasture . . . . . . . . . . . . . . . . Very little 

(if any) 

In these axperimenta water was available 
fcr consumption. 

Water Consumpt 1 .v of p . ., 

(Pounds of Water per NY. 

Conditions 

Body Weight-30 lba .................... j-1 0 
Body Height-60-80 lbs ................. 
Body Weight-75-125 lba ................ 1: 
Body Weight-ZOO-380 lba ............... 12-3!? 
Pregnant Sows ......................... 30-30 
Lactating Sows ........................ 40-50 

Water Consumption of Chickens 
(Gallons par 100 Birds per Day) 

Conditions 

l-3 weeks of age ..................... 0.4-2.0 
3-6 weeks of age ..................... 1.4-3-O 
6-10 weeks of age .................... 3.0-4-o 
9-13 weeks of age .................... 4.0-5.0 
Pullets .............................. 3.0-4.0 
taonlaying Hans ....................... 5.0 
Laying Hens (moderate tempsraturea) . . 5.0-7;s 
Laying Hens (temperature 90*F) ....... 9.0 

Water Consumption of Growing Turkeys 
(Gallons per 100 Birds per Week) 

Conditions 

l-3 weeks of age ..................... 8-18 
4-7 weeks of age ..................... 26-59 
9-13 weeks of age .................... 62-100 
15-19 veeks of age ................... 117-118 
21-26 weeks of age ................... 95-105 

Water Consumption of People 

Average Person: 75 gallons per day 

Lawn: o-200 gallons per 1000 sgure feet, 
every other day. 

Water Con8umption of Cattle 
Water Consumption 

class of cattle Conditions (Pounds par Day) 
Holstein calves (liguid milk or dried 4 weeks of age ............................... 10-12 

milk and water supplied! 8 weeks of age ............................... 13 
12 weeks of age .......................... ..>. 18-20 
16 weeks of age .............................. 25-28 
20 wmlcs of age .............................. 32-36 
26 weeks of age .............................. 33-48 

Dai* Heifers ........................ Pregnant ..................................... 60-70 
SMWS ............................... Maintenance ration ........................... 35 

Pattening ration ............................. 
Dauge Cattle ...................................................................... 35-;: 
JeroeyCw .......................... Uilk Production S-30 lbs/day 
Holstein cows ........................ Milk Production 20-50 lba/day 

................................. ft-:Xf 

Milk Production 80 lbs/day ................... -190 
-Y .......................................... 90 

pZO6: Water,YearbOok of Agriculture.1955 
17. s. Department of Agriculture 

FIGURE 4-10: Water requirements. 
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Hypothetical example: 

2 piraons: 75 gal/day x 30 = 2250 gal/m2 
1 beef cow: 12 gal/day x 30 = 360 gal/me 
20 chickens: (4 gal/day i 100) x 20 t 100 x 30 
lawn (1000 ft2): 

=; 24 gal./mQ 
160 x 15 = 2400 gal/m_? 

TOTAL 5034 gal/me, 

Using the water requirement data, you can calculate hp-hr. 

Example : Assume the l/2-horsepower pump of previous examples 
pumps at an average rate of 5 gpm (this rate varies with the chang- 
ing wind speed). 
Calculate hp-hr per month: 5034 gallons per month + 5 gallons 
per minute = 1007 min/mo, or 1007 + 60 = 16.8 hours per month 
required at an average flow rate of 5 gpm. Then energy required 
(monthly hp-hr) = 16.8 x l/2 = 8.4 hp-hr. 

ENERGY STORAGE 

Water System 

The water pump system of the previous example was required 
to produce 8.4 hp-hr per month at an average flow rate of 5 gpm. 
Since wind speed varies with the time, you can expect that, at 
certain times of the day (or month) wind will blow strong enough 
to pump water faster than 5 gpm, while at other times flow rate 
will be less or no water will flow at all. The user ‘may wish to 
use water at times when no wind is blowing, while at other times 
the wind turbine tries to pump water that is not being used. 

To make up the difference in various conditions, a storage 
tank is used. Water pumped up to that tank represents energy 
stored. 

To calculate energy storage requirements for a water system 
such as illustrated in Figure 4-7, you need to know the maximum 
number of days for which you must store water. These data come 
from your wind site survey (Chapt. 31, where data such as maximum 
number of windless days become available. 

Example: From' the previous example, let us total the water 
demands on a daily basis: 

2 persons - 75 gal/day 
1 beef cow - 12 gal/day 
20 chickens - 1 gal/day 
lawn - 160 gal -- every other day 

TOTAL: Low daily (without watering the lawn) Y:’ 
High daily = 248 
Average daily : 168 
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If this occurs in danuaFy, when no lawn water is required, 
use the low daily value - 

88 x 6 = 528. gallons storage requirement 

If the windless day (month) oocurs in July, use the high 
value - 

248 x 6 = 1,488 gallons storage requirement 

Depending on the relative importance of lawn watW and’cost of 
water storage, you might be inclined to weigh the two against each 
other in the selection of a water tank size. 

Figure 4-6 illustrates a month-by-month electric energy 
demand curve. Figure 4-11 is a slightly more complex presentation 
of another energy demand curve for a hypothetical wind +.urblne 
installation. On the same graph Is plotted the energy supplied 
to the user by his wind turbine generator. 

Notice (Fig. 4-11) that from January through March, demand 
is higher than supply. From April to September, supply is greater 
than demand, and then from September to January, demand is greater 
again. Demand, on an annual basis, is 110 kWh greater than 
supply l 

Either demand must be reduced by 110 kWh/year , or supply 
increased by that amount, which is only a (110 5 2990) x 100 = 
3.7 percent increase. Increasing supply can come from a larger 
wind turbine, a backup energy source, such as a gasoline-powered 
generator, or more wind. Using the wind profile information in 

Chapter 3, we could determine how much to Increase the height of 
the wind turbine tower to obtain the needed additional wind (about 
5 feet). 

Would it be possible to store excess energy from April 
t1 ,-oLsgh August, and use this from September in to the following 
Fekrlary when it would be exhausted? We will assume each year is 
the same. We calculate the actual storage requirement by adding 
up all of the monthly surpluses in Figure 4-11: 

A,w il 30 kWh 
May 
June E& 
July 
August 50 

TOTAL 290 kWh 

In Chapter 5, you will learn how many batteries would be 
required to hold this much energy. For now, It is sufficient to 
say that for a 290-kWh battery bank, using 6-volt golf cart 
batteries rated at 200 amp-hours each, we would need 242 
batteries. At a cost of, say, $30 each, this energy storage 
system would cost $7260. Obviously, this amount would buy a much 
larger wind turbine and nearly eliminate the requirement for 
batteries. You may also choose to use an auxiliary generator 
during periods of insufficient wind to minimize the storage 
requirement. 
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I I 1 I 

JFMAMJJASO N D - 

o = demand 
0 = supply 

month 
cI??l = suppiy below demand 
m = excess power available 

FIGURE 4-10: Water requiremen% 

J 250 300 50 needed 
F 250 400 15Oneeded 
M 390 350 50 needed 
A 330 300 30 extra 
M 300 250 5Oextn 
J 290 MO 9Oexm-a 
J 290 200 90 extra 
A 250 200 50 extra 
S 180 200 20 needed 
0 180 250 70 needed 
N .180 200 2O.naeded 
D 210 250 40 needed 

Totab 2,990 3,100 

FIGURE 4-l 1: Comparing monthly energy supply and dtqand. 
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These options are described in Chapter 5 

As with the water storage example it is important to know 
the maximum number of windlass days. YOU also need to know that a 
suitable surplus of energy will be generated prior to these wind- 
less days. or you will start the windless cycle with dead batter- 
ies. 

Example: -_- - Average daily energy usage - 5 kWh 
Haximum number of windless days - 5 
Energy storage requirement = 5 kWh per day 
x 5 days = 25 kUh 

Again, using 6-volt, 200 amp-hour batteries, 21 batteries would be 
required at a cost of about $630, if the $30 per battery assump- 
tion is correct. 



CHAPTER 5 

THE COMPONENTS OF A WIND ENERGY 

CONVERSION SYSTEM 

A wind turbine dealer should be able to advise you on the 
components for your wind energy system. This chapter will 
orovide you uLC ‘.h the basics on each component you purchase. It 
411 help you ask the right questions and better understand any 
$ECS brochures you receive. The wind turbine is considered first. 
Why do some wind turbines only have two or three narrow blades 
while others have many wide blades? What are the basic choices in 
types of wind turbine rotors? These items are discussed, end a 
method is presented for comparing wind turbines by calculating 
+he wind energy each will generate. For wind electric system 
Jwners the two sections that follow on generators and energy 
storage devices will be useful. Finally, towers, inverters, 
backup equipment, and the typical efficiencies of the various 
components are described. 

c . 

windwheel - mechanical 
drive 

3 water 
Pump 

1 

FIGURE 5-l : Simple wind system. 

In Figure 5-1, the windwheel (or rotor). is the device that 
actually processes the wind and converts it to mechanical power. 
To visualize how these blocks and arrows translate to actual hard- 
ware look at Figure 5-2. 

Here, the “windwheel” Is a parachute that uses a drag force 
caused by the wind to tug on a rope, which drapes over a pulley 
and is connected to a bucket (pump). Let us analyze the advanta- 
ges and disadvantages of this wind system. *The advantages are: 

- Simple and easy to understand, low Initial cost. 
- Can be easily folded and stored during times of poor 

wind condition. 
- Favorable starting torque for lifting water from the 

well. 
- Easily repaired. 
- Dces not require tall toYers. . 
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FIGURE 5-2: A simple wind-powered water pump. ‘$ 

The disadvantages are: 

- Requires constant attention to operate. - 
- Operates on a cyclic basis requiring an operatqr to 

return the parachute to the starting point. 
- Requires tremendous amount of land in r’elation ito the 

amount of work it performs. IFlI$ 
- Does not easily adjust to changes in wInd,,direc$ion 

while operating. :“. 
- Does not operate high above ground where stronger winds 

will produce more power. 
- Not well suited to residential applications or generation 

of electricity. 

This analysis is representative of the type of thinking 
required prior to purchase of a WECS . Oddly. enough, the particu- 
lar illustration used here could be appropriate technology in Com- 
munities where oxen are used in a similar fashion. Replacement of 
the oxen with a simple wind device, such as the parachute, would 
release the animal for other chores. 
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A more familiar illustration is shown in Figure 5-3. A con- 
ventional farm windmill supported by a tower drives a piston well 
pump by means of a vertical power shaft. The pump is mounted at 
ground level. This system is used to supply domestic, stock, and 
irrigation water. Other wind machines are illustrated in Figures 
5-4, 5-5, and 5-6. 

How can wind machines be so different, yet one type can be 
best for some uses, and another type best for other uses? To 
answer this, we must examine their differences in some detail and 
develop ways of comparing different wind machines. This is done 
in the next section. 





FIGURE 55: Darrieus “Egg-beatef’ rotor. 

c 

FIGURE 5-6: Propelier-type wind turbine [;znerator. 
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WIND SYSTEM PERFORMANCE 

Comparing Different Types of Wind Machines 

Figure 5-3 shows a farm windmill, and Figure 5-4, a Savon- 
ious rotor. While these two types of wind systems are very 
d:‘fferent, both windwheels present a large surface area to the. 
wid in relation to the width and height on the machine. Notice 
tbdt almost the entire disk area of the farm windmill is covered 
by blade surface; this presents a solid appearance to the wind. 
The appropriate term for this is solidity which is the ratio of 
blade or windwheel surface area to rotor Awept area, the area 
inside the perimeter of the spinning blades. Thus, solidity for 
the two machines illustrated in Figures 5-3 and 5-4 is nearly 1.0. 

Solidity = blade surface area + windwheel swept area. 

To calculate windwheel swept area, look at Figures 5-7 an; 
5-g. Swept area for a vertical-axis machine like the Savonious 
rotor is simply height times width. 
windwheels is calculated from: 

Swept area for disk-shaped 

A = B x D2 + 4, 51 = 3.14 

A z swept area, in square feet or square meters, and 
D = diameter in feet or tieters 

For example, the swept area of a 160foot diameter windwheel is 
calculated as follows: 

A = 3.14 x- 16 x 16 i 4 = 200.9 square feet. 

Mechanical drive applications, such as pumping water, dsmand 
very high starting torque* from the windwheel. The pump may have 
a load of water it is trying to lift from a deep well at the same 
time the windwheel is starting to turn. Further, high rpm opera- 
tion (high revolution rates from the windwheel) is not required 
because it is generally better to pump a large quantity of water 
slowly than it is to pump a small quantity rapidly. This reduces 
resistance to water flow in the pipes. Larger-diameter, s’lower- 
moving pumps require slow-turning, high-torque windwheels, such as 
shown in Figure 5-3. 

Electric generators operate by moving magnets past coils of 
wire. Two methods are available to get the required power from a 
generator: 

1 Large coils and strong magnets 
High-speed motion of magnet past coil 

Most generators are actually a balance of these two design methods. 
However, to get, say, 2 kW out of a generator that turns at 200 rpm, 
the large magnets and coils might weigh as much as 300 pounds (135 

l See discussion on torque in Chapter 2. 
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FIGURE 5-7: Horizontal axis wind turbine. 

FIGURE 5-8: Vertical axis wind turbine. 
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kg). The same 2 kW can be generated by a smaller generator, which 
weighs about 50 pounds (22.5 kg), by spinning that generator at 
about 2000 rpm. 

From this, we can see that a lightweight, low-cost wind 
turbine requires a fast-turning windwheel with much lower 
solidity, as shown in Figure 5-6. 

One further relationship is needed to complete the ,discus- 
sion of solidity: tip speed ratio, the speed at which the 
windwheel perimeter is moving divided by the wind speed. If &he 
wind is blowing at, say, 20 mph (9 m/s), and a windwheel is 
turning so that the outer tip of the blade is also moving at 20 
mph around its circular path, tip speed ratio equals 1. 
Windwheels such as that in Figure 5-3 operate at tip speed ratios 
of about 1. 

Suppose the tip were moving at 200 mph. With a wind speed 
of 20 mph the tip speed ratio would equal 10. Low-solidity wind- 
wheels operate at tip speed ratios much greater than 1, usually 
between 5 and 10. We can now see a relationship between tip speed 
ratio, which is a measure of rpm, and solidity. High solidity 
windwheels spin slowly compared to low solidity windwheels. 

Figure 5-9 shows how the relative torque of various wind 
turbines decreases with increasing tip speed ratio. As we noted 
previously, high torque requires a high solidity, and that type of 
wind turbine works best at low tip speed ratios. Figure 5-10 
shows how the best operating tip speed ratio changes with 
solidity. 

A wide variety of wind machines are sketched in Figures 5-11 
and 5-12. Lest you get th immediate impression that there are 
more types of wind systems available than you might care to choose 
from, be assured that many of the types shown are only interesting 
historically. Some of the others are presently the subject of 
advanced concept studies. 

The relative efficiencies of the types of wind turbines in 
which you might have an interest are illustrated in Figure 5-13. 
Notice that the efficiency is also related to tip speed ratio, as 
is starting torque. As stated in Chapter 2, the maximum amount of 
power a simple windwheel (without a shrqud or tip vanes) can 
extract from the wind is 59.3 percent of the wind power that would 
pass through that windwheel. From Figure 5-13, you can see that no 
windwheel actually extracts 59.3 percent. 

Solidity affects design appearance in its relation to the 
number of blades a machine has. High solidity wind turbines have 
many blades; low solidity machines have few, usually four or less. 
Figure 5-14 illustrates a wind turbine of intermediate solidity 
used for electric power generation. 
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FIGURE 59: Relative starting torque. 
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FIGURE 510: !Widity crf seven1 wind machines. 
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FIGURE 5-l 1: Horizontal axIs wind machines. 
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FIGURE 512: Vertical axis wind machine 
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FIGURE 5-13: Typical De&m.ance of seveml rrlnd machines. 

There is more to a wind turbine than the solidity of the 
bi2Aa.o Y+“, C,he ta-&r#a.*q YY. sj”h, the efficiency, or tire load the windtiheei 
drives. By looking at Figures 5-14 and 5-15 you can see two 
distinct methods for controlling the direction of the propeller- 
type machine: 1) upwind blades with a tail fin and 2) downwind 
blades that use the drag effect qf the windwheel to keep the 
machine aimed directly into the wind. E third method, which works 
on either upwind or downwind-mounted blades, is shown in Figure 5- 
16. The small wind turbine on the side of this downwind-blade 
machine (called a fan tail) senses changing wind direction and 
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drives tne larger cursine around until it is aimed directly into 
the wind. As ycu might guess, the vertical-shaft machines like 
the Savonitis rotor are always aimed into any wind direction. 

Marty of the wind turbines we have illustrated are designed 
with three or more blades. Two blades are occasionally used, but. 
small two-bladed wind turbines usually need a larger tail fin that. 
an equivalent three-bladed machine, or special. weights to make the 
windwheel behave as a four-bladed unit. Small two-bladed machines 
exhibit a choppy motion in yaw (aiming into the wind). This is 
due to the natural resistance of spinning blades to changes in 
direction - something like a wobbling gyroscope. 

Figure 5-17 illustrates a small, two-bladed machine that has 
governor-control mechanism weights in a position where another set 
of blades would otherwise be installed. For small machines, this 
approach is practical. For larger two-bladed machines, yaw (aim- 
ming) controls such as seen in Figure 5-16 are more appropriate. 

Wind System Power and Energy Calculations 

As a first estimate, Figures 5-18A or 5-18B can be used to 
estimate the power output of any wind turbine in any wind. These 
curves use an overail efficiency for the rotor, transmission, and 
generator of 30 percent, which is a typical value for wind turb-ine 
generators. For example, let’s assume the blade diameter is 20 
feet (6 m) and the wind speed is 10 mph (4.5 m/s). From Figure 
5-188, this results in approximately 500 watts for a typical wind 
turbine. To convert watts to horsepower, divide by 746; so hp = 
0.67. 

Manufacturers of wind turbine generators will supply sales 
literature containing power curves similar to Figure 5-19, with 
which you can make a more accurate determination of power and 
energy. To evaluate any wind turbine for its power and energy 
yrelds, it is important to consider the rated wind speed of the 
machine. This is the wind speed at which rated power is achieved. 
Also, you should know the cut-in speed, which is the wind speed at 
which the generator begins to produce power. 

Figure 5-19 illustrates the characteristics and power curves 
of two hypothetical wind turbine generators of the 1000 watt size. 
Notice that unit A is rated at 32 mph, while unit B is rated at 20 
mpn. You can expect that wind turbine B is considerably larger in 
diameter than unit A. 

As an example of the comparison of energy yields, Figure 5- 
sn 40 2 L.*rd.B4hat 4 A-7 .*, yv Y.*G v*w *I ;zind duration curve for one month. By 
dc;v;iing the 720 hours of that month into 20-hour segments and 
finding (on the graph) the average wind speed for each 20,hour 
segment , we can estimate the energy yield of each of the two wind 
turbines, using Figure 5-21. Note that we are showing this cal- 
sulatfon 3s an axan!ple of energy estimation. You may ‘not have to 
perform thi.3 CdlCdi%ti3i* because consultants and deaiers irr wind 
macb irles dOJ’tr hilpply t ne information. 



FIGURE 514: Upwind rotor of imedlatsr 
solid&y with tail fin control. 

FIGURE 5-l 5: Downwind rotor. 
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FIGURE 5-16: D ownwind rotor with fan tail 
control. 

i 

. 

. 

FIGURE 5-I 7: Small wind tlhbin8 generator with two 
upwind blades. 



5-16 

And cawersion 
d 4 @IA I effi iency c. 

-T ‘- 
.D =. fotof diameter (f&l /I /i 

6=30 

_3=-25 

D=20 

c 

wind speed (mp.h) 

FIGURE 5-18A: Typical wind power curves. 



wind speed (mph) 

FIGURE Ii18B: Typical wind power CUIWB. 
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rated ~qmed wind turbine A 
rated speed wkrd tufbh~ 8 I 

800 
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FIGURE 5-19: Power curves for two example wind turbine generators. 
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FIGURE 5-20: Exarpple wind duration cum. . 
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F - 
1, xi- 
2 35 
3 26 
4 22 

6' 
20 
19 

;: 
.7.5 
17 

cl 
.6.5 
16 

11 .5.5 
12 15 
13 -4.5 
14 14 
15 L3.Z 
16 13 
17 L2.E 
18 12 
19 Ll. : 
20 11 
21 LO.! 
22 10 
23 9 L m. 
24 9 

f2 
8.! 

8 
27 7 f . . 
28 7 
29 6.! 
30 6 
31 5' . . 
32 5 
33 4' 
34 ;- 
35 3' . . 
36 2 

1000 
1000 
650 
320 

250 
238 
162 
150 
138 
125 
113 
100 

90 
80 
70 
60 
50 
45 
40 
35 
30 
25 
0 
0 
0 

Total watt 
hours 

IND TURBINE A 

Watts X 20 Firs. 

20,000 
20,000 
13,000 
6,400 
5,000 
4,760 
3,240 
3,000 
2,760 
2,500 
2,260 
2,000 
1,800 
1,600 
1,400 
1,200 
1,000 

900 
800 
700 
600 
500 

0 
0 

95,420 229,940 
- 95.4 kwh = 229.9 kwh 

Powex 

1000 
1000 
1000 
lOG0 
1000 

950 
650 
600 
550 
500 
450 
400 
360 
320 
280 
240 
200 
180 
160 
140 
120 
100 

95 
87 
70 
50 

0 

WIND TURBINE B 

Watts X 20 Hxs. 

20,000 
20,000 
20,000 
20,000 
20,000 
19,000 
13,000 
12,000 
11,000 
10,000 

9,000 
8,000 
7,200 
6,400 
5,600 
4,800 
4,000 
3,600 
3,200 
2,800 
2,400 
2,000 
1,800 
1,740 
1,400 
1,000 

0 

FIGUl?E B-21: Monthly energy from wind turbines A and 6 for previous wind-distribution curve. 
. 

c 
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Al& that is required to make such a chart is to write dcwn 
for each 20.hour section of the curve the average wind speed SK! 
the watts’of power at that speed for each wind turbine (from 
Figures 5-20 and 5-19; you can use time intervals other than ;iii 
hours if you wish). Then, multiply each power value times t.he ;: 
hour duration. This yields watt-hours. Add up all the watt-ho#Ai ~1 
produced by each machine. Convert to kWh by dividing by 1000. 
this example, wind turbine B yields roughly 230 kWh to wind tur- 
bine A’s 95 kWh.* 

As indicated, a lower-rated speed implies a higher energy 
yield. If, for example, in the case just illustrated, all 
characteristics were the same, and wind turbine C is added to the 
comparison with a rated wind speed equal to the average wind 
velocity, which in this case is about 13 mph (value at 360 hours;; 
the yield would be considerably greater. Wind turbine A is about: 
6 feet in diameter, wind turbine B is about 12 feet in diameter. 
while wind turbine C is about 20 feet in diameter. 

You can expect the initial cost per kilowatt of rated pow~ 
to increase with decreasing rated wind speed; at the same time 
yield (kWh) will increase, unless your wind distribution shows ti 
considerable number of hours with wind speeds greater than 20 m~h 
For this reason, you need to know more than price and power 
rating. As you can see, rated wind speed is a valuable tool in 
wind turbine comparison. 

*You can plot a wind duration curve from the average wind records 
of a nearby weather station and apply this technique for 
calculating wind energy if you desire. As an example the 
“Percentage Frequency of Wind” table for Amchitka Island, Figure 
3-22 can be used. Along the top line are wind speed categories, 
and along the bottom line, the percentage time the wind was 
blowing in each of these categories. Also, the percentage of ti..rle 
there was no wind, 0.9%, is listed in the. second line from the 
bottom. January, the month for this record’has 30 days, or 744 
hours. Starting with the fastest speed category 156, the num- 
ber of accumulated hours is simply: 

2 56 744 x 2.1 5 100 = 15.6 
48-55 744 x 3.7 i 100 + 15.6 = 43.1 
41-47 744 x 4.8 + loo + 43.1 = 

etc.’ 
78.9 

The number.3 in t;ha rignt coluran are t&c piotted ‘co oake a cur *e 
sfmiiar to treat in Figure 5.20. 
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WIND MACHINE ‘ROTOR CONSTRUCTION 

The major construction variations you find when selecting a 
wind turbine generally will involve the blades. The diagrams and 
discussion that follow are suited to propeller as well as 
Darrieus machines. One popular blade material is wood, either 
laminated or solid, with or without fiberglass coatings (Fig. 5. 
22). Uncoated wooden blades usually have a copper or other metal 
leading edge cover for protection against erosion by sand, rain, 
and other environmental factors. 

The extruded hollow aluminum blade first was installed on a 
WECS in the early 1950’s. This blade construction is being used 
again, especially for the “eggbeater” Darrieus machines (Fig. 5-5). 

Built-up fiberglass blades with honeycomb or foam cores, or 
hollow cores except for a tubular structural spar, are also being 
used, as are built-up sheet aluminum blades. All these methods of 
construction have a history of service life in WECS applications 
as well as in many aerospace applications. 

It is important to understand the various methods of rotor 
speed control. Blades are designed to withstand a certain cen- 
trifugal force and a certain wind load. The centrifugal force 
tends to exert a pull on the blades, whereas wind loads tend to 
bend the blades (Fig. 5-23). A control is needed to prevent 
over-stressing the machine in high winds. Obviously, one could 
design a wind turbine strong enough to withstand the highest 
possible wind, but this would be an expensive installation com- 
pared to a more fragile unit having a good control system. 

Two primary methods exist for controlling a wind turbine: 
1) tilting the windwheel out of excessive winds and 2) changing 
the blade angles (feathering) to lower their loads. 

Figure 5-24 illustrates these two methods commonly used for 
shut-off control. Figure 5-3 shows a farm windmill in the shut- 
off position. 

A method of control that was used extensively in Nebraska* 
is illustrated in Figure 5-25. Here, a wind fence is raised to 
block wind from flowing through the rotor. Appropriate for the 
type of windmill illustrated, this method has fallen into disuse 
with the invention of more sophisticated mechanisms. The Greeks, 
long before folks moved to Nebraska, controlled their sail! wind- 
mills by taking in or letting out sail cloth. They knew when to 
take in sail because a whistle, mounted at the tip of one blade, 
would emit a loud noise whenever the machine was turning too fast. 

. 

*Barbour, Erwin Hinckley: The Homemade Windmills of Nebraska, 1899. 
Reprinted by Farallones Institute, 15290 Coleman Valiey Road, 
Occidental, CA 95465. 



5-23 

FIGURE 522: Differwnt blade comtruction methods. 
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, F!GURE 523: Loads on 9 wind turbine blade. 
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FIGURE 524: TWO methods of wind turbine control by tilting the rotor. 
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FIGURE 525: Control by wind blocking. 
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f IGURE g-26: Blade feathering comrol. ._ 

Figure S-26 illustrates a simple mechanical mechanism used 
to controi biade angle isometimes c&led blade pitch angle) for 
feathering the blades. Notice that the leading edge of the blade 
in its normal position is at an angle suitable to cause,- b1ad.e 
motion in the direction indicated. As blade rpm increases, 
centrifugal forces on the flyweight cause the weight, which is 
connected to the blade, to move around the blade center pivot 
shaft and cause the blade to pitch toward the feathered position. 
The feathered position pulls the leading edge of the blade into 
the wind to reduce or eliminate its driving force. 

Ground control for shut-off or reset function can be 
combined with any of the design types to provide manual shut down 
of the windmill if required, such as during icing conditions, as 
illustrated in Figure S-27. Other methods of blade control, such 
as automatic drag spoilers and hydraulic brakes, can also be used. 

Ground control for the vertical-axis machines (such as 
Savonious type, Fig. 5-4) can be accomplished by methods such as 
blocking the machine from the wind as was used on old machines 
(Fig. 2-251, by venting the S-shaped vanes, or by changing the 
S-shape to reduce torque. 

. 

c 
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The Darrieus rotor (Fig. S-51, which is commercially 
available in the “hoop” (turning rope) shape*, can be controlled 
using any one of two main methods: 

1. A unique aerodynamic characteristic of the Darrleus rotor 
permits the blades to stall; that is, quit lifting or 
pulling, which slows It down. Stall is caused by over- 
loading the blades with the generator, which requires 
an electronic control system. 

2. Drag spoilers mounted either on the blades or the support 
structure can be mecbanlcally or electronicllly actuated 
to slow the speed. 

Darrieus rotor:- designed with straight blades (see Figure S-28) 
are able to use the blade pitch control in addition to these 
methods. The particular Darrieus machine illustrated uses variable 
blade pitch to control the rotational speed. 
I 

Another wind turbjne characteristic you should consider is 
its furliiig speed** - the wind speed at which the wind turbine is 
automatically or manually shut off. First, not all wind turbines 
have or need a furling speed. These machines are designed to 

*survive while operating in even the most severe winds. For these 
machines, the manufacturer’s specifications should state the 
highest speed for which their product is designed or has been 
tested. 

Machines that must be furled will do so by automatic 
mechanical or electronic control, or you will be required to 
operate a ground shut-off control when high winds are anticipated. 
On modern machines, the tail vane may be locked sideways to turn 
the machine out of the wind, a brake is locked, or blades are 
locked in the feathered position. 

Thus, the type of control system used in a particular wind 
turbine will play an important part in the furling operation. 

ELECTRIC POWER GENERATION 

As stated before, wind turbine generators tend toward low- 
solidity designs that have high tip speed ratios for high rpm 
operation. Before rural electrification, some of the early wind 
turbines used direct-drive generators. This means that the wind- 
wheel directly turned the generator, which was a heavy, low-speed 
unit. Many of the newer machines have transmissions mounted 
between the windwheel and the generator to increase the windwheel 
rpm by a factor called gear ratio - typically 4, 5, or more. 

*This shape has been given the name troposkein. 

**Sometimes referred to as cut-out speed. 
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Thus, for .example, ir windwheel speed of 100 rpm is increased by 
the transmission to 430 rpm or more. This allows for a light.er, 
lower-cost generator but requires the additional weight, cost, a;,n 
maintenance of a transmission. 

Lower cost is not the only factor enhanced by low weight. 
Heavier unita can be more difficult to hoist onto the tower than 
equivalent lighter units. However, a factor in favor of direct 
drive is the lower maintenance required by elimination of the 
transmiaaion. You can see that the choice between direct drive ~1;. 
a transmission drive involves many trade-offs. 

Wind turbines have been built most often with the genera- 
tor and bladea mounted at the top of the tower. It is possible 
that machinea will -eventually have drive shafts at the bottom of 
the tower where the generator will be mounted. Another possibiiitj 
is to mount a hydraulic pump at the windwheel and use hydraulic . 
pressure to cause fluid flow through tubes down the tower to a 
hydrauP ic motor. With this concept, it becomea possible to have 
several windwheels powering one central generator. 

Generators installed in WECS can be of the direct current IO.-::) 
type or altercating current (ac> type. Many good books about 
generators are available in libraries, so a detailed discussion 
of the inner complexities of each type of generator is not 
presented here. However, it is useful to understand the basics. 

Alternating current is generated in an ac generator (or 
alternator) by passing coils near aiternate poles of magnets. The 
ac current generated is fed directly to the wires outside the 
unit. Here, you should understand that the fre uenc 

----Y+*Of the ac- current is governed by the rpm cf the generator ut lity power 19 
60 Hz [cycles per second1 throughout the United States). The 
faster the coils of wire pass the magnet poles, the higher the 
frequency. To establish a fixed or constant frequency, the 
winduheel rpm auat be held constant, regardless of wind speed. For 
small WECS, aa considered here, the blade control device required 
to hold a constant rpm can be an expensive mechanism. 

Generators used to produce ac power (which can be 
electrically fed direct into your load at the same time the 
utility ac power is wired in) are called synchronous generators. 
A wind turbine generator operating in a synchronous mode would be 
generating ac power at exactly the same frequency and voltage a3 
the utility maina, or other source of ac power. This type of 
operation, as mentioned, increases the complexity of blade 
control systema and therefore increases the, cost of the wind 
machine. On large wind turbinea, synchronous generation is often 
practical. 

Special generatora are being developed that produce a 
con&ant frequency but allow for variable rpm by electronic 
compensation. These generators are being tested by several orga- 
nizations, and the results of these projects might possibly allow 
turbine svrcChr~>f.ouz r,geratiorJ witnout the limitation oi constant _ 
rgm ! fx c-s,! s;v5 j b:. 3.3~ r,?ntrol systems. This f-4~ of generator iz . .- 



called a field modulated generator. Another method for generating 
fixed-frequency ac is to generate dc, and change the C’C into ac by 
mean3 of an inverter. Some invertera are designed to permit 
synchronous operation; others are not. We shall discuss invertera 
shortly. 

Generation of dc usually involves generation of ac inaide 
the generator, then conversion of the ac to dc by meana of brushes 
and a commutator. This has been the common design for dc genera- 
tors until recently. A method more commonly used now, because of 
improvements ia diode technology, i3 to rectify the ac output of 
the alternator to dc. This technique eliminates the need for 
brushes and a commutator and takes advantage of the superior low 
speed characteristics of the alternator over those of the.d.c 
generator. Virtually all new automobiles use the diode-alternator 
combination in their electrical systems. Thus, the ac power 
generated internally is fed to the battery and other loads as dc. 
Direct current 13 the only type of current that can be stored in a 
battery. Variable-frequency ac, as generated with a small wind 
generator, can be used without diode rectification to dc for many 
applications such as electric resistance heating. The current 
flow for each of these three generators is diagrammed in Figure 
5-29. 

Some experimenters have used the current before it is 
rectified to dc. Alternating current can be fed to a trans- 
former, which steps up the voltage while lowering the current 
(amps). This reduces line 1033 (which we will discuss later) that 
can occur on long wire runa from a uind turbine to a load. Thus, 
a 12-volt alternator is stepped up to, say, 100 volts. At the 
other end of the long run, another transformer (Fig. 5-30) steps 
down the high voltage to an appropriate value, where the ac is 
rectified to dc. This method of transmission is subject to losses 
(about 5 percent) from the transformers. Transformers are 
designed for best operation at one frequency, while amall WECS 
alternators generate variable frequency ac according to the rpm of 
the windwheel. Some transformers are designed for one frequency 
(60 hz or 400 hz), while others are designed to operate over a 500 
400 hz range. 

Direct current generators have brushes made with carbon, 
graphite, or other materials to transfer electric power from 
rotating windings to the stationary case of the unit. These 
brushes transfer the full electric power of the generator. Some 
alternators have brushes also. In contrast to dc generators, how- 
ever, these brushes transfer only the field current, a small per- 
centage of the total alternator output. Alternators are also 
available without brushes (brushless units) at a somewhat higher 
cost than equivalent brush-type units. 

Some generators (or alternators) are available with perma- 
nent magnets. These magnets cause the electric current to flow as 
they Spin past the coil windings. Other generators are available 
field wound, which means that electromagnetic coils requiring 
energizing current are installed in place of permanent magnets. 

. 



Three methods are used for 
electric output of the generator: 

FIGURE 5-29: Three types of generators. 

regulating or controlling the 

1. Voltage regulators are used on field wound units to con- 
trol the strength of the field coils, which in turn con- 
trols the output voltage. 

2. Voltage controllers may be used on permanent magnet 
units to adjust voltage levels according to the output 
of the generator an4 the needs of the system. 

3. No regulation at all. The output of the permanent mag- 
net generator is used as is, while that of the wound 
field is fed back to the field either diredtly, or 
through a resistor to give,a variable-strength field 
according to the strength of the generator output. 
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fof long wire funs. 

Generators and alternators are selected or designed by WECS 
manufacturers according to their own criteria, which includes 
cost, weight, performance, and availability. Thus, in your own 
selection of a suitable wind turbine , you will find units with 
specially made generators , as well as units with truck, automo- 
tive, and industrial alternators. You can make your own obscrva- 
tlons regarding availability of 8parc parts for custom, as well as 
industrial equipment. In some cases, the WECS manufacturer 
designs his own generator as a means of improving the overall 
system performance. 

Figure 5-31 is a wiring diagram for a simple wind electr,ic 
system. The wind turbine generator will charge the batteries 
uhich, in turn, will supply pouer to the two loads illustrated. 
Battery storage would be sized to store as much energy as is needed 
to make up for periods when the wind is lower Lhan required of the 
power demand exceeds the wind generator capacity. The uind turbine 
would be sized to supply at least enough kilowatt-hours of eaergy 
as needed for the loads. 

Suppose that the wind turbine generator supplies mere 
kilowatt-hours than are needed. The batteries would be ovet- 
charged. Energy would be uasted. To preclude this situation, a 

L 



FIGURE 531: Simple wind electric wiring diagram. 

load monitor is used (see Figure 5-32). The load monitor senses 
situations when the wind generator creates more power than the 
electric system needs, and reacts by switching on load C. Load C 
might be a resistance electric heater immersed in a water heater 
tank. It may be another battery bank, or any other load that will 
use the excess power. The load monitor thus prevents energy waste, 
and in so doing improves the energy utilization of the simple 
battery system. 

Load monitor6 can be used another way. Suppose that the 
Hind turbine generator does not supply the required energy. Perhaps a 
week of no wind occurs, and the batteries are nearly discharged. 
A load monitor can be used to sense this condition and activate a 
backup system. 

The backup system could be a gasoline powered generator, 
another set of batteries, or an extension cord to your neighbor’s 
house. fn any easel the load monitor can control the source. In 
the case of the gasoline powered generator, the load monitor can 
flash a light, ring a bell, or otherwise warn you of the situation, 
or it can energize the starter circuit on the auxiliary generator 
to bring it on-line. Schematically, this could be done as shown in 
Figure 5-33. 



/iiiiii&yaDL 
FIGURE 5-32: Wind electrical system with load monitor. 

ENERGY STORAGE 

Batteries 

The key to a viable wind electric system using battery stor- 
age is a low-cost, high-storage-efficiency battery. Figure 5-34 
presents many of the important characteristics of three prominer,t 
types of batteries. 

Lead-acid batteries of the automotive type are among the 
lowest-efficiency storage batteries available. Auto batteries 
usually retain about 40-50 percent of the energy your wind turbine 
generator will charge them with. 

9 
ince it is energy storage yoL 

are buying, and dollars per kilowa t-hour of storage is the 
deciding factor, you should assume a log storage efficiency for 
such batteries when evaluating their usef ulnoss. 



FIGURE 533: Complete wind-electrical system with backup generator. 
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FIGURE 534: Characteristics of different types of batteries. 
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Golf cart batteries are one of the most suitable type 
available today, as are industrial batteries used for electric 
forklifts and units for standby power for computers, telephones, 
and electronic instrumentation. Standby batteries cost much more 
than golf cart batteries, but are designed for higher reliability 
and longer life. Golf cart and standby batteries are designed to 
be deep-cycled (discharged to very low charge levels) while auto 
batteries are not. 

Batteries are rated by their voltage and by their storage 
capacity (amp-hours). For example, a typical golf-cart battery 
might be a 6-volt unit, rated at 200 amp-hours. It is important 
to know that the amp-hour rating is based on a certain discharge 
rate. The typical rating is 20 hours for golf cart batteries. If 
200 amp-hours were discharged over a period of 20 hours, the dis- 
charge rate would be 10 amps/hour (200 + 20 = 10 amps). Greater 
discharge rates will result in a slightly reduced amp-hour capa- 
city. You can get performance curves from battery manufacturers 
that illustrate this fact. You can convert the amp-hour and VO~L- 
age ratings into watt-hours by simply muitiplying the two, For 
example, 6 volts x 200 amp-hours = 1200 watt hours, or 1.2 kWh. 
With this, you can easily determine the number of batteries you 
will need. 

Example 1: Storage capacity needed is 30 kWh. If we use 6-volt 
batteries rated at 200 amp-hours, 30,000 watt-hours + 
6 volts = 30,000 5 6 = 5000 amp-hours. With these 200 
amp-hour batteries, we need 5000 + 200 = 25 batteries 
connected in parallel. These batteries would be wired. 
as shown in Figure 5-35. 

Notice that connecting batteries in parallel increases the 
amp-hour rating of the entire battery bank (simply add up the 
total amp-hours available from each battery), while the output 
voltage remains the same as that of an individual battery. All 
batteries in a system must have the same voltage rating. An 
advantage to this arrangement is that any number of batteries can 
be taken away or adderl at any time to adjust your storage capacity 
to your needs. 

Example 2: Storage capacity needed is 10 kWh. For a lOO-volt 
system which uses 2-volt batteries, it would require 100 
I 2 = 50 batteries wired in series to make 100 volts out 
of 2-volt cells. Each battery must have an amp-hour 
rating of 10,000 watt-hours + 100 volts = 100 amp-hours. 
Thus, 50 2-volt, 100 amp-hour batteries satisfy the lo- 
kWh storage capacity requirement. These batteries would 
be wired in series as shown in Figure 5-36. 

. 

Notice that connecting batteries in series increases the 
voltage of the battery bank while the amp-hour rating of the bank 
remliEs the c-m- as fhs+ of the sp,allgst 3mp-h-*-r rated 
the bank:‘*- ‘-” 

“..rn” LI”” battery in 
To increase the storage capacity of, say, 3 lOO-volt 

battery bank, either increase the size of individual batteries or 
wire another lOO-volt bank in parallel. 



FIGURE 5-35: Batten/ storage bank - ~arailel wiring. 

The cost of battery storage system is relatively high. As 2 
result of an increasing demand for electric personal transporta- 
tation vehicles, a large amount of battery research has begun to 
reduce these costs. Research supported both by private and 
government funds is rapidly closing the gap between the batterie:; 
available on the market and potentially lower-cost, higher 
efficiency units. 

. FIGURE 5-36: Battery storage dank - @es wiring. 
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Figures likt doublt and triple tht energy density* are often 
quoted. Batteries madt with materials likt nickel-zinc and exotic 
attals are being testtd and dtvtloptd to increase electric car 
ptr formance. Wind tltctric system tnergy storage per dollar 
invested is also expected to improve. 

Pumped Water Storage 
. 

It may bt that you wish to simply store enough water for doats- 
tic uses, as discussed in Chapttr 4. On the othtr hand) it may be 
that you prefer an electric systtm where wind power pumps water 
up a hill to a lake. Tht lake then supplies water stored with 
enough potential tntrgy to optratt a small hydroelectric system to 
recover the entrgy, as Illustrated in Figure S-37. 

water water 
storage storage 

windmill . windmill . 3 water 3 water 
pond pond 

Pump Pump 
\ \ 

A A 
hydra - hydra - 
electric electric 1 1 
generation generation 

/ / \ \ 

Eir Eir v v 

4 4 u u 
stream stream electricity electricity 

FIGURE 537: Water storage for electricity. I 

Figure 5-38 is a graph for determining the size of a pond or 
lake required to store a given amount of energy. Notice the large 
values. Ue sometimes hear of the idea that a few 550gallon drums 
up in the attic ought to hold enough water to keep the lights 
burning all night, while the water trickles out of the drums turn- 
ing a water turbine along its path. Unfortunately, this would 
not produce much power. For example, if you substitute a 1956 

-_ 

*Energy density is a measure of the amount’:of energy (kWh) per 
pound of battery. Since cost of items relates to weight of 
materials in them, higher energy density tends to enhance lower 
energy cost. 

. 
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Oldsmobile for water and hoist the car 100 feet into the air (pre- 
sumably between telephone pOleS, with an electric motor/generator 
winch driven as a motor for hoisting), you ought to get back only 
about 800 watts for ten minutes while you let the car fall under 
the control of the winch-turned generator. 

The decision to use pumped water storage must be based on 
availability of land and such factors as: would the required 
amount of land be better used for something else, cost (bulldozing 
a lake can be expensive), and the end use of the pumped water. 
Electricity generation is just one use; irrigation, fire preven- 
tion, stock watering, fish farm, and recreation are others. 

In the case of electric energy storage, a small hydra- 
electric system wiil probably exceed the cost of an equivalent 
battery system. 

F GURE 5-39: Water splash heating system. 
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Hot Water or Hot Air Storage 

wind power can be used to heat water for energy storage T-)Y 
splashing. Figure 5-39 schematically illustt ates this method. 
Friction of water being pumped and splashed introduces all the 
energy as heat without the losses of a generator. AS with any 
other heating system, heat loss can be kept to a minimum by irlsu- 
lating the tank. Splashing paddles can substitute for pumps. 
The cost-effectiveness of this method has yet to be determined. 

Water may easily be heated by wind electricity as diagrazm”:: 
in Figures 5-40 and 5-41. In fact, this is perhaps the most effl- 
cient means of storing energy once the electricity has been gen- 
erated - Where batteries are 60 to 80 percent efficient, electric 
heaters approach 100 percent. The only losses are those through 
poor insulation of the storage tank and electrical line losses. 

Conversion factors of interest are: 1 kWh = 3414 Btu 
(British thermal unit); one Btu will increase the temperature of 
one pound of water by one degree Farenheit; water weighs 62.4 
lb/ft3, or 8.4 lb/gallon. 

Example : By neglecting heat loss through insulation, calculate 
the temperature rise in 30 gallons of water caused by 1 
kWh of wind generated electricity. 

30 gallons x 8.4 lb/gal = 252 lbs. 
3414 Btu 3 252 lb = 13/5OF heat rise. 

A wind-powered heating system is.cal,led a wind furnace. The 
heat supplied is best used for domestic or agricultural heating. 
as well as lower-temperature industrial qpplications. As illus- 
trated in Figure 5-40, the wind-powered generator can be either t; 
or dc; regulated or unregulated. This provides some latitude in 
selection of wind turbine generator for a wind furnace, althoug:. 
manufacturers of the wind turbine, for many reasons, may not 
supply all of the options. For them, it is more efficient to 
manufacture just one or a few types of machines that will serve 
the greatest number of applications. 

The resistance electrical heater unit can be the air type, 
as with baseboard electric home heaters, or the water (or other 
liquid) immersion type. By using the immersion type, energy stor- 
age is provided by the thermal mass of the liquid, while thermal 
mass of the room (concrete floors, tile or brick walls, etc.) 
provides energy storage for the air heater. 

If a regulated dc generator is used, then the wind furnace 
could look something like Figure 5-40, or Figure 5-41. A temper- 
ature monitor (thermostat) provides a control input to a load con- 
troller, which provides priority power to the heater, and second- 
arily, after the heater is warm enough, power to other loads. 
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FIGURE 5-40: Simple electricel heating system. 

FIGURE 5-41: Complete electrical system with wind furnace. 
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Flywheels 

Between 1951 and 1969, the Oerlikon Electrogyro bus was 
operated in Switzerland and the Belgian Congo. This was a 
flywheel-powered bus experiment in which a large flywheel was 
recharged at each bus stop. 

Recent literature (Scientific American, December 1973) dis- 
cusses an improved flywheel energy storage device, the super fly- 
wheel. The super- flywheel is different from the traditional 
spoked-rim flvwheel, which propelled mine cars and elevat.ors. The 
older gyros were large, heavy-rimmed wheels, like a tractor tire 
filled with water, while super flywheels are thin and tapered and 
spin at a high rpm. See Figure 5-42. 

I 

I 
YKQ =fW”L 

FIGURE 542: Flywheel diagrams. 

To reduce losses in a super flywheel, the high-speed disc 
spins in a vacuum chamber, and precision ball bearings, magnetic 
bearings, or air bearings are used. These measures also enhance 
the safety of the flywheel by providing a housing that prevents 
damage, should the wheel fracture or fail. 

Various design studies illustrate that a small super flywheel 
energy storage unit should be cost-competitive with an equivalent 
battery system and will most probably weigh less. Thus, this 
storage unit should see great potential in the commuter car 
applications, as well as small WECS. As this is written, no small 
super flywheel is commercially available, and few are being 
tested. Research is expanding in this area, however, and a super 
flywheel energy storage package could become available. 



Syn:hroqous Inversion - 
* Energy Storage in the Utility Company Grid 

Synchronous inversion allows power generation in phase with 
a utility network. Using a device called a synchronous inverter, 
wind-generated ic current is charged into ac current which has the 
same frequency as utility power and is fnd directly into your 
house along with the current from the power company. As we dis- 
cussed earlier in this chapter, another way to feed wind power 
into a utility system is with a synchronous generator, 

, 

FlGURE g-43: Synchronous inver&r electrical system. 

Synchronous inver ters have been used for years in appl ica- 
tions such as regenerative drives for elevators. Here, the eleva- 
tor is powered by the utility lines during its upward travel. 
During the downward travel, the motor becomes a generator that 
returns a portion of the upward power to the utility grid through 
a synchronous inverter while the elevator descends. 

The immediate reaction to this idea is, “The electric meter 
would run backwards!” It would. In Figure 5-44 there are three 
cases to note: 

1. Yind generator not operating or not producing sufficient power 
for the load. Utility meter runs forward - its normal 
direction. 

2. Wind generator supplying just enough power for the load. 
Utility meter stops. 

I- 
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3. Wind generator supplying surplus o? power. Extra power will 
be fea to the grid. This will cause the meter to run 
backward. 

The next response is usually, “Rut uill my utj lity company 
allow this?” The answer to this question varies t’rom state to 
state, and from utility company to ut,ility company. and is rap;dLv 
changing. The key question is development of a fair billing pro- 
cedure for a complex problem (Chap. 7). Other questions have been 
or are being resolved, like safety, porrer qtlality and power 
factors* Regenerative drives such as electric elevators have been 
used for years, and the addition of WECS applications should not 
pose insurmountable technical problems. 

Of great importance to some WECS installations is the fact 
that utility mains can be replaced in the diagram (Figure S-43) b:* 
an ac generator powered by gasoline or diesel fuel. Certain 
technical details must be observed (the generc?tor must have a 
higher power capacity than the wina generator), but the 
-synchronous inverter will run well with an ac generator as the 
source of frequency and voltage. This is because! tF?e synchronccz 
inverter uses the mains, or ac generator, as a reference for 
conversion of dc to ac. 

Synchronous inverters are discussed here under energy stor- 
age because, in effect, you are using the utility grid as a sto- 
age cell for your excess energy. With the gasoline or diesel ac 
generator instead of the grid, errrgy “storage” results in effect 
from less fuel burned by the generator. 

WIND SYSTEM TOWERS 

As discussed in Chapters 2 and 3, it is often best to 
support your windsystem, be it vertical-axis or horizontal-axis, 
to capture the higher winds above the ground and to be well above 
the nearest trees. Supporting a wind turbine that weighs several 
hundred pounds is no simple task and requires a rigid structure of 
some sort. Towers are subjected to two types of loads, as 
illustrated in Figure S-44: weight, which compresses the tower 
dounuard, and drag, which tries to bend the tower downwind. 

Towers are made in two basic configurations: guy-wire 
supported, and cantilever or unsupported (sometimes called 
freestanding) (Fig. 5-45). Also, given these two basic structural 
support configurations, towers arc made with telephone poles, 
pipes (Fig. S-461, or other single column structures, as well as 
lattice frameworks of pipe (Fig. S-471, or wooden boards. 

Regardless of which tower design you select, the overriding 
consideration is the selection of a tower that can support the 
wind turbine you :-elect in the highest wind possible at your site. 
Of course, cost. mu,ot ~I.30 be considered. The load that ~3~~1s man) 
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FIGURE 5-46: Free standing pipe tower. 

FIGURE 547: Pipe tower windmill support. 
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towers to fail is a combtnatidn of wind turbine and tower drag. A 
pair of skinny windmill blades may not look like they could cause 
much drag, but when extracting full power at rated speed they 
create nearly the drag of a solid disk the diameter of the rotor. 

The ways in which towers typically fail are: 

1) Freestanding towers buckle due to higher-than-design 
wind drag load from the windwheel 

2) A footing that anchors the tower to the ground becomes 
uprooted 

3) A bolt somewhere along the tower fails due to improper 
tightening (or falls out because not tightened at 
all), resulting in a tower weak point that eventually 
fails 

4) Guy-wire-braced towers buckle from improper spacing of 
the wires up the tower. Here, a tower that requires, 
say, three sets of cables spaced evenly along the 
length of the tower , gets only two sets, resulting in 
intercable spans greater than design specifications 

51 Guy wires fail from improper wire size, improper 
tension fasteners, or damage 

6) Guy-wire anchors uproot from the ground or come away 
from the structure to which they are attached. 

When selecting a tower, consider the difference between guy- 
wire braced and freestanding. Here, you must know something about 
the structure and about the soil supporting the tower. A wise 
decision would be to consult your county agent concerning the type 
of soil you have and its ability to act as a foundation. 

Building codes for your area will detail the basis for foun- 
dation design, and the wind turbine dealer or manufacturer should 
have drag data for the product you select. A registered 
professional structural- engineer can perform any calculations 
necessary to ensure that a particular tower installation will 
support your windmill, The cost of professional services in the 
area of tower selection and design should be considered cheap 
insurance for a sound installation. Vibratory loads induced by 
the wind or wind machine also should be considered ahd 
professional advice may be required. 

One other point to consider is the potential hazard of guy 
wires, particularly to playing children. 

OTHER EQUIPMENT 

Inverters 

Inverters are devices which convert the dc voltage (power) 
to ac power. It is an age-old question whether dc or ac .electri- 
city is better. We do not propose an answer but suggest that 
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many appliances are not designed to run on dc. Most motors, some 
stereos, TV sets, and certain other devices usually require llr! 
volts ac. Many wind turbine generators are rated at 12, 24, 32. 
or maybe 110 volts de. To change dc to ac requires an inverter. 

Some inverters use a dc electric motor to drive an ac gener- 
ator. By driving the generator at constant rpm, a constant fre- 
quency, usually 60 hertz (cycles per second) is generated. Theis: 
units are called rotary inverters. Other inverters, called static 
inverters, are solid state, using transistors to switch dc into 
ac. Some units, the lower-cost variety, generate a square wave 
cutput, while more expensive units and rotary inverters generate 
sine wave outputs. The most desirable output is sine wave, espe- 
cially if a stereo or TV set is to be operated. Square waves 
powering a stereo sometimes distort the sound. 

Inverters are rated by their maximum continuous capacity in 
watts. A small surge capability is possible for most models. 
Thus, a typical 500.watt continuous transistor inverter might be 
rated to 700 watts for ten seconds or even one minute, depending 
on the unit. Surge capability is needed, especially for invertpr:; 
operating motorized appliances like refrigerators, because 
electric motors require considerable extra power for starting. 

Selection of a suitable inverter involves another Important 
factor, the efficiency of the inverter and, in more expensive 
models, automatic power adjustment. With a low-cost inverter, as 
would be available in most recreation vehicle supply stores, the 
inverter will- draw (from the battery) almost the maximum rated 
power, regardless of the load the inverter is driving. Thus, a 
typical 5000watt inverter may draw 400 or more watts from the 
storage system, while only powering one loo-watt light bulb.. 
Higher-cost inverters offer the important option of a aload monitor, 
which automatically adjusts the current draw by the inverter, 
according to the load. 

A typical efficiency curve for a static inverter looks like 
Figure 5-40. From this, you can see that wherever possible it is 
best to select inverters that will operate near their maximum 
rated capacity. This could mean using several small inverters for 
various loads or one large automatic inverter for the entire 
system. In any case, cost of such inverters may dictate which 
inverter is selected. Ultimately , the cost of energy supplied 
is the primary consideration. Costs are discussed in Chapter 6. 

Backup Equipment 

We have already mentioned backup options during previous 
discussions. The concept of backup implies that wind is the 
primary energy source and that something else is the backup. 
That something else could be the utility lines (switched off 
Until the wind dies down), solar heat, a gasoline- or diesel- 
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% rated power 
FIGURE 548: Typical static invertzr efficiency. 

generator, solar cells, or an extension cord to your neighbor )s 
house. 

Auxiliary engine-generator sets that burn gasoline, 
propane, or diesel oil are readily available from equipment 
supply houses, catalog sales stores, and dealers of wind 
equipment. You might consider recharging your wind system 
batteries by jumper-cabling your automotive electrical system to 
your batteries. As you warm up the car in the morning before 
driving to work, charge your battery bank. This is not a 
suggested practical alternative to a more conventional approach 
to backup power, but in a pinch it will work. Power take-off 
(PTO) generators are available for tractors. These units will 
recharge batteries or otherwise provide backup power. Selection 
criteria for any backup equipment would include maximum power 
requirements, cost, reliability and maintenance, and environ- 
mental factors such as noise and exhaust. Aux il iar Y equipment 
can be purchased with automatic controls or can be -:-lsta?;ed 
with the requirement of user control. It is a gooct ,~!+a, to 
exercise your auxiliary eqlrf-.lment on a regular b?:‘.: : ~~‘sn when 
not needed), to ensure it i etlains in proper ape:-;:..~5,;.1 
condition . 



CHAPTER 6 

SELECTING YOUR WIND ENERGY CONVERSION SYSTEM 
AND FIGURING THE COST OF ITS POWER 

THINKING OUT YOUR MOST APPROPRIATE SYSTEM 

It is surprising how many WECS installations have been 
bought only on the basis of “first cost” rather than satisfaction 
of energy requirements. Often a WECS owner will choose a system 
on a basis such as: mThis system will supply about 60 percent of 
my energy needs and only costs 3400 dollars.11 The information in 
this chapter should help guide you in determining the best system 
for your needs, the resulting actual cost of power, and the likely 
cost of power from the utility company in the future. 

“First cost” and emotional factors such as habits and 
desires often have a strong effect on one’s estimate of energy 
requirements. “First cost” of a wind system has more than once 
convinced a family moving to a remote location that two television 
sets operating off a wind-charged battery bank is an unacceptably 
high level of luxury. 

Figure 6-l can focus your thinking on the steps required to 
accomplish a rational selection of the most appropriate WECS. 

Your demands will establish whether the windwheel will drive 
mechanical devices, such as pumps, compressors, or grinding 
wheels; or electrical devices, such as generators or alternators. 
Mechanical devices demand a windwheel design of relatively high- 
solidity (Fig. 5-31, whereas electric generators, for reasons 
mentioned earlier, tend to be equipped with relatively low- 
solidity windwheels. 

Once established, the type of windwheel work performed en- 
ables you to evaluate the devices on which the work is performed; 
such as pumps and generators. 

To visualize some of the many practical ways a windmill can 
be used as part of a complete system, study Figure 6-2. You can 
follow any path on this diagram that leads from top to bottom, 
from wind turbine to user. You will note most of the practical 
energy devices and processes along each path. The diagram 
illustrates the most common system, as well as some systems being 
developed. A bold line connects the components in a common wind 
energy system. 

A basic system consists of the energy source (wind) a 
conversion device (wind turbine), energy storage (batteries, 
pumped water, etc.) energy use (such as heaters, motors, TV set), 
and a backup source of energy (such.as gasoline generators or 
solar cells). 

6-l 
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A 

B 

C 

D 

E 

METHOD ADVANTAGES DISADVANTAGES 

Windmill direct over Simple. Well site may not be a 
well driving pump Possibly relatively low cost. good wind site. 
at well with drive Equipment has long history of 
shaft or push rod availability 

Drive shaft to remote Allows some flexibility in Safety hazard of drive 
well site WECS siting. shaft, 

Allows power take off for Relatively high cost of 
other requirements. drive components. 

- 
Wind generator electric Allows energy storage (in Energy loss in long wire 

PumP batteries, etc.) runs. 
Electricity for other Relatively high cost. 

requirements. Safety requirements of 
Relatively high efficiency. electric wire runs. 
Equipment has long history 

of availability. 
Allows best flexibility in 

WECS siting. 

Windmill - hydraulic/ Allows greater flexibility of Energy loss in long 
pneumatic system. WECS siting than B. fluid pipes. 

Water can be pumped Hydraulic power or compressed Safety considerations of 
directly by bubbled air available for other compressed fluidsorair, 
air, or by pneumatic requirements. Relatively high cost. 
PumPa 

Jet pump geared Allows greater flexibility of Minimum wind speed for 
directly to wind- WECS siting than B. developing minimum head 
mill. Common, relatively inexpensive for pumping may be 

l%,~o or three @ipes pump, which is relatively quite high. 
come down the efficient. Must prime the pump at 
tower from the Avoids generator and motor the top of the tower. 
Pump- . losses of the electrical 

system. 
--. -- 

FIGURE 6-4: Different possible ways to pump water with a wind system. 



Some of the options you have in selecting the best system to 
pump water are: a wind turbine mounted directly over the pump 
using a push rod, a drive shaft to a remotely located pump, an 
electric pump system, a hydraulic or pneumatic system (Fig. 6-3) 
or a jet pump geared directly to the wind turbine rotor (not 
illustrated). 

Figure 6-4 is a chart that presents many of the factors you 
would consider in the selection of the best water pumping system 
for your needs. You would normally evaluate each option by 
following the blocks of Figure 6-1. It may be that the questfoh 
block regarding cost and your budget will eliminate several of the 
options from your list. 

Another example of widely different choices available for 
accomplishing a specific task is depicted in Figure 6-5. Two 
methods are illustrated for preventing the freezing of a stock 
water pond and reducing fish kill caused by ice blocking the 
absorption of oxygen into the water. Either method works, and 
there are many other possibilities. One method uses a small 
Savonious rotor, which is mounted above the pond and drives a 
propeller that churns the water. This circulates warmer water to 
the surface, preventing ice formation and adding oxygen to the 
water. The air pump method bubbles air into the water and also 
causes the warmer water to rise to the surface. 

FIGURE 6-5: Two methods for wind-powered pond aeration. 
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A COMPARISON OF POWER COSTS USING 
TWG DIFFERENT WIND TURBXNES 

All too often a WECS installation is purchased according ti; 
first cost rather than performance. Since "the cheapest windmiil 
will do!" is never really an appropriate criterion, you snotild 
understand what "the cheapest windmlllt* really is. 

Analyze, ’ as an example, a simple wind electric system that 
is used only for heating water (Fig. 5-4fiJ. Compare the two 
hypothetical wind turbines that were described in Chapter 5 (Wit:.:!- 
mill Power and Energy Calculations). Both are rated at 1000 watts 
of power, and their power curves are shown in Figure 5-19. The 
wind duration curve is shown in Figure 5-20. Unit A is about 5 
feet in diameter and has a rated wind speed of 32 mph. It pro- 
duces 9S kilowatt-hours in the month illustrated in Figure 5-21. 
Unit B is about i2 feet in diameter, has a 20 mph rated wind 
speed, and yiclcis 230 kWh in the same month. For simplicity, as- 
sume you already have the necessary wire anti electric water heater. 
Therefore, just consider the wind turbine and tower costs, plus 
installation. The following table shows these hvpotheticai cases. 

Hypothetical Initial Costs of Two Wind Turbines 

WIND TURBINE A WIND TURBINE B 

Wind machine 
Tower 
Installation 
TOTAL 
Yield/year, kWh 

$1,500 $2,000 
$ 500 $ 600 
$ 500 $ 6OC 
$2,500 

1,140 

Notice the difference in costs. Wind Turbine B requires a 
stronger tower and a somewhat higher installation cost. 

If you selected solely by first cost, Wind Turbine A would be 
the obvious choice. 
year at your site, 

However, Wind Turbine A will yield 1140 kWh/ 
while the more expensive Wind Turbine B wili 

yield 2760 kWh/year. Two more factors will be considered: mainten- 
ance cost and depreciation. Assume both machines depreciate full) 
to no resale value in 20 years. Also, assume that Wind Turbine A, 
the smaller of the two, costs $100 per year for maintenance, while 
Wind Turbine B costs $150. per year. Without considering any inter- 
est costs (covered later in this chapter), calculate the total co<jt 
of ownership over the whole 20.year life span: 

WIND TURBINE A WIND TURBINE B 

First Cost $2,500 
Hairitenance 20 yrs. x $100 = $2 DO0 
TOTAL COST . 0'1,5il(! 

$3,2OC 
20 yrs. x $150 = $3 005 

-Te--* $ ,200 
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Total yield in 20 years and resulting cost per kilowatt-hour 
are : 

WIND TURBINE A WIND TURBINE B 

1140 kWh/year x 20 years = 2760 kWh/year x 20 years = 
22,800 kWh 55,200 kWh 

cost = $4,500 f 22,800 = cost = $6,200 + 55,200 = 
19.7#/kWh 11.2e/kWh 

Wind Turbine A costs lg.T#/kWh, while Wind Turbine B costs 
11.2#/kWh. However, Wind Turbine A costs only $2500 to purchase 
and install, compared to $3200 for Wind Turbine B. If you ask 
which one is really cheaper, you must consider other factors. 
Wind Turbiae B has roughly twice the energy yield of Wind Turbine 
A, but, from your calculaticn of energy requirement in Chapter 4, 
do you really need twice the yield? Will the extra yield allow 
future growth that you forgot to allow for in your energy 
requirement calculations ? What about bank interest on the money 
you must borrow, or lost interest on the funds you take from 
savings to purchase your WECS? Do wind turbines really depreciate 
fully to no resale value? 

. 

I 
.I 

Before continuing, note here that if you are presently pay- 
ing 6#/kWh from a utility company and this cost increases at 7 
percent per year, at the end of 20 years you will be paying 
22#/kWh, and your average cost per kWh would have been 12.3@ 
during that period (the way these numbers are calculated will be 
described later). 

GATHERING THE FACTS FOR YOUR ECONOMIC ANALYSIS 

The analysis of economic factors can be as complex or as 
simple as you wish to make it. As in the above example, for a 
simple analysis you need to know -the following: 

1. Total installed cost (dollars) 
2. Expected system life (years) 
3. Total energy yield over the entire. system life 

(kWh, hp-hr, etc.) 

:: 
Annual maintenance and repair costs (dollars) 
Other annual costs and savings (dollars) 

. 6. Expected resale value at end of service life (dollars) 
7. Other factors 

Total Installed Cost 

Generally, the bigger a WECS system is, the less it will 
cOSt per unit ‘of rated output. The installed costs of WECS, measured in’ 
dollars per kilowatt rated power, tend to decrease with increasing rated 
power (Fig. 6-6). 
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FIGURE 9-6: Costs of complete wind electric systems in the 1970%. 

FIGURE 6-7: Typkal relative, costs for small WECS. 
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This total cost is broken down into component costs (Fig. 6. 
7). These pie charts show the relative costs by the size of the 
pie slice. For the wind electric system, batteries may cost as 
much as the wind turbine, as illustrated. The pie slices may not. 
actually reflect the system you are planning, but it is a good 
idea to look at the relative Costs. 

Costs normally include everything you must purchase and 
install to provide normal or desired operation of the system. 
This would include: 

1. Wind turbine 
2. Tower E footing i guy wires, etc. 

:= 
Batteries 

5: 
Pumps 
Storage sheds for batteries or other equipment 

76: 
Storage tanks 
Wires 

9”: 
Plumbing 
All installation costs such as delivery, plumbing, 
electrical, and building permits. 

You may wish to read-Appendix 2 to decide if you want to try to do 
your own installation or have it done for you. 

When simply comparing system costs, as we did in .the first 
example, some 
heater unit. 
omissions are 
wind-electric 
solar-powered 
different. 

costs are often omitted, like the wiring and water 
These were assumed to be already available. Such 
not always valid, though, as ix a case where the 
water heater is being compared with a propane gas or 
water -heater. Here, water heater costs may be very 

En pesfed system Li fe 

Wind turbines have been installed at the South Pole and 
performed for more than 20 years. Wind turbines have been 
installed in the Rocky Mountains and have been destroyed, or 
damaged, in just a few months. Both locations are windy and both 
are subject to severe weather conditions. In trying to analyze 
the expected life of your system, you -are co&O&d with several 
,problems. No 20.year rating of wind turbineb’ G- l 9 Consumer- 
oriented organization is available. It wouldn. br d ‘to simply 
assume’ that the manufacturer’s or dealer’s statements (if any) 
concerning expected life are valid for your site. To do so will 
require intuition and an unemotional, scientific guess of the 
relati!m credibility of such statements. Most manufacturers tend 
to shy way from making claims on the life of their units. 

Mggd system designers, however, tend to plan their equipm, 
for useful lifetimes of much longer than 20 years. Bearings , 
belts, and some parts may have to be replaced during such a time 
span, but the basic machinery--if well designed--should last. 

I . 



The DOE (U.S. Department of Energy) Small Wind Systems Test Cent;r 
at Rocky Flats near Coldan, Col.orado is tosting designa and will 
publish results that will help answer this question. Eventual;), 
dealers and ?ar.ufacturerEs aay putlish such test data fn their 
product lfterature. 

The lc.gical first estimate in any case comes Prom: 

l Your wishes or needs 
+ %ezilerVs estimate 
l Tn tcrv ievs and opiniors of other :;'ECS cmars 

Perhaps you intend to own 8 WECS for a limited time; use 
this time value in your cost study. Maybe a nearby WECS owner he.: 
had good service fcr ten years; see if you cccl find out hfr exgec- 
tations fcr continued service life (and his technique for gett.ing 
such gocd service). Ctart with these and the Scaler's comments. 
Prcbably you will r?cC, be far off. 

Total Energy Yield 

This value, expressed in kWh, or horsepower-hour (hp.hr) is 
the result of the energy resource study and site analysis you pa;- 
form using the methods in Chapter 3. Chapter 8 illustrates how to 
match energy needs with energy availability. Total energy yield 
represents the work of your entire system planning process. 

You will likely estimate or calculate energy 
requirements on a monthly basis. Simply add tLesa together for 
all the months of a ‘year, and multiply tne annuc: 'octal by thz 
expected life. This results in the total energy yield you expb~:~ 
from your system. 

. 

Annual Maintenance and Repair Costs 

‘It is possible to purchase a maintenance co;ltract from some 
WECS dealers. I&sanding on the terms of such a contract it might 
be possible to use the cost of the contract, plus a small contin- 
gency cost for replacement of brcken parts, as the annual main- 
tenance cost. 

Another approach is the “other owner interview.” Find out 
wha ‘, ev er ybod y B13e is paying to keep their cacklne cperatlng. It 
the qame.time, try to evaluate the maintenance practices of the 
owner relative to manufacturer’s recommendations. Some owners of 
water pumpers will repcrt 20 or more years of* gcoc! service and 
that the only maintenance performed was an occasional topping of 
transmission oil. One such performance was obtained from a 
machine whose manufacturer recommended an anr.ual oil change! From 
these interviews and discussions with the deelsrs, form an 
estimate of the annual maintenance costs. 
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Expected Resale Value 

Some farmers who bought wind electric systems prior to the 
advent of the Rural Electrification Act are reselling their old 
machines for prices varying from scrap iron rates to the original 
price. Allowing for inflation, this would indicate that these 
WECS owners are enjoying as little as 50 percent depreciation in 
value over a 400year life span. 

Other foiks sometimes purchase, these machines, rebuild them, 
and resell them at prices reflecting inflation. An old Jacobs may 
have been purchased for $900, sold 25 years later for between $100 
and $1000, repaired and restored to its original condition, and 
resold for $2000 to $3000. History shows that wind turbines, if 
properly maintained, can sell for their original cost plus an 
addition for inflation. 

The resale price of old machines has risen rapidly in recent 
years. Greatly increased demand, coupled with the availability of 
old machines at reasonable cost has contributed to the resale 
value trend. Introduction of new wind turbines from more manufac- 
turers could soften the resale price structure, but this depends 
upon the ability of the WECS industry to satisfy the demand. It 
seems reasonable to expect some resale value. 

Other Annual Costs and Savings 

Added to the list of costs are: the bank interest you pay 
for money you borrow to purchase a WECS (or money you do not earn 
if you withdraw from- savings); insurance; and taxes. 

Taxed, as inevitable as the wind, work both ways. First, 
the bad news--your tax assessor may be delighted to see you erect 
that permanent looking structure! Rather than bothering to figure 
the property tax rate, percentage of. assessed value, homeowner* s 
tax rebate, and all the other present-day gimmicks, you can calcu- 
late your tax rate by dividing your total annual real estate taxes 
by the true estimated value is of your property. For instance, if 
your “spread” is worth $50,000 and you pay $500 in taxes, your tax 
rate is really $500 + $50,000 = 0.01 = 1 percent. So, you would 
expect to pay about 30 dollars tax on a 3000 dollar wind system. 

Next think about some income tax angles. If your wind sys- 
tem is used for your farm or business, you can depreciate it a cer- 
tain amount each year; that is, you include in your cost of doing 
business part of the original purchase price until it has been 
charged off to a preset salvage value. A reasonable lifetime for a 
wind turbine for tax purposes is expected to be 10 years for wind- 
electric types and 15 years for water pumpers. The salvage value 
at that time may be 10 percent of the original cost. Such values 
are always conservative-- less than the actual life if the device 
receives reasonable maintenance and less than actual resale value. 
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If only part of the energy or water produced is used for the farm 
or business and the rest is for personal use, depreciation may be 
applied only to the farm and business portions. If you sell the 
wind turbine for more than its depreciated value, the excess is 
taxed as capital gains. Note that the cost of utility power that 
is no longer needed for the farm or business is a lost expense 
item of your tax form. Finally, if you borrow money for your 
wind turbine, the interest is tax deductible. 

As this is being written, new tax laws are being drawn up in 
various states and at the federal level that promise tax relief 
and may provide incentives which would reduce the total cost of 
WECS ownership. Your local congressperson can give you the details 
of any such legislation. 

Additional homeowner’s insurance will be another added cost, 
You may not feel a need for fire insurance, but liability insur- 
ance is a must. The last section of Chapter 7 discusses some 
insurance problems. Depending on the cost, local windstorm condi- 
tions, and dealer’s warranties, wind damage insurance, if offered, 
may be desirable. 

The cost of your investment is a very important item to 
consider. If you plan to have a long-term loan on the wind 
turbine and may select the lifetime of your wind turbine, for 
analysis purposes, to be the same as the bank loan (this does not 
have to be the ten years used for tax purposes). The annual cost 
of your investment is then the same as your annual payments. This 
number leads to a more accurate way of calculating your costs than 
that used in the example at the beginning of the chapter. There, 
total maintenance costs, which are spread out over the life of the 
machine, were added to installation costs. This is like adding 
apples and oranges. 

If you take money from your savings account to buy a wind 
turbine, - ___ ___ you could just take the interest you lose on that munay, 
minus the income tax you would have paid on the interest, as the 
cost of your investment. This is not the true rate, since you 
cannot count on anyone returning your investment to you at the end 
of the life of the wind turbine. Rates set up just like loan 
payments are the desired ones ,“or a correct analysis--equal, regu- 
lar payments that include both capital payback and interest. The 
following table gives these annual payback rates for various 
interest rates and lifetimes: 

Loan Period, years 
Interest 

Rate 5 10 15 20 25 30 

41 $0.225 0.123 0.090 0.074 0.064 0.058 
6% 0.237 0.140 0.103 O.Ob7 0.078 
81 0.251 0.149 0.117 0.102 0.094 “0. :s7; 

10% 0.264 0.163 0.132 0.118 0.110 0:106 
12% 0.277 0.177 0.147 0.134 0.128 0.124 

Annual loan payment per dollar borrowed 
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The most appropriate value for, you to use is the one you have ob- 
tained on your invested money in the past, minus taxes. For exam- 
ple, using the Wind Turbine B described earlier with a 6 percent 
interest rate on your money for a 200year life would mean a pay- 
back on the $3200 invested (no Salvage value) of $279 per year 
($3200 x 0.0872). Adding on the estimated annual maintenance 
charge of $150 gives an annual cost of $429 for 2760 kWh, so the 
new estimate for the cost of power is (without considering the tax 
angles) 15.5#/kWh ($429 + 2760). 

Other factors deserve consideration. Your estimation of in- 
flation rates for utility power and wind systems can greatly in- 
fluence your final decision on wind power. A g-percent long-term 
rate increase for utility power is one estimate at this time. How 
your electrical bill could increase (for the same power consump- 
tion) is indicated in the following table for several rates of in- 
flation. This table can be used for the price change of any other 
servke or product, or annual interest on money. 

Rate of Value or Cost At: . 
Inflation 1 5 10 15 20 25 30 years 

3% 1.00 1.13 1.30 1.51 1.75 2.03 2.36 
5t 1.00 1.00 1.31 1.22 1.55 1.84 1.98 2.58 :=56: ;*t; 4.12 

9% 1.00 1.41 5:14 7: 91 127::; 
11% 1.00 1.52 7.26 12.24 20.62 

Effect of Inflation of Future Value, 
Such as Cost of Energy 

This table shows, for instance, that a 9 percent annual inflation 
rate leads to a new value 5.14 times as much in 20 years. If your 
present electrical rate is 5 cents per kWh, it would then be 5 x 5.14 
= 25.7 cents. If propane or heating oil costs 40 cents per gallon 
now, it would be $2.06 per gallon in 20 years. 

The average cost of these items over the years, (instead of the 
final value) is shown in the following chart. 

Rate of Average Value or Cost Over: 
Inflation 5 10 15 20 25 30 years 

5% 1.11 1.27 1.46 1.76 1.91 2.21 

2 1.20 1.15 1.42 1.58 1.79 2.17 2.31 3.07 2.53 3.39 3.15 4.54 

The average costs over 20 years for the electricity and propane 
in the above example would be 12.8 cents and $1.02. 

. 
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If occasional utility power outages require you to have an 
alternative energy supply, you may wish to compote ti.e relativ.+ xst-: - 
of a gasoline-driven portable or stationary power unit and a :# .,s,’ 
turbine generator. The initial cost of the wind turbine ancl stcrc 
system Is probaby considerably greater thau the cost. of the pb,.: 
unit, but the wind turbine might more than make up for this 
difference by producing usable power much of the time. 



CHAPTER 7 

POSSIBLE LEGAL HURDLES 

This chapter deals with possible legal problems caused by 
purchasing,'installing, and operating a wind energy conversion 
system (WECS). If you install a wind turbine within a few hundred 
feet of your property line, and your neighbor plants a row of 
fast-growing trees along that line, your wind energy could, in a 
few years, be greatly reduced. Protecting yourself from this 
occurrence is described in this chapter under “Wind Rights”. A 
height limitation on structures in your local zoning ordinance is 
one of a number of possible problems that may affect your wind 
turbine construction plans. The section “Obtaining a Building 
Permi tff explains your courses of action. Your optimized wind 
electric system may mean interconnection with the local utility 
company or sharing with your neighbors. Either can have economic 
or legal implications. (See section on “Sharing, Buying, and 
Selling Power”). Finally, before something goes wrong, warranty, 
liability, and insurance matters deserve your consideration. 

Nearly all the material in this chapter has been taken from 
a comprehensive report compiled by George Washington University 
(see Reference 11). You and your attorney should refer to that 
report for more detailed information. The material presented here 
is for general information only. You should contact appropriate 
local and other governmental authorities if special permit 
problems are anticipated, or your attorney if easement or 
liability problems arise. 

ANY RESTRICTIONS IN YOUR DEED? 

Sometimes agreements have been made by the present or prior 
property owners of a potential wind turbine site not to conduct 
certain activities or erect buildings greater than certain heights 
on the property. These private agreements are commonly known as 
restrictions or restrictive convenants, some of which are said to 
"run with the land". Owners succeeding the person who entered 
into such an agreement are bound to comply with the restrictions. 
A title search of the deed should reveal any such agreement. 
However, these agreements must fulfill various legal requirements 
before a person can be bound by them. Therefore, their mere exist- 
ence may not necessarily mean that a WECS owner is legally bound to 
follow them. 

WIND RIGHTS AND THE “NEGATIVE EASEMENT” 

There are no laws that describe your right to the wind that 
blows acrcss your land. If wind turbines come into widespread use 
and conflicts arise, such laws might be enacted. The problem will 
be very real to you if your wind turbine is within a few hundred feet 
of an upwind neighbor who plants trees or builds a tall structure 

7-l * 
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so that the smooth flow af YOUr wind is interrupted, ceusing a 
reduction in the output of your wind turbine. Worse yet, if his 
structure is upwind during YOU? strongest gale winds, the added 
turbulence might just be enough to destroy your blades. 

The document that can provide the WECS user with the 
greatest protection is a negative easement. Easements are 
interests in another person’s property that give the easement 
holder ‘mited right to use the property for a specific purposes 
for examp,a, a right-of-way. A negative easement gives the 
easement owner the power to prevent certain acts of an upwind 
landowner. Short of buying the property, this is the best way of 
protecting your wind source. 

Consider trading partial negative wind easements with your 
neighbor. These easements would allow each of you to block each 
other's wind only by your own wind turbines, possibly specifying 
their diameter and minimum distance to the common property line. 
The natural growth of existing trees should probably be excluded. 
Obviously an attorney should be consulted. 

OBTAINING A BUILDING PERMIT 

After determining that you have a satisfactory site for a 
wind turbine and deciding that you want to erect one, you should 
investigate any possible laws or local ordinances that may affect 
the erection of your tower and wind machine. A call to your local 
building inspector may be all that is required. 

The categories of controls that affect the wind system owner 
are: (1) local zoning ordinances, (2) federal, state, and local 
laws, and (3) building codes. Each of these types of controls are 
discussed below. 

Zoning 

Zoning regulations are based on the state’s jurisdictional 
powers, under which the state may regulate private activity for 
the purpose of enhancing or protecting the “public health, safety, 
and welfare.” Zoning laws, usually called ordinances, are, with a 
few exceptions, enacted and enforced by municipal and county 
governments. Where zoning is in force, the WECS owner must show 
that his proposed activity and structure conform to the 
restrictions applied to the site by zoning ordinances before 
obtaining a building permit. 

The majority of municipalities and counties use the same 
basic process to enforce zoning ordinances. The prospective wind 
turbine owner, or his contractor, starts the process with an 
application for a building permit, filed with the planning depart- 
ment, zoning enforcement office, building inspector, etc., who 
will issue such a permit if the provisions of the applicable 
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’ zoning ordinance are met. Construction may be checked periodll:?? 
ly to insu.re that the materials and workman srip meet tke hcilc:rrr 
codes. 

. 
The typical lattice-type windmill totier is generally te!xr 

an accessory bvildipg sirce it is a separate struc.tu1.e and Cail,!3r --- 
Ye lived in. lf’ it is part of a residence or other building:, thlI 
zoning resrictions are applied to the whole structure 

Zoning ordinances typically regulate uses or activities 
that may occur on the land; population density; rnd s:lzh build:?< 
requirements as height, number of stories, size of building 
percentage of the lot that may be occupied? and setback. Aesthci. 
considerations, not typically treated as a separate concern, ar.+? 
however, a factor in writing and administering zoning ordinances. 
So-called architectural review is not standard practice, but bcm.: 
municipalities have enacted legislation designed sPecifically ;3 
regulate building appearance and compatibility with netghbor 1116 
structures. 

Conceivably, the proposed WECS may violate restrictions. 
particularly in a residential area. Resolution aL” t.hi.: probipm 
may depend on the wording of the ordinance and its interpretaticr . 
Also, the WECS may be permitted as an accessory use; one related 
to a permitted use of the land. Under this theory, for instance, 
ham radio towers have been permitted on residential property. 

There are various opticlns available to zhe W5CS owner who is 
restricted by a zoning ordinance. He can appeal the intnrpre?a- 
tion and application of the ordinance to the 5owrf cf toning 
appeals or board of zoning adjustment, a local body “,hat exiscls t-. 
oversee the zoning process. He may be abla to utilize the 
so-called special exception or conditional use; a permitted use 
is explicitly mentioned in the ordinance but whose a?plicqtiQn 
to a particular area is allowed only after approval by the board 
of zoning adjustment. He may also be able to get a variance; P 
permitted variation from the ordinance. The granting of variannes 
is governed by broad considerations of the puruos?s to he served 
by the zoning scheme, and the board of zoning appeals is often t!l? 
name of the body with this power. Hext, the WECS owner might 
attempt an amendment to the ordinance prohibiting his operations. 
In most states, the procedure for amending ordj.nances is the same 
as that for enacting them in the first place. This usually 
involves action by the city council or board of supervfsnrs 09 th:? 
municipality. Also, the? WECS owner might. attempt to get a change 
ordered by the courts. This, of tour se, involves a court action, 
which might proceed under a variety of special procedurc~. Such 
an action is likely to be expensive and tine corsuninl; and may 
succeed only in extreme circumstances. 
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Other Laws’and Regulations 
Relevant to Land Use 

Federal, state, and local regulations and laws, or statutes 
other than the zoning ordinance, conceivably may affect the WECS 
owner. These include statutes that regulate the selection of 
sites for electic generating plants; laws designed to protect the 
environment; and legislation regulating the use of particular 
geographic areas, such as coastal lands, wildlife reserves, 
historic Sites, or navigable waters. It is very difficult to 
generalize about the impact of these provisions, but their overall 
effect on small WECS should be minimal. Which laws affect the 
WECS owner will depend on the wind systemls location and size and 
possibly who wants to erect it: an individual, a cooperative, or 
a company. If a permit from the federal, state, or local govern- 
ment is required before construction can begin, other laws may 
become involved in the permit process. For example, if the tower 
were located within the high-water mark of a river and a permit 
from the Corps of Engineers was required, federal laws require the 
Corps to consult other governmental agencies before issuing a per- 
mit. 

In addition, legislation designed to protect the environment 
exists at both the federal and state levels. Most of these acts 
become relevant to the WECS owner only jrhen a government permit- 
granting agency is involved. Generally, compliance with the law 
is the direct responsibility of that organization, not of the 
developer. This involves the satisfaction of various paperwork 
requirements and the submission of such reports to a variety of 
interested agencies. Overall, because of the likely low environ- 
mental impact of small WECS, such procedures will probably be 
time-consuming at worst. Further, the small WECS owner is not 
likely to be affected by a state’s power plant site selection 
statute, since these typically apply to a minimum rated capacity 
of about 50 megawatts, or to those utilizing a certain fuel 
source. 

Federal Aviation Administration (FAA) regulations require 
that the owner of any structure higher than 200 feet give notice 
to the FAA on forms provided for that purpose. While few smal.1 
WECS towers are that tall, lower height limitations apply witlAin 
the vicinity of an airport. For example D a wind turbine up to 100 
feet high (to the top of the blade path) might be allowed at 5,000 
feet from a runway. As soon as notice (if necessary) is received, 
the FAA applies different height standards to determine whether 
the tower is an obstruction. These standards are generally less 
stringent than those governing notice. If the WECS was found to 
be an obstruction, the most likely requirement would be the 
placing of warning lights on it. Applicaticns !or building 
permits for structures in the vicinity of airports ?re usually 
forwarded to the FAA by mtinicipalities. 
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Building Codes 

Like zoning matters, the state’s jurisdictional power is the 
basic authority under which building codes are enacted. Some 
state legislatures enact statewide building codes while others 
delegate the authority to the local governments. One or a 
combination of the four model building codes has been adopted by 
most states or municipalities. These codes (and the geographic 
area) dominated by their associationiauthor are: (1) the Uniform 
Building Code written by the International Conference of ‘9uilding 
Officials (adopted primarily in the West); (2) the Basic Building 
Code compiled by the Building Officials and Code Administrators, 
International, Inc. (found in the Northeast and North Central 
areas); (3) the Southern Standard Building Code enacted by the 
Southern Building Code Conference (adopted in the South); and (4) 
the National Building Code, developed by the National Board of 
Fire Underwriters. Local variations exist despite the model 
codes. Some municipalities have adopted selected provisions rather 
than the entire code. Interpretations of the same code differ 
frcm.city to city. 

Unlike zoning ordinances, most building codes apply retro- 
activeiy. Three types of information are provided in most codes: 
definition of terms; licensing requirements; and standards. Taken 
together, the definitions and licensing requirements have the 
effect of prescribing who is authorized to conduct particular 
sorts of construction activity. For example, unless you are doing 
the work on your own system, the International Association of 
Plumbing and Mechanical Officials Code states that only licensed 
plumbers may do work defined as plumbing. Many codes require that 
structural design plans be prepared by a state certified engineer . . 

Two types of code standards exist: technical specifi- 
cations, and performance standards D Codes prescribing technical 
specifications set out how, and with what materials, a building 
is to be constructed. Performance standards represent a more 
progressive and technically more flexible approach. Codes based 
on these standards state product requirements that do not pre- 
scribe designs and materials. For example, Ifthe structural frame 
of all buildings, signs, tanks and other exposed structures shall 
be designed to resist the horizontal pressures due to wind in any 
direction.. .” Typical construction components specified in codes 
are structural and foundation loads aad stresses, construction 
mater ial, fireproofing, building height (this represents a common 
duplication of the zoning ordinance), and electrical installation. 
The WECS developer is likely to be required to comply with the 
standards for structural and foundation loads and stresses, as 
well as the electrial installation code. The structural design 
standards set out the minimum force measure in pounds-per-square- 
inch that the WECS must bear under certai;l circumstances, e.g., 
wind or snow. The electrical code regulates the use of a 
generator and the electrical wiring when voltage levels are above 
36 volts. : 
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Administration of the building codes is delegated to a board 
of review in some states, and to the building offi:ial in others. 
No building may be erected, constructed, altered, repaired, moved, 
converted, or demolished without a building permit, and this can 
be obtained only after the building official is satisfied that the 
plans satisfy all applicable building codes. A trend is develop- 
ing toward combining the administration of building codes and 
zoning ordinances in one municipal department. 

Dissatisfaction with the building inspector’s denial of a 
permit may result in an appeal before the local board of building 
appeals. The common bases of appeal provided by the codes are: 
an incorrect interpretation of the code by the building official, 
the availability of an equally good or better form of constructiAn 
not specified in the .code; and the existence of practical diffi- 
culties in carrying out the requirements of the code, The local 
board members are usually appointed experts in the field of con- 
struction. The local board may upheld, modify, or reverse the 
building official’s decision. Further appeals to the state board 
of building appeals or to the courts are also available. 

SHARING, BUYING, AND SELLING POWER 

You may be considering a wind system where you: share excess 
power or sell it to neighbors; buy makeup power; or sell excess 
power to a utility. Unfortunately, the state utility regulatory 
structure may cause you some unwanted problems. 

The first of these possible problems has to do with the 
regulated monopoly structure of the public utility industry. This 
structure operates by the assignment (based on what is often 
called the certificate of public convenience and necessity) of a 
geographical area to a particular electrical supplier. In order 
to operate within an area occupied by an existing utility all 
entities defined as public utilities typically must obtain this 
certificate, 
pell ing need I 

and to do this they usually must demonstrate a com- 
such as the inadequacy of existing service. The re- 

sult of this is often to prevent new electrical suppliers from 
operating within such a protected domain. Their status as a 
pub1 ie utility is the crucial point here. 

Selling Power to Neighbors 

The small wind turbine owner who generates power for only 
personal use or shares it with neighbors at no charge is not 
defined as a public utility and thus will not be hindered by the 
regulated monopoly structure. 
however, 

Sales of electricity to others, 
mey cause problems. Some state statutes limit the exact 

number of people (i.e., 10 or 25) to whom sales can be made before 
public utility status exists. Hore commonly, the statements in 
the law will contain language making it appear that any sale to 
any part of the public will result in public utility status and 
the need for a certificate, effectively prohibiting such sales. 
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However, the courts of such states often interpret this languaqt! 
to require a "dedication to the public use;" fhal; is, a- crfer.'. g 
of service to tne gerlerai public coupled wir,n a willingness to 
serve those who apply. Under such a standard, the small WEC; 
owner-operato&. selling LO a Iew t'riends mlrid probibly escape. 
Sales of electricity by a landlord to his tenants may cause 
similar problems, and the states nave ta;tcn a *;:'a:fztl of 
approaches here. For instance, if each tenant is metered and 
billed apart frcm the renG charged, puolic utility status may 9; 
hard to avoid. Finally, it should be noted that if the WECS own:, 
obtains supplemental power frclin the existiqz 'Itility Grid (SC* 
below), the service contact with the ucillsy wiil ,limr?si; certaj , 
contain terms prohibiting such sales. 

One possible way for small WECS owners to avoid these 
problems is fur them to start a cooperatfve. &.lsicalr~, 20-31)s 
ate nonprofit, membership corporations, the members being both ti; 
owners of thecorporationand the consumers of the electricity 
produced by it. Most co-ops a;*e ialrly large, located in rural 
areas, and funded by the Rural Electrificaciun ktimlnistratlon. 
However, most states have special sr;atutory schemes for tne inca>; 
poration of co-ops, and these often aliok lrlccrpurhtion by a=: C”g;. 
as three to five individuais. The various requirements, of 
course, must be complied with by the WECS owners. 

The point of utilizing the cooperative form in this context 
is that cooperatives are not defined as public utilities in scale 
states, although the number of states which make this exception i;j 
decreasing. In states which do make this exception, the WECS 
owners could generate power for themselves within the domain of' a 
regulated utility without being checked by the certiticatlon 
requirement. However, in such a case. they kiOiiid L&t 02 &i+&Et*ii 

protection from competition with existing or future uciiitics. 

.Cenerally, this problem of restriction of WECS operations 
due to collisions with the existing regulated utility structrlre 
may be more hypothetical than real, at least for sales to a very 
few people. However, given the diversity of laws and practices ir: 
the fifty states, this may not always be true. Experts in 31s 
field, or perhap s the state Public Utility Commission, should td 
contacted befcre such sales are attempted. It should be remem- 
bered that the more substantial the sales to others, the greater 
the 1ikelihoQd of problems. 

Buying Power 
. 

At present, utilities generally do not object to user-owned 
power generation systems that provide the user's power' needs prrt 
of the time while the utility provides the power when the system js 
turned off . However, increased use of solar and wind power 
generating systems may bring about a change in attitude of the 
utilities toward these systems due to the fact that heavy demands 
could be placed on the utility during windless or sunless peri:)ds. 
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’ The need for-the utilities to ‘maintain peak load capacity, even 
though it would generally be selling less electricity, would 
result in a loss of revenues. Conceivably, this objection could 
be overcome through the adoption of special rate ssructures--not 
unlike existing standby rates. In general, it can be said that 
utilities and state power commissions will need data on the power 
requirements of wind generator owners before adequate rate sched- 
ules can be set. 

Selling Excess Power to a Utility 

If a wind turbine generator owner requires the connection of 
his facilities with that of a utility so that he may produce some 
of his needed power while simultaneously buying the remainder of 
his needed power, or if he wishes to sell excess power, a proper 
interconnection between the two generating systems will have to be 
made. The utility will want to ensure that the connection is safe 
and dill not jeopardize its own facilties or men working on the 
line. The state commission will oversee this process to its own 
satisfaction. The utility will require the right to inspect the 
connection at any subsequent time and make any necessary modifica- 
tions to ensure safety and proper operation. 

Power fed back into the utility’s lines will have to be at 
the correct voltage and be synchronized in frequency and phase. A 
synchronous inverter is one device available to ensure these 
conditions. When such an interconnection is made, two meters will 
probably be used: one to measure the electricity bought from the 
utility and the other to measure the electricity fed back to the 
utility’s lines. This would enable the utility to charge a 
particular price for the power it sells and buy the wind turbine 
generator owner’s excess power at a wholesale rate (if reimbursed 
at all) to make up for its capital and distribution costs. 

With this general description in mind, we will turn to the 
many legal aspects of this situation. First, it is likely that 
the WECS owner will have to bear (through the rate structure or 
otherwise) much of the cost’of effecting the interconnection 
(e.g;, the extra meter). Second, it is conceivable (though fairly 
unlikely) that the utility’s g.eneral duty to serve all comers may 
not extend to this situation. Third, a “demand charge” might be 
applied here (which could involve a higher cents per kilowatt-hour 
rate and an additional charge based on the extra capacity required 
by th=tility) and service might ahso be interruptible (i.e., 
capable of being shut off at the utility’s option). Fourth, at 
least some utilities now prohibit a reverse flow of electricity 
back into the grid when they provide supplemertary electricity to 
a self-supplying customer. Whether this will continue to be the 
case if the price of conventional fuel increases and wind/solar 
devices become more numerous is uncertain. Finally, ther-e is a 
question as to the amount of the credit to be given the WECS 
owner’s bill, assuming that the utility does permit such a sale to 



it. State utility commissions will probably be required to decide 
on all of these questions. 

WARRANTY, LIABILITY, AND INSURANCE 

Liability of the Manufacturers 
and Installer 

Usually one who is injured (financially or physically) by a 
product can receive money to cover damages on the basis of negli- 
gence, warranty, or strict liability. The injured person must 
show that the product was defective, that the defect caused the 
injury, and that the defendant being sued is responsible for the 
defect. The tera defect has come to mean anything initially wrong 
with the product that can occur during the process of manufacture 
and sale. To recover on a claim, an injured person must prove 
that the defendant should have taken reasonable care to take 
precautions against creating foreseeable and unreasonable risks of 
injury to others, and that his not doing so was the cause of -the 
injury (either financial or physical). 

In circumstances where there may be a dangerous nature to a 
product (i.e., blade and tower failure consequences), the seller 
may have an obligation to give adequate warning of unreasonable 
dangers of which the seller knows or should know. This obligation 
to warn the potential buyer extends to all advertising. 

An express warranty is a claim, promise, description, or 
sample made by the seller, which is made part of the bargain with 
the buyer. The injured person must have knowledge of this claim 
or promi se, and only be injured as a result of reasonable reliance 
on it. Liability is established when the product is demonstrated 
to be not as good as was claimed. Potential sources of express 
warranties incl-ude: the name of the product; descriptions of the 
product found in advertising brochures, catalogs, or packaging; 
drawings or other pictorial representations accompanying the 
product; and all representations made by the seller or his agent 
to the buyer. However, not all claims about a particular product 
are treated as express warranties giving rise to liability. Mere 
sales talk and opinion have been distinguished as representations 
which are not meant to be relied upon by the buyer. 

An action for breach of warranty proceeds on a contract 
theory, as distinguished from the laws governing negligence. As 
such, it focuses upon the express or implied promises made by the 
defendant to the injured person and not on the defendant’s fault. 
In such an action a consumer need only prove that the product was 
defective when sold, did not conform to the defendant’s represent- 
ation about the product, and that he was injured as a result of 
that defect. The advantage of a warranty action over a negligence 
claim is the absence of the need to prove that the seller failed 
to use reasonable care. The rules of warranty have been codified 
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by the Uniform Commercial Code, which has been adopted by all 
states with the exception of Louisiana. 

Whom to sue in a product liability case is a question whose 
answer depends upon the parties connected with the particular pro- 
duct, as well as plaintiff’s evaluation of the economic worth of 
each potential defendant. In most cases, the defendant will be 
the manufacturer, distributor, wholesaler, retailer, or other . 
supplier in the direct chain of distribution. Anyone in the chain 
of distribution who represents a product as his own is subject to 
the same measure of liability as that of the manufacturer. Lia- 
bility will depend or: whether anyone in the chain of control has 
the duty to discover aefects i;r the product. 

Liabilities of the WECS Owner 

Each owner/occupier of land enjoys the privilege of using 
land for his own benefit. A standard of reasonable care qualifies 
that privilege by imposing the duty to make a reasonable use of 
property, which causes no unreasonable harm to others in the 
vicinity, The duty of reasonable care is affected by the location 
since the hazards to be anticipated in crowded, commercial areas 
are not the same as those involved in rural areas. Reasonable 
care, on the other hand, does not require such precautions as will 
absolutely prevent injury or render accidents impossible. 

Owners of property are under no legal obligation to trespas- 
sers other than to do such persons no willful harm. The status of 
trespasser has been held to include those who enter upon the pre- 
mises unintentionally, such as persons who wander too far from the 
highway. The standards applicable in the case of trespassing 
children, however, are not the same as those for adults. A number 
of states follow the “attractive nuisance” doctrine, which imposes 
liability for the creation of conditions that are so alluring to 
children (despite the danger apparent to those possessing greater 
discretion) that they are induced to approach and be exposed to 
the possibility of injury. Liability has been held not to exist 
in more isolated places where the owner had no reason to 
anticipate the presence of children. 

Insurance 

The standard homeowner’s insurance package usually covers 
liability connected with an accessory building with the following 
conditions attached: 

* the installation is not to be used for commercial purposes 

l the structure is not highly susceptible to fire (for 
example, a woodwork shop or a storage area for flammable 
materials) 



It is not certain if a UECS would be considered to be 
engaged in commercial activity if excess power is s:jld to a 
utility and credit obtained against the cost of Bower that is 
bought a Written clartfication Of this point in such eirn.un- 
stances would assure the owner of necessary coverage. Antennas 
and masts are not covered against damage fran uinj, rain, hail, 
and snow. However, it is possible that a WECS will not be in- 
cluded in the category of antennas and, therefore, will be COV- 
ered fully against fire and acts of nature that are covered by 
the policy. 

Som.e insurance underwriters will not want to accept the 
added risk of a wind turbine and may simply force you to find 
another insurance company. Those companies that have a sizable 
business in rural areas with a good wind potential will most 
likely be prepared to offer coverage for your WECS. Tne insur ar.?. 
company, of course, will require that the structure conform to 311 
applicable local, state, and federal ordinances and regulations, 

Typically, a homeownerVs insurance po.!.fcy provides cr?verage 
only for outsiders performing minor amounts of yard work and nol-, 
jobs that would be covered by workmen’s compensation. In t,h?.s 
case, help used for the erection of a tower and installation of 
the wind turbine will not be covered by the homeowner’s policy. A 
contractor will have his own insurance. If other help is used for 
these tricky and potentially very dangerous jobs, special atten- 
tion must be paid to insurance coverage. 



CHAPTER 8 

THIS BOOK AND YOUR WIND SYSTEM - EXAMPLES 

This chapter provides examples of how wind systems should be 
selected using the information in this book. Each example focuses 
on some aspect of the decision-making proaess, while illustrating 
the types of calculations you will probably make as a result of 
asking the questions presented at the beginning of this book. The 
block diagram of Figure 1-l will help organize your thinking. 

No attempt is made here to reach conclusions with each 
example; we merely illustrate the steps needed to arrive at the 
eventual conclusions. Such conclusions will be yours. They will 
be based on your needs, your wants, your site, and all of the 
other considerations we have presented. No single hypothetical 
illustration would dc justice to the process of making realistic 
decisions about your energy source. 

EXAMPLE 1: The plan is to replace utility company power, if 
economical, with a wind-powered electric system for pumping water 
from deep wells on an alfalfa ranch. The preliminary data gather- 
ed by onsite analysis and research are: 

l Water depth - 600 feet 
* Water requirement - 7 acre-feet of water per acre per 

growing season 
* Growing season - April 1 to October 1 
* Energy requirement for pumps already installed - TOO kWh 

per acre-foot of water 

(Note that these data are related directly to the discussion of 
energy requirements in Chapter 4.) 

All preliminary data were supplied by a county agricultural 
extension agent in the area of the alfalfa ranch. It so happens 
that this ranch is located very near Palmdale, California - a flat, 
desert region. Data for Palmdale suitable for a preliminary 
analysis were presented in Appendix 1. Monthly wind powers are: 

April - 268 W/m2 
May - 315 W/m2 
June - 328 W/m2 
July - 254 W/m2 
August - 200 W/m2 
September - 165 W/m2 

This data represents two of the planning chart evaluation 
steps (Fig. l-1): determining the nature of the site wind 
resource and estimation of energy needs. At this point, the 
planning chart advises evaluating the social, legal, and environ- 
mental impacts of the proposed system, as well as calculating wind 
turbine sizes and selecting other equipment. Next, refer to 
Figure 6-1 for system design, where it can be seen that, because 
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of the initial plan, the WECS'end use as an electric power 
generator has already been established. At this point, the ac 
versus dc question might be pondered, but first, return to the 
environmental concerns. 

Suppose, for this example, the following facts are 
determined by checking at the County Planning Office and the 
Department of Building and Safety: 

* Proposed site not affected by airport air traffic 
considerations 

* Wind systems (water pumpers) are common in the area and 
thus have legal precedence 

* Building codes cover tower installations and appear to 
be easily satisfied by proper engineering of the tower 
foundation and selection of a tower if the manufacturer 
can substantiate the tower design loads by submitting an 
engineering report to the building department. 

A check with the neighbors reveals that no social concern is 
placed on the proposed installation. This is a farm community and 
the nearest neighbor is half a mile away. Now, just what does the 
proposed installation require? 

Figure l-l instructs us to calculate wind turbine size next 
(select system components). There are two options in this regard. 
Existing wind data are in watts per square meter. It could have 
been in raw windspeed (miles per hour, etc.), which would require 
the calculations of Chapter 3, but with data in watts per square 
meter, it is possible to simply calculate the square meters of 
wind turbine frontal area required to produce the needed watts of 
power. Here is where the options come in: The wind turbine can 
be sized to the average of the data, or it can be sized to the 
minimum wind available. 

If the wind turbine is sized to the average month, there 
will be some months with not enough water and some months with too 
much water. If, on the other hand, the wind turbine is sized using 
minimum power available (165 W/m2), then for all the rest of the 
months there will be a water surplus. Indeed, the wind turbine 
would be larger than is actually necessary 

Another check with the county,agent reveals that water 
requirements will increase through June, then begin to decreasa 
through September, correlating with the wind curve of Figure 3-3. 
This indicates that, at least as a preliminary estimate the 
average wind power available can be used to size the wind turbine. 

The simple average of the wind data can be calculated by 
adding up the power available each month and dividing by the total 
number of months - for an average of 255 watts per square meter. 
At this point two facts should be realized and appropriate action 
taken: 



l Energy requirements were expressed in kWh, not watts 
or _ kilojratts 

* The win4 power numbers are based ofi lG0 pe,‘cf?nt effl 3i -’ 

converslm, not 5q. 3 percent - the thi:~r~ti.c;~l naximiiu 
wind power available. 

With regard to the energy source, since yoder coefficients 
or efficiency of complete systems (values likz 25 to 40 yerc,?h..’ 
include the 53.3 percent theoretical maxlmun (re-read Chapter 2, 
if necessary) , it is possible to merely muitiply the system 
efficiency by the average irind pr;we;= (25: !Z!r?S $.Q t.+-i-- case) ,:# 
get the actua, 1 potential Mind which will bz n&rnesseC. WE 0111 . 
need to estimat? a power coefficient for otir wind eleCti*iC system. 

Looking at the table of component efficiencies at the en-1 j:‘ 
Chapter 5, one could guess that Lhe best wind tur hire geher;: tor 
will be in the 10.kW size range. If 30 percent is selected as 3 
estimated efficiency value, actual wind pokier- ava;lable wouJ.ci x 
76.5 W/m2 (0.3@ x 255). 

To convert the energy requirement from kWh into kW, the 
number of hours involved must be calculated. let u3 d,cSU!Ile, i0-r 
simplicity, that the growing season equals six thirty-day months. 
Then, total hours would be 4320 (24 hours per d&y x 30 days per 
month x 6 months). 

Further , we need seven acre-feet of water per ac?e per 
growing season at 700 kWh per acre-foot. Total energy required 
would be 4900 kWh per acre per season (700 kWh x 7 acre-feet]. 

From this, energy demand (4900 kWh) car b% con ;er red ‘nt~ -8” 
average power demand (kW): 4900 kWh + 4jX* hturs = 1.13 libJ. 
(Remember, this value is kW per acre. 1 if it is ylar.ned to ha).- 
vest five acres of alfalfa, 5.65 kW (5 acres x 1.13 kW) total 
average power capability would be needed from the wi?.d generator. 
At 76.5 watts per square meter, the wind turbineP s size can be 
calculated as follows: 

5650 + 76.5 = 73.9 square meters fr or.Lal are2 

This could translate to a Darrieus rotor (similar to Figure 
5-28) of dimensions 8.5 meters (20 feet) in diameter by 8.5 meters 
tall, or a propeller-type machine (similar tct i’igure 54; atout 
9.6 meters (31.9 feet) in diameter. Review the formulas shown in 
Chapter 5, (Wind Turbine Performance) to calculate the areas P~IC: 
dimensions. 

The required size of the wind machines has &cn .:alculate.! 
based on the average wind power condition. We now riced to 
calculate such a machine’s maximum power generation capability in 
order to move into the next block of Figure l-1 (**Select system 
components”) which leads to cost analysis. 
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. 

Checking our wind, data I. maximum power available will be 98.4 
W/m2 (328 W/m2 x 30 percent efficiency). Then 98.4 W/ml x 
73.9 m = 7272 watts (just over 7 kW). Recall that our first 
estimate was for 3, 10 kW (or possibly larger) machine. 

By checking the literature from wind turbine manufacturers, 
we discover a lo-meter-diameter, 8-kW machine manufactured by 
Brand X to be the nearest to our requirement. It sells for 
$12,000, including a go-foot tower. 

A preliminary economic evaluation can be made at this point 
if it is remembered that the raw price of $12,000 does not include 
installation, batteries I etc D The cost will only increase, but 
let us see. 

A total of 24,500 kWh (4900 kWh per acre x 5 acres) are 
required per season to grow alfalfa. If the utility presently 
sells this amount of electricity for 5 cents per kWh, the total 
seasonal cost would be $1225 (0.05 x 24,500 kWh). We expect to 
spend $12,000 (or more) on the wind system. We would also like to 
see a return on our investment of, say, 8 percent per year ($960). 
On the condition that the wind system will supply all pumping 
energy needs, it will actually return $1225 by offsetting the cost 
of power from the utility. This is $265 more than the minimum 
re quired $969 return on the investment per year and indicates that 
the wind system may be economically worthwhile. 

The investment return surplus allows leeway for other system 
costs, including installation, maintenance and storage. We can set 
up an arbitrary monitor that will serve as a cutoff dollar value 
of our wind system, .above which we will not be willing to spend 
any more moeley for the complete system; that is, 8 percent of 
whose total value will equal $1225. This would be $15,312. 

If planning a professional wind system were as simple as 
this illustration indicates, one would be tempted to take the 
$15,312 figur c to the manufacturers of candidate machines and 
offer it to them for a completely installed, tested, and guaran- 
teed system. It is not usually that easy, however. 

One is also inclined to notice that, if the cost of utility 
power rises (which it certainly will), the return on already 
invested money will also rise. This is because the wind turbine 
js now returning more dollars worth of energy on the same invest- 
ment. Historically, folks who buy wind systems with no regard 
for return on invested dollars do not make such an observation. 
But those individuals and organizations who do expect returns do 
not observe this fact either. That is, the relationship between 
bank interest rates (return on investment or cost of money, 
depending on the situation) and cost of energy is vastly more 
complex than would allow the simple cbservation we have offered. 
All this points to the fact that a business that buys a, wind 
system as a capital item wil 1 use an accountant to assess the 

. 
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economic factors involve6 in the purchase. Our economic analysis 
of this example system need go no further. 

To complete the planning of this system, one would follow 
the blocks of Figure l-l, until either the cost of the system 
rises beyond a limit or the system is completed and its overall 
economic performance is evaluated as detailed in Appendix 2. 

EXAMPLE 2: We very often hear the question gfWhich should I 
do - buy a water pumper windmill or an electric machine? I want 
to pump my well on wind power! ‘* By now, you probably realize that 
there is no easy answer. Actually s there are three possible 
choices: water pumper, wind generator, or none of the .above. It 
makes no sense to consider any of the choices if there isn’t 
enough wind. Bow much wind do you need? We will discuss that 
problem shortly . Let’s use this present example to look’ at the ’ 
trade-offs between electric and mechanical pumping; perhaps more 
closely than we did in Chapter 5. 

A valid conclusion can sometimes be orawn from the results 
of a complete site analysis. Put another way: “Where is the 
water well?” and “Where is the best windsite?” Arsmmer these two 
questions and you may have your overall answer, --It may be, for 
example, that the well is located in a sheltered spot, while a 
great increase in wind energy (an inci.ease, that Ys, ov’6i what is 
available at the well) is available by locating the wind machine 
some distance away. Almost any distance, in the case of the 
classic farm-type water pumper, means that ext”r’8 mechanical -- 
linkages, push rods, and such will have to be installed to trans- 
mit power from the wind machine to pump. Here the trade&off 
starts with mechanical versus electric power transmission. Tr ad e- 
offs do not stop there, though. 

If, on the other hand, the water site and the-wind site are 
one and the same location, the trade-offs may start with cost, 
aesthetics, or some other consideration. System simplicity will 
favor the mechanical system. System versatility will favor the 
electrical system; you can always use the electricity for other 
things besides pumping water . 

Suppose you have a situation where the best water (closest 
to the surface, hence, easiest to pump) is located at one site 
where a fair wind speed average has been recorded, whereas a 
better wind speed average is recorded elsewhere, at a site where 
water is known to be somewhat deeper. In such a situation an 
intelligent assessment cannot be made without some numbers and a 
list of objectives and requirements. Here’s a sample of such a 
list, 

* Established purpose - water pumping to fill stock ponds for 
720 head of range cattle 

l Water requirement - estimated daily consumption per 
head, 10 gallons (estimated from Figure 4-10) 

+ Total requirement - 10 x 720 = 7200 gallons per day 
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. 

l Site -A {good water, less wind}: 
well depth = 60 feet 

windspeed average = 
7 mph, 

l Site B {good wind, less water): windspeed average = 
11 mph, well depth = 400 feet 

From these numbers, we need to pump 7200 gallons per 24- 
hour day which is 300 gallons per hour, or five gallons per 
minute (gpm). Our well pipe is two inches in diameter, so, 
checking Figure 4-8, we find we do not need to consider head loss 
(friction loss from pushing water through a pipe). By checking 
Figure 4-9, it can be seen that a five gallon per minute flow at 
60 foot depth requires 0.1 hp output from a pump. At 400 foot 
depth, 0.5 hp output is required. 
are pump output. 

These horsepower requirements 
Assuming the pump to be 70 percent efficient, 

the following pump power input requirements can be derived: 

Site A: 0.1 hp t 0.7 = 0.14 hp 
Site B: 0.5 hp + 0.7 = 0.71 hp 

Put another way, these new values are the output requirements for 
our wind machines. These horsepower values can be converted to 
watts of electric power as follows: 

Site A: 0.14 hp x 746 watts per hp = 104.4 watts 
Site B: 0.71 hp x 746 watts per hp = 529.7 watts 

The wind turbine size required at sites A and B can now be 
calculated using the equation from Chapter 2: 

Power = K x e x DRA X DRT x A x V3 

You may want to review Chapter 2 at this point to refresh your 
memory concerning this formula. In order to simplify the 
comparison, we shall assume that our sites are at sea level and 
the temperature is 60°F. Thus, DRA and DRT both equal 1. The 
real numbers for your own site can be inserted as indicated in 
Chapter 2. For this calcuiation power is measured in horsepower i 
wind turbine size is measured in square feet of frontal area, and 
wind speed is measured in miles per hour. For these units we 
obtain a value for flKw of .00000681. 

From the efficiency estimator table near the end of Chapter 
5 we can estimate *‘e*‘, the wind turbine efficiency, as 25 percent. 
For a comparison, just about any assumption will do. To actually 
calculate system performance, you will need a less casual esti- 
mate, but for any small wind system of professional design and 
manufacture, 0.25 is a safe overall power coefficient estimate. 



The resulting calculations are: 

Site A: power at the pump = 0.14 hp: 
0. lb : O.OOO~O6E!l x 0.25 x A x 7 x 7 1 7, :O 
k = 239.7 square feet, which ec;Ltz+Ls a rrl~.‘~C;w~iccl of 1, .: 
feet diameter 

Site B: power at the pump = 0.71 hp: 
0.71 = 0.00000631 x 0.25 x A x 1:~ x ?.!. x 11, zo 
A = 313.3 square feet, which equals a windwheel of 2f; 
feet diameter 

You might be Inclined t*, think that an 18 or 200foot di+- 
meter, high-solidity water pump windmill rill be a bit on the 
expensive side. If one could find a used machine r>t the s!.te 
needed (in good operating condition at a !,iirjbIn ~l-ic,?}, d;.stcc-: 
design would, at least for the trade-off sLur!v, and here. But 
one must also consider the cost evaluation. 

There might be a case for setting up a wind machine at Sit2 
B, which powers a pump at Site A. This, of course, depends OD a 
parameter not yet introduced into our ccmparlro.:: r’:lsianr..e 
between sites. If the two sites are not far apar?. , the anal_v,cj.;.i 
could end here. But suppose Site A and Sit.& 3 are 5 quarter-s!iie 
apart (1320 feet). 

Reviewing Chapter 5, we see that candidate DIethods for 
transferring power from Site B to Site A include: a mechanical 
power shaft, hydraulic fluid flow, compressed air, and hydrogen 
gas (although you would have to pump water to Site I?, convert i -. 
to hydrogen at Site B to be used at site A t2 power a gump by 
fuel cell electricity). Hydraulic fluid p:l~ipj.ng dqd w:i:pr t’: ::::I 

air look very promising since fluid pumps are well matched to 
windwheels, and aerospace applications are constantly improving 
hydraulic and pneumatic- systems. For this example, let us assume 
that a manufacturer of a wind turbine generator has offered a 
system of high-voltage (iow line loss) transmission similar to 
Figure 5-30. If the long wire run is conducted at 400 volts, and 
we assume a peak power transmission of 500 wattti3, tnen our peak 
amperage is 1.3 amps (500 watts 5 400 volts). 

Looking at Figure A2-7 and the formula for line loss and 
wire size, we decide that a two-percent line loss (8 volts! i;s 
acceptable. To calculate wire size, the fol;cbtng ,:alc::.iaticl, 
muit be made: 

Circular area s:ze = 35 x 1.3 amps x 1320 ft. 
(aluminum wire) 

~8 volts = 7507 circular SillS 

Looking at the chart in Appendix 2 (Wiring section), we see that 
this falls between number 12 and number 10 size. This, we decide, 
is acceptable. 
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While it is beyond the sc’ope of data in this book, we cm expect 
another five percent loss from the transformers, TO be safe, let 
us assume a tot21 of ten percent line loss. Then, to calculate 
total average power required : 

104.4 watts x 1.10 = 114.8 watts 

Now we calculate wind turbine size as before but with different 
units in the equation: 

114.8 watts = O.OO*jO8 x 0.25 x A x 11 x 11 x 11 

so: 

A= 67.9 ft.* 

This equals a wind turbine just under 10 feet in diameter. A 
machine with a ten-foot diameter rotor, in this example, mounted 
on Site B can replace a 200foot .machine at Site B or an 18-foot 
machine at Site A (if the water is being pumped at Site A). 

If you perform a trade-off analysis like this, you will 
follow the above conclusions with a more detailed study, which 
will determine whether the added complexity and cost of the long 
electrical transmission lines is offset by the reduced complexity 
and cost of the remote-site wind machine. This would be the re- 
maining question, and it requires a survey of specific, on-the- 
market equipment. Elsewhere in this book we provide you with the 
addresses of organizations that keep up-to-date lists of sources 
of equipment you will need. 



ADDlTIONAL REFERENCES ON WIND ENERGY 

PERIODICALS 

1. 

2. 

3. 

4. 

5. 

BOOKS 

6. 

Wind Power Digest, $d/yr. for 4 issues, Jester Press, 
54468 CR 31, Bristol, IN 46507 

AWEA Newsletter, $25/yr. (includes membership) American 
Wind Energy Association, c/o Secretary, AWEA, 54468 CR 
31, Bristol, IN 46507 

Windustries, $lO/yr. for 4 issues ($15 institutions), 
Great Plains Wfndustries, Inc., P.O. Box 126, Lawrence, 
KS 66044 

RAIN: Journal of Appropriate Technology, $lO/yr fsr IO 
issues, RAIN, 2270 N.W. Irving, Portland, OR 97210 

Alternative Sources of Energy, $6/yr for 4 issues, A.S.E., 
Rt. 2, P.O. Box 90-A, Milaca, MN 56353 

Power from the Wind, by Palmer C. Putnam ($9.95) Van 
Nostrand - Reinhold Co., 300 Pike St., Cincinnati, OH 
45202; Historical study of the largest wind generator 
built to date - built in Vermont by Smith-Putnam in the 
1940’s. Discussion of institutional and technical 
problems, and solutions for that wind machine. 

7. Electric Power From the Wind, by Henry Clews ($2) Solar 
Wind Co., P.O. Box 7, East Holden, ME 04429; A brief 
overview of requirements for a complete wind system. 

8. Simplified Wind Power Systems for Experimenters, by Jack 
Park ($6) Helion, Inc., P.O. Box 445, Brownsville, CA 
95919; Written for designers and do-it-yourselfers. 
(For technically oriented readers.) 

9. Wind Machines, by Frank Eldridge, MITRE Corp., Well illus- 
trated historical and technical background document. 
For sale by the Superintendent of Documents, U.S. Govern- 
ment Printing Office, Washington, D.C. 20402. (Stock No. 
038-000-00272-4 a 1 

10. A Siting Handbook for Small Wind Energy Conversion Sys- 
tems, by H.L. Wegley, Battelle Pacific Northwest 
Laboratories, Richland, WA. Will be available from the 
National Technical Information Service. 

11. Legal-Institutional Implications of Wind Energy Conversion 
Systems, George Washington University, Washington, D.C., 
SeDtember. 1977. Available from the National Technical 
Information Service. (Report Not NSF/RA-77G203.) 
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a c 

airfoil 
c 

amp-hours 
. 

amperes 
or amps 

anemometer 

asynchronous 
generator 

alternating electric curr,e!rlt (rha?. 5) 

a curved surface designed tc create 1,ift 2s - 
flows 0’. er its surface (!,‘::a+. 2 > 

see amps, calculated by rI,~ltl,:lyl;:~ :‘;rrzn-, f!~* 
by number of hours it t’?ows (Cna?. ‘3) 

an instrl.znent fc,r measuric:; ~i:d speed (Ckp. * 2. 

an electric generator designed to p-educe an 
aLterna3ing ,:urrent thr;t -!kt - 7; : - ; -x.; ;f. :-,-,g 
power source (e.g., utility main;) so the t,w l 
sources can be combined ~3 yob;er. C;IS load (c E ., 
your home) . The generator *.ioes lot; hdve to :LI 1. 
at a Grecise rps to reTUa,:k ti~ ci;;r,-tit freq~f21~i;:~ 
or phise; 
5) 

see also synchronous_8enerator (Chd;: - - 

current flow of electricity through wires (~Chap. 5\ 

L- ‘-c-W+ in speed wind speed at which wind turbine begins to prc- 
duce power (Chap. 3,5) 

cut-out speed wind speed at which wind turbine is shut down to 
prevent high wind damage iCha~. 5). 4120 c-u!-I tng 
speed. 

dc direct electric current; doe.> r;ot alter hate 
direction of electric flow as does ac (Chap. 5: 

diode see also rectify an electric devlcz whi&h 
changes ac to di (Chap. 5) 

drag a force which “slows down” the motion of wind 
turbine blades, or actually causes motion at:<! 
power to be produced by drag type wind machi:les 
(Chap. 2,5) 

effi,ciency (e) a number arrived at by diJi3ir.g the power oLt:.ut 
of a device, by the power input 50 that devic? 
(usually the larger of the two numbers); usu 
ally expressed as a perccntagc value; ses also 
power coefficient; (Chap. 2,5) 

energy a measure of the amount of work that can be, or 
has been done; expressed in kilowatt-hours CkWhI 
or horsepower-hours !hphr) (Chap. 2,3,4,5) 
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energy density 

energy rose 

fantail 

furling speed 

gear ratio 

gin pole 

head 

head loss 

horsepower (hp) 

horsepower-hour 
(hphr) 

inverter 

kilowatt (kW) 

kilowatt-hour 
(kWh) 

lift 

GLOSSARY (Continbed) 

a ratio of energy per pound; a rating usually 
used to compare different batteries (Chap. 5) 

see also wind rose, a diagram which presents wind 
energy measurements from a site analysis in 
relation to the direction from which the wind 
occurs at the site (Chap. 3 and example in Fig. 
3-6) 

a propeller-type wind turbine mounted sideways on 
a larger wind machine (horizontal-axis type) to 
keep that machine aimed into the wind (Chap. 1, 
5) 

the wind speed at which the wind machine must be 
shut down to prevent high wind damage (Chap. 5). 
Also cut-out speed. 

a ratio of speeds (rpm) between the rotor 
power shaft and the pump, generator, or other 
device power shaft; applies hoth to speed- ’ 
increasing and speed-decreasing transmissions 
(Chap. 5) 

a pipe, board, or tower used to improve lever- 
age while raising a tower (Chap. 6) 

a measure of height a pump must lift water 
Chap. 4) 

a measure of friction loss caused from water flow 
through pipes (Chap. 4) 

a measure of power; 550 pounds raised one foot 
per one second (Chap. 2,5) 

a measure of energy, see also energy (Chap. 2,3, 
4,5) 

a device which converts dc to ac; generates its 
cwn frequency and voltage references; see also 
synchronous inverter (Chap. 5) 

a measure of power; one horsepower equals 776 
watts, or 0.776 kilowatts (Chap. 4,5) 

a measure of electric energy, (1000 watt-hours) 
see also kilowatt, horsepower, and hcrsepowerz 
hour (Chap. 4,5) 

the force which “~~11s’~ a wind turbine blade 
along , as opposed to drag (Chap. 2,5) 
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megawatt 

meteorolo&icai 
station 

panemone 

power 

power 
coefficient 

rated power 

rated speed 

rectify 

resistor 

return time 

rotor 

rotor 
efficiency 

rotor power 
coefficient 

run of the wind 

CL3SSARY ( Continued 1 

c:;e million watts 

iocation where the weather is recorded (Ihap. 3) 

a naae for drag-type vertical axis wind machirzs; 
coming from pan (all directions) and anemone 
(wind) , it could describe Darrieus type machines 
also, but is not generally used except for drag 
machines (Chap. 1,5) 

the rate work is performed - mechanical power is 
force times velocity (see horsepower); electric 
power is volt times amps 

ratio of power output to power input; often 
referred to as efficiency (Chap. 5) 

the power output (watts or horsepower) of a wind 
machine; can be its maximum power, or a power 
output at some wind speed less than the maximum 
speed before governing controls reduce the power 
(Chap. 5) 

wind speed at which rated power occurs; can be 
speed at which a governor takes over, or can be 
a wind speed lower than this; an industry stan- 
dard for rated speed does not exist at this time 
(Chap. 5) 

convert ac to dc, see also diodes (Chap. 5) -- 

an electric device which “resistsTV electric cur- 
rent flow, used to control current (e.g., field- 
current in a generator) (chap. 5) 

time before the wind returns to a higher, speci- 
fied value, such as the cut-in speed of a wind- 
mill (Chap. 3) 

the power producing structure of a wind turbine 
(e.g., the blades) (Chap. 5) 

the efficiency of the rotor only; does not 
include transmissions, pumps, generators, or 
line or head loss (Chap. 5) 

same as rotor efficiency 

the distance the wind travels during a specific 
time period; this usually refers to the dial reading 
from a wind anemome’ter (Chap. 3) * 

c-3 



GLOSSARY (Continued) 

shelter belt a tree row planted in windy country to shelter 
crops and soil (Chap. 3) 

sine wave the type of ac generated by utility companies, 
rotary inverters, sophisticated solid-state 
inverters, and ac generators (Chap. 5) 

solidity ratio of rotor blade surface area to frontal (or 
swept] area of the entjre windwheel (Chap. 5) 

square wave type of ac output from low-cost solid-state 
inverters; usable for many appliances, but may 
affect stereos and TV sets (Chap. 5) 

synchronous 
generator 

an ac generator which operates together with ac 
power source (similar to asynchronous generator) 
must turn at a precise rpm to hold frequ$ncy and 
phase relationship to the ac source (Chap. 5) 

synchronous 
inverter 

also called “line commutated inverter” inverts dc 
to ac (see inverter) but must have another ac 
source (e.g., utility mains, or ac gas genera- 
tor) for voltage and frequency reference; ac is 
created synchronously, that is, in phase and at 
same frequency as outside ac source (Chap. 5) 

torque a measure of force from windwheel causing -rotary 
motion of power shaft (Chap. 2,5) 

turbulence rapid wind speed fluctuations; gusts are maximum 
values of wind turbllence; randomness in the 
wind (Chap. 3) 

voltage the electrical pressure which causes current flow 
(amps) (Chap. 5) 

watt unit of electric power, see also horsepower 
(Chap, 2,4,5) 

uztt--hour unit of electric energy, see also kilowatt-hour 

watt per square a measure of the energy in the wind passing 
meter through a square meter of area (Chap. 3) 

WECS wind energy conversion system 

windmill archaic term for wind system; still used to refer 
to high solidity rotor water pumpers and older 
mechanical output machines 

wind power power in the wind, part of which can be extracted 
by a wind turbine; see power (Chap. 3,5) 

G-4 



GLOSSARY !Continued) 

wind power 
profile 

wind rose 

wind speed 
profile 

now the wind power chang .S .;iLh :,I@ lsk~ az3v ._ z 
surface of the ground or water (~r;ap. j>. tyL; 
cal plats of wind power ??.zf?lc.* for fiat 
ter:ain with different i$;ie; CI; plant Ctirj t*et 

cover a+e presented in Fi~ur2 j-14; t,he wi-‘. 
power pi*zfiie is propI;i’tic,;h&1 ;.;i tt!t ctlbfs “i‘ *‘I . 
wind speed profile (see wired SJZ!~” -&-ofi;.;: t --.-..-- -- -. 

a plct showing the average iu:.ua.ll> a mcntk.1: . 
yearlp averag<;i rind ;jp-,-(. r”i JCI eti,.b 4irc\:LLu. 
(usualiy 16 directions are used) ancl percent ;,C 
time the wind blows frx cat:; dirt?l-.ior: (c:;~G. 
3, see Figure 3-5) 

how the wind speed change;; Lrith height aoijve :’ . 
surface of the ground or water !Cf*ap. 31; t:.pi- 
cal plots of tiind speed I,rcrlJJtz f’cr ?io% 
terrain with different typ+s of plm’s 2nd trr 
cover are presented in ~:~~c~cII~c* ‘Cl, 2: $2 : 
sample wind speed profiles over ridges 

wind turbine, accepted modern terms for detiices which extract 
wind system or power from the wind; can refer to devices which 
wind machine produce mechanical or electrical output 

wind turbine a wind system which produces electrical power; 
generator abbreviated WTG 

wdndwheel same as rotor 

G-5 

work force lined up w i2h the direction of movement 
times the distance moved: for erample, by lift-- 
ing a i-Pound weight up 1 fcst, i fcot-pouno of 
work is perforizd. A 2-pound weight lifted up 3 
feet requires 2 x 3 = 6 fact-pounds of ror;; 
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APPENDIX 1 

W.IND POWER IN THE UNITED STATES AND SOUTHERN CANADA 

The following table lists the wind power at ‘750 stations in 
the United States and Southern Canada. The data in the table have 
been extracted from the report Wind Power Climatology in the 
United States by Jack Reed of Sandia Laboratories,.‘ Albuquerque, 
New Mex icGXiune 1975). This report (SAND 74-0348) can be ordered 
from the National Technical Information Service, U.S. Department 
of Commerce, 5285 Port Royal Road, Springfield, VA 22151. A 
printed copy costs $7.60 and a microfiche copy costs $2.25 (see if 
your local library has a microfiche reader). Besides the data in 
this table, the report contains average monthly results for each 
station of the percentage of time the velocity was in each of 
about eight speed ranges, i .e. : 

o-3 4-7 8-12 13-18 19-24 25-31 32-38 39-46 mph 
January: 27.6 26.1 23.5 18.6 3.5 0.6 0.2 0 

The data have not been corrected for varying heights of the 
wind anemometer. Also, possible distortions in the wind pattern 
by natural terrain features, trees,. ‘and buildings are not accoun- 
ted for. Because of this, no particular set of these data can be 
blindly accepted as representative of a particular region (see 
discussion in Chapter 3) e I 

The stations are listed by region within’each state. The 
states are listed first, alphabetically, then the Southern 
Canadian provinces. . Listed on each line are the following: 

1. State - U.S. Postal abbreviation (obvious abbreviations 
of Canadian provinces). 

2. Location - the most comm~ln abbreviations are APT (air- 
port), AFB (Air Force Base), AFS (Air Field Station), 
IAP (International Airport), IS (island), NAF (Naval Air 
Field), PT (point), WBO (Weather Bureau Officei. 

3. International station number 
4. 

65: 

Latitude in d$grees and minutes (3439 = 34’ 39’ N) 
Longitude in degrees and minutes (8646 = 86O 46’ WI 
Average wind speed in knots (multiply by 1.15 to convert 

7- 
to mph, Vave 

8. 
Twelve average monthly wind power values in watts per 
square meter (multiply by 0.0929 to convert to watts per 
square foot) 

9. Average of the previous twelve monthly power values. 
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MCJNTFiLY AVERAGE WIND POWER IN TRE UNITEDSTATES ANDSDDTRERN CANADA* 

State 

AL 

AL 

AL 

AL 

AL 

RL 
7 
N AL 

AL 

AL 

AL 

AL 

AK 

AK 

AK 

AK 

AK 

AK 

AK 

JmcatLon Sta. No, 

Xuntsville 3856 

Foley 93826 

Ckidw!en 75258 

BirminghamAPT 13876 

Tuscaloesa, Vn D GraL APT 93806 

Selma, Craig Am3 13850 

xontganey 13693 

nortgomery, -11 APB 1382!4 

Ft. Rucker, Cairns MC 3eso 

Evergrwn 13885 

Nobile, Brookley m 13838 

nnnetts IS 25306 

Xetchfkan 952 

Craig 25317 

Pctetaburg %O 

sitka 361 

JuneauAPT 25309 

Hain 955 

Lat &!E¶ 
3439 8646 

3358 0605 

3358 0605 

3334 0645 

3314 8737 

3221 8639 

3218 0624 

3223 8621 

3116 8543 

3125 e702 

3036 8804 

5502 13134 

5iZl 13139 

3529 13309 

5649 13297 

5703 13520 

5822 1343s 

59’ : 13526 

AVS. 
Speed 
knotr 

6.6 

8.0 

5.0 

7.3 

s.l 

5.7 

6.1 

4-e 

4.7 

5.3 

7.3 

9.s 

5.0 

7. 9 

3.7 

3.5 

7.S 

8.0 

Wind Power, Watts per Square Neter 

d L _n l! 
80 109 1lB 87 

133 182 153 174 

84 104 114 99 

127 157 156 137 

79 79 93 69 

74 86 91 68 

74 90 85 68 

58 67 69 31 

40 50 55 41 

66 69 78 57 

105 104 128 119 

320 264 216 199 

59 53 42 52 

105 159 167 132 

26 40 37 41 

lo9 2C 34 42 

119 134 123 127 

218 '202 203 '148 

I!! J il. 
46 37 29 

142 106 73 

43 34 2s 

80 64 49 

33 21 15 

42 34 29 

39 35 34 

28 25 20 

23 10 12 

29 18 17 

94 58 43 

110 97 7P 

47 37 30 

62 95 71 

32 23 22 

27 23 22 

95 70 60 

74 61 94 

\ i 
31 

66 

21 

44 

21 

26 

26 

19 

12 

19 

41 

77 

44 

SS 

22 

1% 

64 

54 

s 0 1( QAvc. 
56 50 78 87 66 

PO9 96 1% 11s 122 

40 4s 63 53 61 

68 68 108 106 97 

28 36 55 69 49 

37 31 48 54 51‘ 

3s 36 51 62 53 

2' I 26 39 45 39 

19 19 29 35 30 

21 24 36 51 40 

69 51 72 89 80 

126 297 324 419 199 

43 67 75 75 57 

113 186 174 165 128 

24 29 22 21 33 

34 44 46 93 37 

108 170 157 159 115 

72 160 236 159 146 

e m preview page for an explanation a,P eo!umn headlngm. 



tKtmwI,Y AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERR CANJWi Km?tinued) 

nkutat Am 25339 

niddletoa IS As 25403 

cerdolm, nil. 13 A?9 26410 

VddO8 26442 

mnclmrege IA9 264% 

-age, mrttll Fld 26409 

hncher4~, LAwndorfC Am 26401 

lmaaf A?T 26523 

-tbvy- 26412 

clulkane 26425 

S&9 Delta 26419 

?airbanh )19P 26411 

?*irbank8, Lad44 ma 26403 

Ft. Yukon AFT 26413 

IbnaneAu 26435 

runley Rot qrrn(;a 967 

ranens 976 

R@Y 508 

Galma &Pr 26501 

XRlt;C **:a 

us &us 

9931 13949 

S927 14619 

6430 14530 

6107 14616 

6110 15001 

Cl13 14956 

6115 14948 

6034 15115 

62S7 142% 

6209 144527 

6400 14144 

6449 14752 

6451 14735 

66% 14516 

6433 1490s 

6500 14039 

6510 lS2OS 

6444 15326 

6444 156% 

wsn l~s4'r 

__. - _ 
mti 
knatrz 

9.0 177 

11.9 62s 

4.4 46 

4.3 72 

3.9 61 

4.9 57 

4.4 46 

6.6 % 

3.9 16 

5.6 4s 

6.2 447 

4.3 10 

3.9 10 

8.7 33 

5‘ . ., 60 

4.0 76 

6.G 22 

6.E 58 

5.4 56 

c f P * 

z 1 

144 114 

597 468 

40 42 

28 7s 

95 48 

66 a9 

60 SO 

109 94 

21 30 

w- es 

322 239 

16 25 

l? 24 

41 64 

44 43 

14 64 

8s tW 

133 119 

69 66 

1”. l c -a* 

A I d 
100 90 7a 

3SS 238 141 

41 37 23 

41 36 16 

61 100 76 

27 41 40 

41 40 34 

66 61 63 

u 40 42 

10s 111 90 

147 148 85 

33 50 44 

28 36 35 

81 9: 84 

45 46 34 

tos 93 89 

53 56 57 

a4 40 .§: 

77 31 53 

PI 3' '1 

z 

56 

96 

18 

13 

61 

23 

24 

56 

33 

83 

68 

33 

23 

86 

2’1 

53 

47 

46 

4e 

A g 4 I! I2 m. 

64 96 181 103 X69 114 

134 243 519 5% 600 376 

l’, 32 53 47 40 36 

t 7 4s 100 ,72 53 

52 46 38 38 'SO 61 

22 30 30 59 23 37 

22 26 3C 46 33 36 

54 s.3 83 85 60 74 

32 27 22 18 :6 20 

100 95 76 46 40 61 

102 163 209 300 333 21s 

39 ;e 22 13 10 27 

19 23 24 I2 9 23 

61 74 53 :1 31 64 

2c 33 42 45 44 42 

l l I, 63 JO4 62 52 62 

;4 50 64 56 03 73 

4: fi 76 &?9 54 79 

6: 61 59 59 49 59 

. . . *? e.5 al-* ',‘I 56 

I ’ I 



HDNTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SDUTHERN CANADA (Continued) 

State 

AK 

Ax 

Ax 

Ale 

AK 

AK 

7 Ax a 

AK 

AR 

AK 

Ax 

AK 

AK 

hlt 

x 

Ax 

AK 

Ax 

Au 

AK 

Jacatlon Sta. NO. Lat LonQ 

Uhalakleet AFT 26627 6353 16040 

Hoses Point AFT 26620 6412 16203 

Golwin 502 6433 16302 

Note AFT 26617 6430 16526 

Northeast Cape AR4 26632 6319 16858 

Tfn City Am 26634 6534 16755 

lcotrebue 26616 5652 16238 

cape Lisburne AR3 26631 6853 16606 

Xndlan Mountain AF6 26535 6600 15342 

BettIe AFT 26533 6655 15131 

uisaman 979 6726 HO13 

tnniat 26537 6922 15208 

Point Barrou 27502 7116 15647 

Barier IS 26401 7008 14338 

Sparrevohn AF6 26534 6106 15534 

KcGrath 26510 6258 15537 

Tatallne AFS 26536 6253 15557 

Flat Z6 6229 15805 

Aniak 26516 6133 15932 

Bethel APT 2S615 6047 16146 

Ave. 
Speed 
knota 

10.5 

10.6 

9.6 

9.7 

11.0 

15.0 

11.2 

10.5 

s.4 

6.3 

3.L 

6.0 

10.5 

11.3 

4.7 

4.2 

4.4 

B.1 

S.6 

9.8 

Wind Power, Watts per Square Meter 

a En&MzJ&s2xE 

520 SO2 336 191 112 % 116 146 175 234 395 376 

329 363 275 279 149 129 181 233 217 222 246 263 

186 229 246 2SO 142 117 178 264 271 256 369 ?56 

328 308 226 225 153 119 117 162 169 230 263 136 

468 263 246 347 239 137 216 940 266 462 632 387 

763 919 611 658 427 271 260 334 352 522 722 726 

455 416 310 294 161 167 212 234 220 270 397 366 

432 266 335 266 227 210 303 216 266 432 444 333 

115 lL3 88 58 57 37 30 36 52 06 93 104 

28 44 S7 62 66 62 44 36 43 43 43 47 

20 26 16 15 24 15 23 14 12 12 26 16 

113 121 43 77 60 93 62 53 57 51 121 76 

21s 194 162 167 169 143 145 208 2Ll 250 266 163 

512 468 379 279 216 145 123 200 297 470 486 425 

69 73 108 76 47 35 36 41 54 63 74 62 

13 27 29 37 39 35 34 35 32 24 15 12 

25 37 36 37 30 27 27 29 33 35 24 21 

206 266 205 150 116 100 61 106 143 166 185 184 

51 59 63 S9 49 37 27 34 41 47 47 42 

229 258 224 166 125 108 110 137 140 156 165 211 

Am - 

26: 

24: 

2x 

2:; 

32t 

‘549 

291 

314 

7c 

4E 

2: 

72 

19; 

341 

6: 

2; 

31 

17; 

4c 

17 



MONTHLY AVERAGE WIND PDWEB IN THE UNITED STATES AND SOUTHERN CANADA (Continued) 

St&e 

AK 

AK 

AK 

AK 

AK 

AK 

AK 

AK 

? AK 
u( 

AK 

AK 

AK 

AK 

AK 

AK 

AK 

AZ 

AZ 

AK 

AZ 

xesstan st8. No, 

-P@ r:am8naof APS 26633 

Capa Neumhar APS 25623 

Kodillt Fyc 25SOl 

Kin9 Sahoa APT 25503 

Port Neiden APT 2SSOB 

Port #o&lor 25625 

Cold Bay APT 2 .:624 

Dutch Narlwr US 25611 

DriftuoodBay 25515 

thnak IS, Cape XB 2S602 

Yikol8kl 25626 

Mak 2S704 

AlE&Ltlm KS 45702 

Attu XS 45700 

ma- 45715 

st. P8Ul fS 25713 

Grand mayon 378 

Wh81# APT 23194 

?hgotafF, Pmlliu APT 3103 

Main* 176 

6147 16602 

5839 16204 

5744 15231 

5841 15639 

5657 15637 

5600 16031 

5512 16243 

3353 16632 

5358 16651 

5323 167S4 

5255 16847 

5153 17638 

5123 1791s 

s250 17311 

5243 17406 

5707 17016 

3557 11209 

3501 11044 

3soe 11140 

3509 11157 

BZ 
jmota 

11.7 

9.8 

8.8 

9.2 

12.9 

8.8 

14.6 

946 

II.0 

13.s 

14.0 

12.2 

10.0 

Il.2 

lS.7 

15.0 

6.2 

7.3 

6.4 

:a .9 

Wind Power, Watts Per Square Meter 

z r 8 h k! 2 I b 5 9 p! E' 

692 699 493 476 246 124 110 154 234 305 520 654 

400 371 330 288 160 119 101 142 16s 212 300 313 

320 271 258 198 124 07 52 77 I20 210 294 329 

250 260 235 180 102 138 92 139 156 100 230 206 

576 564 493 361 289 273 225 301 466 *.!il 439 56s 

$58 168 171 195 135 81 108 144 164 222 260 219 

736 731 699 58C 50/i 465 420 507 462 606 652 631 

35: 376 295 223 135 125 69 105 169 390 419 266 

204 203 154 148 115 72 88 77 71 120 161 182 

651 688 577 514 454 251 163 249 466 603 606 723 

S38 560 532 566 437 321 239 ?03 361 634 732 662 

426 467 520 453 366 223 218 259 331 502 461 525 

1764 1517 1418 1062 653 446 405 457 740'1053 ll55 1569 

553 5B2 508 4q3 235 162 135 129 360 366 414 554 

887 932 870 641 403 266 235 265 432 301 977 870 

758 867 684 518 355 207 175 282 399 693 691 791 

36 43 49 71 66 55 35 31 57 58 44 28 

104 104 232 169 161 141 93 77 63 73 63 70 

71 70 % 95 93 06 40 33 52 56 69 65 

132 166 218 253 240 224 111 68 116 178 139 158 

‘& 

3eo 

241 

189 

191 

419 

172 

573 

233 

131 

497 

482 

404 

1025 

368 

633 

547 

49 

111 

69 

151 

I ’ I 



state 

AZ 

AB 

AR 

AR 

AR 

AR 

AR 

AR 

AR 

CA 

MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTNERN CANADA (Continued) 

Wind Power, Watts Per Square Meter 

poeat ion Sea. No. 

Ashfork 171 

Kingaan 381 

Prescott .23li4 

YuQa APT 23195 

Phoenix 23193 

Phoenix, LuJta APB 23111 

Chandler, Williams AF’5 23104 

Tucson APT 23160 

TUCOOIh 23160 

Tucson, Davis-Uonthan APB 23109 

Ft. Kauchuca 3124 

Dougla8 93026 

Walnut Ridge APT 93991 

Blythevllle APB 13814 

Ft. Saith APT 13964 

Little Rock 13963 

Jackmmvllle, Ltl. Rk. APB 3930 . 

Pina Bluff, Odder ?ld 93988 

Texukana, Webb ?ld 13917 

medlc8 APT 23179 

LatLmnq 
3514 11233 

3516 1135; 

3439 11226 

3240 11436 

3326 11201 

3332 11223 

3318 11140 

3207 11056 

3207 11056 

3210 11053 

3134 11020 

3128 10937 

3608 9056 

3558 895? 

3520 9422 

3444 9214 

3455 9209 

3510 9156 

3327 9400 

3446 11437 

7.5 

.a.9 

7.5 

6.8 

4.8 

4.6 

4.1 

7.3 

7.1 

5.7 

5.7 

6.4 

6.0 

6.4 

7.4 

7.6 

5.8 

6.5 

7.7 

6.7 

111' 116 

126 156 

54 95 

55 62 

16 28 

21 31 

17 21 

71 39 

71 99 

40 40 

49 se 

a4 94 

93 e1 

85 106 

76 B6 

82 91 

61 67 

102 (I9 

92 108 

100 Us 

154 

172 

117 

6B 

34 

41 

28 

69 

69 

57 

a4 

166 

103 

100 

116 

10s 

05 

102 

120 

120 

201 

203 

144 

77 

39 

52 

3s 

90 

90 

63 

96 

143 

104 

111 

104 

% 

70 

07 

115 

112 

142 

153 

138 

71 

37 

49 

34 

87 

a7 

56 

00 

128 

se 

66 

81 

70 

47 

51 

77 

108 

2 2 A s ,o n 2 
126 82 60 Bb 100 103 82 

166 126 99 102 124 115 137 

124 75 56 67 57 59 44 

69 93 77 45 40 55 51 

35 43 31 28 24 22 1' 

43 49 39 25 21 20 18 

33 41 :3 26 22 18 16 

73 75 54 62 78 82 72 

73 75 si a2 78 92 “2 

60 51 3% 42 40 43 45 

66 39 27 39 30 34 41 

86 61 46 47 63 62 75 

*4 27 22 26 43 64 7s 

2 .P 23 36 39 67 71 

62 51 I§ SO b5 66 75 

5B 46 %6 48 50 73 71 

34 28 24 28 29 4s 49 

39 31 29 25 45 71 91 

69 4B 49 62 61 14 87 

98 67 67 58 78 113 124 

*Ave. 

I 14 

130 

05 

ci2 

29 

34 

26 

74 

74 

49 

53 

07 

62 

65 

73 

70 

48 

64 

BO 

97 



WNTNLY AVERAGE WIND m Ill THE DHIm STATES AND SOUTHERN CANADA (Continued) 

matiag 

8lcentr6 BUS 

Therm41 

xapm;al ach.,.Umm PM 

San Diego, HO&~ I$ 

San Diego 

NiramarNns 

San Clsrrnta IS %A6 

SSQ l!licholam IS 

camp Permlletoa 

Ckaanslda 

Laguna 8each 

mmromas 

Santa AM iu%P 

umAlirLtolrgira9 

LongBeachAl% 

Loo Aqpieo uP 

,ont8rio 

alvorrido, imreh AYB 

21199 

3104 

93115 

93112 

23106 

93107 

93117 

93116 

3lS4 

le9 

1% 

93103 

93114 

&06 

23129 

23174 

93lm 

23113 

xe!&uQs 
3249 lls41 

3336 11610 

3234 11707 

3243 11712 

3244 11710 

3252 11707 

3301 11835 

3315 11948 

3313 11724 

33l6 11721 

3332 11747 

3340 11744 

3342 11700 

3348 lleO7 

3349 ll809 

33% 11624 

3404 11737 

3353 1171s 

34m 11715 

vlet5rvillQ, as&rgm APB 23131 1435 1)723 

AV8. 

:s: 

7.7 

9.1 

s.9 

s.3 

5.4 

4.4 

6.3 

9.9 

5.2 

8.0 

5.0 

4.8 

4.6 

4.0 

4.9 

5.9 

7.7 

4.4 

3.5 

7.7 

Wind Power, Watt6 Per Square Meter 

3 E a A n z z & 

98 126 17i 208 225 189 60 73 

66 79 103 149 191 153 125 114 

48 51 54 54 52 45 35 32 

32 41 56 $6 49 41 33 32 

30 33 40 47 47 40 30 29 

23 24 26 30 26 19 16 17 

53 72 89 97 67 48 33 32 

1st 199 29s 306 346 244 161 166 

30 3s 45 61 53 43 43 44 

':29 122 108 82 67 59 49 49 

35 38 44 37 30 30 27 26 

4s 3B 33 33 26 22 19 13 

43 43 47 46 37 3: 33 2- 

36 39 47 44 41 3' 2y 2'; 

27 40 45 43 43 3 '; 3J 3? 

40 57 69 10 63 49 43 4’ 

36 117 109 116 140 x24 135 135 

35 43 40 44 19 51 52 43 

43 43 33 '17 25 Y.? '2 13 

s 
79 

119 

30 

35 

27 

18 

33 

164 

36 

64 

25 

13 

2: 

23 

3:. 

3'? 

92 

37 

I? 

-. 4 

P E E’ 
86 98 76 

92 76 63 

31 43 42 

31 30 32 

25 22 21 

19 20 24 

32 54 69 

100 159 

28 29 

96 116 

22 32 

36 43 

36 43 

36 37 

29 26 

33 35 

46 127 

29 32 

23 29 

P* +I' 

& 

127 

111 

43 

39 

31 

22 

55 

209 

38 

67 

34 

20 

37 

34 

.35 

46 

103 

41 

26 

118 



PtoNTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued) 

State 

CA 

CA 

CA 

CA 

CA 

CA 
I 
1 CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 
CA 
CA 
CA 
CA 
CA 

CA 

pacation Sta. No, 

mqqctt 

China Lake, fnyofrern tlAP 

mlfoc, Edwards AYB 

PaLmdLie 

Pabdale APT 

Sauqru 

Van Nuys 

Oxnard AFB 

Point my 8ns 

Santa nar'- 

Vandenbarg, Cooke APB 

Pt. Arquello 

san LO&I obispo 

Ester0 

23161 

93 104 

23114 

01 

23182 

83 

23130 

23136 

93111 

23273 

93214 

93215 

932c6 

39s 

Paso Robles, Sn La .Obi8@~ 93209 

i7olon 93218 

nonferry JAP 23245 

Yt. ord, Rit~BChe AAY 93217 

Taft. Gardner PM. 23126 

Bakersfield, neadaum Y&l. 23155 

&EsLonp 
3452 11647 

3541 11741 

345s 11754 

3438 11906 

3438 11805 

3423 11032 

3413 11830 

3413 1190s 

3407 11907 

3454 12027 

3444 12034 

3440 12035 

3514 12039 

3526 12OS2 

3540 12038 

3600 12114 

3635 121S2 

3641 12146 

3507 11918 

352s 11903 

Ave. 
Speed 
knot0 

9*6 

7.1 

7.9 

10.2 

O.B 

6.3 

‘4.6 

4.4 

5.6 

6.5 

6.1 

7.2 

6.9 

4-3 

5.5 

2.8 

5.0 

5.7 

4.4 

94 173 315 290 35s 236 177 159 145 121 107 

121 156 238 249 225 186 124 126 PI') 124 103 

90 118 187 206 236 230 155 131 99 87 a2 

163 205 226 267 315 328 254 200 165 158 130 

121 146 233 234 234 229 173 Ml 107 104 113 

10s 128 88 96 96 108 101 88 67 76 105 

105 e2 66 50 43 21 22 19 10 22 90 

63 56 49 46 43 26 20 ES i9 31 SO 

100 79 71 78 91 33 28 26 28 35 i5 

7s BP 114 94 93 93 63 57 56 66 -9 

62 67 99 97 115 67 34 33 41 51 5e 

72 105 138 135 133 79 .S8 54 '51 74 76 

60 69 134 127 146 173 105 120 131 129 89 

03 66 69 76 60 50 22 31 42 47 44 

34 39 57 76 10s 127 106 83 59 42 32 

9.6 10 6 11 11 8 8 6 :4 6 

30 33 45 48. 51 45 35 32 23 21 20 

30 31 46 61 67 63 66 59 41 34 2s 

20 10 20 29 45 46 31 22 18 16 18 

Q 
74 

93 

a3 

109 

1?2 

90 

69 

76 

E2 

91 

50 

66 

73 

77 

30 

6 

30 

24 

17 

5.4 27 33 46 55 69 65 47 43 34 25 24 26 

Ave. 

137 

155 

141 

22;' 

163 

B9 

49 

41 

5s 

82 

65 

05 

115 

53 

64 

7 

35 

47 

26 

41 

I . 

. I 



tatc 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

CA 

~~YA~GI:CT,~PPLMERIN~EIINITEDSTA'fES ANDS OUTlkIN CANADA (Cmtinuad) 

Ave. Wind Power, Wartts Par Square Meter 

- sm. No. 

8alutrmtield, Nintar Fld. 23102 

L+mBoro Nhs 23110 

Remlo, N-t Yld. 93193 

F~isboy APT 23X7 

nfirced,CamtleA?B 23203 

Liverstore 1% 

San Jose SZT 23293 

6mrnyvale, .Cbffett Yld. 23244 

sm Yrt-ici8co ZAP 23234 

Paslllon f? 495 
AlusdaNC 23239 

diLl8lld 23230 

San udaol,Eraailtal Am 2321t 

Yairfleld, hwia dhm 23202 

Polut Iusm 499 

Sacr44mato 23232 

Sacramento, Rather APB 23206 

Sacraecato, kcclellan Am 23208 3040 12124 

Akburo 190 3857 12104 

bllm canyen Am 23225 3917 SW2 

Damaer srt 23226 3920 12022 

Jd&xe!s 
3530 11911 

3626 11957 

3646 11943 

3722 11022 

3722 92b>4 

3742 12147 

3722 I2155 

3725 12204 

3737 l2223 

3740 12300 

3748 12210 

37u 12212 

3804 12231 

3816 121% 

3835 12342 

3831 l2UO 

3834 12110 

s-0 26 

4.8 2l 

S-5 24 

7.1 74 

6.0 56 

7.9 109 

6.4 51 

5.4 47 

9.5 96 

9.6 61 

7.4 92 

6.8 5% 

4.e 51 

10.7 8.14 

x3.0 401 

7.a 14s 

6.0 117 

t 

31 

30 

28 

106 

66 

108 

47 

so 

125 

406 

94 

7s 

52 

153 

398 

14s 

108 

p1 
38 

38 

42 

161 

72 

11s 

61 61 

54 59 

183 228 

267 193 

122 
77 

54 52 

176 232 

%l 480 

126 118 

89 69 

& 
49 

40 

48 

14s 

74 

124 

12s 
92 

PI d 
61 73 

4s 47 

60 62 

129 100 

69 78 

156 160 

86 84 

65 73 

268 280 

180 200 

129 124 
101 90 

so so 

347 488 

so0 614 

116 128 

63 69 

9 I! 
3B 25 

35 

42 

80 

59 

173 

52 

62 

236 

100 91 83 106 

99 

74 

39 

577 

388 

92 

56 

29 

33 

91 

52 

143 

43 

54 

211 

87 65 65 
69 57 so 

39 30 34 

461 332. 182 

513 321 368 

83 64 70 

4s 38 46 

9 
22 

2s 

2s 

85 

44 

107 

46 

.41 

171 

27 

23 

101 

44 

05 

34 

3s 

141 

6.5 107 102 98 53 03 90 62 56 49 67 

. 8.4 1% 148 109 76 77 64 65 65 64 57 

0.4 237 212 168 106 92 75 57 64 65 110 

sr 

19 

18 

17 

RB 

34 

64 

45 

32 

00 

204 

69 
40 

32 

106 

320 

BP 

59 

7s 84 

69 67 

Q &g. 

25 34 

19 30 

20 3: 

00 103 

42 59 

71 12; 

47 54 

56 51 

91 176 

275 212 

01 93 
51 71 

51 45 

91 270 

467 421 

L23 9s 

88 72 

130 lea 

12.1 1100 619 729 269 266 226 173 168 154 439 579 645 

79 

83 

122 

463 



I . ’ 

MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued) 

CA 

CR 
CA 

CA 
CA 

7 
CA 

G CA 
CA 

co 
‘0 
a.3 
CO 
co 
CO 
co 
CO 
co 
CO 
co 

CT 

matim gta. aQ& 

Beale JkF8 93216 

Wllllans 490 

Ft. Bragg 590 

Eureka, hrkata APT 24283 

Mt.. Shasta SF5 

Redding 39: 

Kontague 197 

Uontaqe, Siekiyou Co MT 24259 

La Junta 23!?67 

AL-a APT 23061 

&&la, mmorfal APT 93058 

co10 Sprhgn, Peterson Yld 93637 

Ft. Carson, Butts h&F 94ClS 

Denver 23062 

Denver, Lwry AFT3 23012 

Auruta Co, Buckley Pld. 23036 

Akron, Washington Co App 2401s 

Rifle Co, Garfield Co. c?T 23069 

Craig 24046 

Naktford, btadley Yld. 14740 

3908 

3906 

3927 

4059 

4116 

4034 

4144 

4146 

3803 

3727 

3017 

3849 

3841 

394s 

3943 

3942 

4010 

3932 

4031 

41% 

12126 

12209 

12349 

12406 

12216 

12224 

12231 

12228 

10331 

10552 

10431 

10443 

10446 

10452 

10454 

10443 

10313 

10744 

10733 

7241 

5.1 

at 

5.9 

6.0 

11.9 

7 9 

54 

5.3 

8.3 

7.4 

7.7 

9.0 

7.3 

B .8 

8-1 

6.7 

11.7 

4-l 

7.7 

7.7 

75 59 64 56 49 52 31 29 34 39 43 

163 172 179 112 126 120 70 64 76 10s 112 

7s 88 82 96 46 44 25 26 25 33 so 

-3 93 109 102 11s 87 36 42 35 so 61 

456 535 349 309 343 297 17'V 163 182 214 295 

7k I36 94 81 68 89 69 62 66 68 72 

65 130 120 122 130 131 12b 10h 7E 7s 71 

106 109 123 11s 78 63 59 50 45 64 82 

115 136 222 204 168 164 94 a4 85 78 139 

92 110 195 254 214 167 84 70 es 91 77 

101 122 180 23% 168 129 1OS 04 02 81 93 

142 163 217 212 109 163 99 86 PO5 106 138 

85 93 145 219 127 131 63 71 68 112 74 

117 139 182 183 132 126 94 83 0s 88 118 

11s 94 131 163 112 100 95 87 102 B0 126 

60 60 79 121 79 67 54 52 51 51 w 

216 313 383 359 276 239 226 184 243 212 252 

17 32 37 69 51 39 26 23 31 25 23 

57 63 70 97 eo 58 50 32 54 BP 56 

115 l.27 142 129 96 75 S4 53 61 94 93 

52 

1:6 

S2 

75 

162 

70 

57 

89 

115 

74 

104 

120 

07 

136 

121 

59 

280 

15 

51 

100 

. 

&PC& 

SO 

I!1 

SC, 

7s 

309 

74 

98 

80 

134 

127 

121 

142 

107 

126 

109 

6G 

242 

31 

62 

93 



193-y AVERSE UIIID POWER ILS THE UNfT%D ST&S MD SCNJTHERN CANADA (Continued) 

l-a ma 

MuEavmn,Tu8dAPT 147se 

rridgepurt APT H702 

DoverlVll - 13tD7 

Dalauuo meakw8ter 404 

uilminptons uew cmt1m APT 13te1 

wuhington, Andrew8 Am 137OS 

w88hhton, BelLfnp APB 137iO 

#8hingtoa IiItional 13743 

ua8hington, Dull80 XAP 93736 

Iby UUL WAS lasso 

Ifo588t8ad Am 12626 

XkarL 12839 

Boki u8ton L2803 

u88t P&a Beaeb u&5% 

Pt. IQrrrP 12835 

Pt. t4prtb. lmadricke rid. 13602 

la42 

Taiiqe, WiaUIiM9 12810 

Avon Park St&age RAP a2804 

url&udO, Bota APT I2841 

4116 

4110 

3966 

3648 

394c 

3640, 

3050 

3851 

last 

2435 

2s29 

2J46 

2622 

2643 

2635 

2638 

2758 

2751 

2?36 

20.33 

7253 

7306 

7S20 

1905 

7s36 

7653 

77OP 

7702 

7727 

1147 

6023 

6016 

1003 

8152 

3142 

8232 

8230 

BP?0 

0220 

Wind Pomr, Watt8 Per Square Hetar 

9.7 117 122 142 120 83 55 

to.4 244 274 256 219 159 114 

7.7 13s lb2 149 125 05 69. 

12.7 449 $70 477 430 203 1% 

02 127 149 175 147 105 95 

7.2 130 156 161 126 77 51 

7.d 125 173 171 140 84 50 

6.6 142 151 163 134 95 92 

6.7 104 115 116 111 66 42 

9.5 lS6 172 172 176 122 96 

6.4 61 74 90 89 72 51 

7.8 87 98 111 116 80 59 

0.2 80 109 125 135 109 I= 

8.3 123 129 151 145 106 13 

7 .o 93 111 153 156 104 '#9 

3.1 59 68 98 91 74 5: 

7-b 85 100 100 101 75 37 

5.9 53 95 98 a3 59 51 

5.4 SO 51 55 64 4s 30 

0.2 86 110 131 120 99 93 

d 
52 

96 

49 

163 

66 

39 

45 

62 

37 

78 

31 

58 

51 

70 

50 

38 

40 

3s 

20 

69 

Er s 

60 7B 

101 139 

49 73 

190 210 

59 61 

36 45 

40 51 

44 67 

41 40 

71 133 

35 66 

54 90 

5 i ffl9 

6? 80 

7:) 99 

r!’ 76 

‘.n 1 5.L 

49 67 

1; e$ 51 

.+v 01 

Q 
89 

192 

78 

403 

* 84 

62 

72 

05 

42 

133 

59 

BB 

1 ?C, 

105 

913 

i35 

55 

7; 

-! 3 

1 Q*‘a 

114 106 98 

214 251 166 

99 104 96 

391 410 343 

1:6 126 109 

101 109 9(J 

119 112 101 

103 107 10s 

66 78 68 

139 147 131 

60 56 60 

70 79 83 

108 106 99 

126 102 108 

30 lb1 1Oi 

c As 60 69 

5 2 80 68 

62 57 67 

43 48 45 

131 e9 99 95 

1 

I’ I . 



State 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

FL 

GA 

MONTHLY AVEdAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued) 

AW. 
Wind Power, Watts Per Square Meter 

Location Sta. No. 

Orlanao, HCCoy AFEB 12815 

Titusvillc 109 

Cocoa Beach, Patrick AFB 12067 

Cape KennedyAPS 12868 

Daytona Beach APT 12034 

Jacksonville, Cecil E%D X&S93832 

Jacksonville LIAS 93837 

Mayport NAAS 3853 

Tallahassee 93805 

Par i.ann; 13851 

Panama City, Tynoall APB 13846 

Crestviaw 13884 

Valparaf8a. Eglfn JWB 1365U 

Valpar&iso, Duke Pld 3844 

Valparaiso, Hurlburt Pld 3052 

xiltm, Whiting Pld HAAS 93841 

E*fkOPSQLS, bG4PiCy PM HAS 3815 

$%nsacola, tllymm ?ld 3840 

Pensacola. Forest Sherman W3855 

valdoata, Soody APB 13057 

Lattancr 
2027 8110 

2831 8047 

2814 8036 

2029 8033 

2911 8103 

3013 8157 

3014 a14l. 

3023 8125 

3023 6422 

3050 8511 

3004 8535 

3047 8631 

3029 6631 

3039 8632 

3025 8641 

3042 8701 

3026 Bfli 

3032 8712 

3021 0719 

3050 8312 

speed 
knots 

5.9 

6.7 

8.6 

7.4 

0.9 

5.2 

6.9 

7.2 

5.0 

6 .9 

6.7 

5.6 

6.2 

7.0 

5.5 

7.1 

6.0 

7.0 

8.0 

4.0 

?I E Y !I 
61 76 71 67 

S7 72 72 50 

127 149 144 134 

82 107 103 90 

112 141 146 142 

43 65 56 i0 

61 80 01 70 

82 105 92 90 

51 59 76 66 

92 104 115 86 

79 101 120 97 

68 77 OS 57 

66 74 78 71 

104 123 105 115 

-55 62 55 51 

107 114 125 93 

96 509 110 94 

97 104 116 112 

110 119 113 106 

40 51 54 43 

p? d 2 A s 0 
46 41 29 24 43 48 

44 42 43 32 47 56 

115 BO 52 62 130 191 

71 55 41 37 82 94 

125. 94 91 43 113 161 

35 31 21 19 39 39 

58 60 40 38 76 77 

67 67 40 39 I10 90 

41 26 24 20 39 43 

65 48 43 36 55 61 

61 47 42 37 65 55 

31 22 16 16 35 38 

56 48 40 37 55 46 

78 46 33 38 40 46 

36 31 23 21 34 33 

62 44 36 32 65 57 

57 42 37 35 79 63 

86 62 48 44 65 57 

79 75 56 57 73 71 

29 28 21 19 33 32 

N Q 
46 . 51 

50 

143 

75 

108 

37 

62 

74 

51 

71 

64 

60 

55 

84 

39 

84 

31 

74 

86 

29 

56 

127 

76 

116 

i9 

64 

- 68 

51 

84 

75 

65 

59 

88 

45 

92 

99 

81 

99 

35 

& 

4c 

4s 

115 

f? 

12c 

35 

6I 

76 

4: 

7; 

7! 

4: 

5f 

7: 

4( 

7' 

7* 

7' 

et 

3. 



Un---tg* AVERAGE WIND PDuEk IN THE UNITED STATES AND SOUTHERN CANADA CContinued) 

State 

GA 

GA 

GA 

GA 

GA 

GA 

GA 

GA 
+ A GA 

wGA 

GA 

GA 

GA 

GA 

Nx 

Elf 

NI 

Nx 

Ii1 

81 

I 

pcation 

lloultrie 

Albany, lurne- APB 

munswick, alyneo lW 

pt. S-art, Wright AW 

Savannah 

Savannah, Nuater AFB 

N=On 

Werner Robbfam APB 

Pt. Bonnfng 

Ufnder 

AdaLravflh 

Aqusta, Bush l’ld 

Atlanta 

Nerletta, Debbins Am 

lmbolula rAP 

Barbers Point m 

jlfahiawa, uhoeler APB 

Waialua. Wdcolei8 PM 

xeaeoheBq?mcAs 

Barking Suds AM 

pta. Ho, &&u!a 
13835 3100 0342 

13815 313s 3407 

93036 311s 8128 

3875 3153 8134 

3822 3208 8112 

13624 3201 a!08 

13836 3242 8339 

13864 3238 8336 

13829 3221 WOO 

12 3400 6342 

110 34SS 6496 

3820 3322 01% 

13874 3339 8426 

13e64 3359 0432 

22521 2120 MO55 

22514 2119 15804 

22508 2129 lSao2 

22507 2135 15812 

22519 2127 15747 

22501 2203 lS947 

Ave. Wind Power, Watts Per Square Meter 
&teii 
knots 

6 .6 

s.3 

s.5 

3.7 

7.5 

5.e 

0.0. 

4.9 

3.9 

7.6 

6,P 

5.9 

8.5 

5.8 

9.6 

8.3 

5.9 

7.7 

10.0 

5.6 

9 L H 32 k! 

73 89 64 79 4s 

50 68 73 55 33 

39 54 53 52 40 

20 30 32 23 22 

88 108 98 07 56 

59 76 86 70 44 

92 112 193 117 69 

54 76 75 59 35 

45 64 71 51 20 

90 113 93 91 57 

87 95 109 74 56 

68 83 87 63 43 

170 169 165 :51 84 

89 99 105 96 52 

118 131 164 163 155 

106 99 104 102 93 

48 49 61 59 60 

59 52 97 141 115 

131 144 ,157 156 140 

112 62 42 40 33 

. . 

s 

32 

27 

36 

14 

49 

40 

59 

26 

21 

50 

42 

41 

67 

36 

172 

97 

70 

136 

137 

24 

?z! 
3% 

23 

20 

12 

46 

34 

56 

22 

13 

51 

36 

36 

56 

34 

189 

100 

72 

151 

143 

20 

I! 

30 

19 

25 

10 

45 

31 

44 

X8 

13 

44 

33 

32 

46 

30 

194 

102 

65 

158 

143 

22 

d 
47 

33 

38 

14 

61 

36 

61 

27 

21 

43 

33 

43 

73 

40 

141 

77 

43 

113 

116 

21 

a 
io 
27 

39 

16 

62 

43 

56 

31 

22 

79 

49 

39 

00 

50 

128 

76 

40 

84 

113 

38 

N 

59 

36 

35 

15 

63 

46 

68 

42 

32 

92 

100 

45 

109 

66 

133 

95 

39 

89 

135 

43 

n 

75 

41 

37 

23 

72 

47 

73 

44 

36 

92 

71 

49 

127 

72 

144 

104 

49 

PO8 

168 

69 

&& 

58 

41 

40 

2u 

69 

51 

75 

41 

33 

70 

64 

53 

106 

66 

153 

95 

54 

109 

141 

44 



I .’ 

wo~mf,,y AVER&GE WIND POh'ER IN TRE UNITED STATES AND SOUTHERN CANkDA Kcmtinucd) 

NI 

Nf 

RX 

RI 

ID 

ID 

7 
ID 

ii ID 

ID 

ID 

rD 

ID 

rt 

IL 

rL 

IL 

IL 

IL 

XL 

IL 

tpcatfoq 

nolokai, Rcmertead Pld 

RaholuL MS 

Rtlo 

Rife, Lyman Pad 

Strew11 

Pocatello 

Idaho Fallm 

Burley APT 

'hrfn Falls 

Ring Rill 

Nountain Now &tD 

soims APT 

Chicago MiUuap 

c1en01mr NAS 

Chicago, ohare 

Chicago, ohare IhP 

Waterman 
, 

mckforu 

Nokiw 

Itauforu 

I;ta, l& 

22502 

22516 

2LQO4 

71504 

119 

241% 

671 

24133 

15634 

105 

241% 

24131 

14919 

14RSS 

i4810 

94946 

139 

94022 

14923 

A6 

2109 15706 

2054 15626 

1943 15504 

1943 15504 

4201 11313 

4255 11236 

4331 11204 

4232 11346 

4228 11429 

4259 11513 

4303 11552 

4334 11613 

4147 8745 

4205 8750 

4159 8754 

4159 R754 

4146 8e45 

4212 8906 

4127 9031 

4113 8937 

Wind Power, Watts Per Square Meter 

SPd 
knotm 

12 .J 

11.1 

7 .‘I 

7.6 

9.7 

86 

9.7 

‘3.0 

8.7 

8.8 

7.3 

7.8 

9.0 

8.4 

9.7 

9.5 

9.1 

8.8 

nag 

PO .2 

2 L B A B z d e s 9 ,E B nvc, 

110 195 249 291 250 312 361 342 266 26% 233 230 *266 

203 204 240 276 335 366 375 377 203 219 247 200 276 

82 R6 77 71 65 67 63 67 59 56 52 74 67 

82 86 77 71 65 67 63 65 58 56 52 74 67 

275 255 189 175 161 146 129 120 127 ‘128 1% 209 168 

211 224 230 209 163 159 113 67 102 103 140 176 160 

226 185 321 295 241 214 132 1355 166 164 170 172 200 

185 162 246 199 156 116 ‘13 5e 72 89 114 150 133 

160 lR1 232 237 155 139 85 ‘3 66 114 131 172 147 

220 222 357 363 330 216 169 147 212 156 165 185 221 

94 136 154 172 144 121 92 96 80 105 09 61 110 

103 112 127 119 95 79 64 36 60 76 84 95 91 

129 14s 151 144 115 70 53 52 74 95 149 134 112 

164 164 203 206 137 83 56 52 72 105 143 137 120 

220 242 268 272 197 140 99 89 140 162 256 213 193 

109 199 227 229 174 11a 83 71 113 129 227 176 162 

2% 269 222 269 134 100 50 60 77 99 210 175 166 

112 107 1X 164 126 85 61 70 62 92 126 121 107 

121 151 215 200 155 93 63 54 91 813 165 141 130 

210 271 284 290 203 129 66 08 96 823 237 163 1% 



nownaV AVEBAGEwftR)pawlclt IUTIIBUSI~ STATE8 ANDSOUTHENCNW3A (Continued) 

Wind Power, Watt6 Per Square Meter 

- gta. No, 

Rantaul, Chanutm APB 14806 

Effingham 436 

Springfield, Capitol AFT 93822 

Quincy, DaSdvin ?ld 93909 

Rellevllls. 8cott APB 13802 

mrfon, WfllLamson Co APT 3865 

Evanmfille 93617 

Terre RaUhi, Hoimim Pld 3668 

fndianapolbo 93819 

columbu8, mbkalar Aw 13803 

Rilrq( 125 

Centarvilis i35 

Harion hPT 94052 

?eru, GrLsrssl AF@ 94833 

Iafryerto 530 

Port UayF.8 14827 

RelJmr 535 

.Gonhen ;132 

south Bed 138 

nccuos 136 

Latxe!L¶ 

4018 8609 

3909 8832 

3950 8940 

3936 9112 

3833 8951 

3745 0901 

3606 8732 

3927 8717 

3944 6617 

3916 65S4 

3928 8522 

3949 6458 

4029 0541 

4039 8609 

4025 8656 

4155 85l2 

4133 85L2 

4132 8548 

4142 6619 

4133 8710 

speed 
knotm 

8.S 

94 

10.6 

9.9 

7.2 

7.6 

8.1 

0.2 

?.l 

7.0 

9.5 

9.0 

6,4 

9.7 

10.3 

.g .9 

33 

8.9 

9.8 

10 .7 

& L I 

158 164 193 

170 210 251 

215 2S3 308 

209 229 275 

129 140 162 

159 186 230 

129 139 165 

160 151 203 

174 198 a47 

97 106 128 

243 270 230 

1% 237 209 

2ll 254 279 

123 137 158 

295 317 290 

149 167 230 

256 243 263 

229 209 208 

243 243 263 

204 297 311 

h H 5 
210 143 91 

217 116 95 

295 212 131 

220 137 90 

143 85 61 

243 136 89 

154 98 69 

182 105 74 

205 147 96 

lL7 71 50 

209 116 115 

182 101 87 

255 160 116 

165 139 65 

3L6 175 142 

205 154 101 

242 141 100 

221 124 104 

256 1SS 128 

290 183 149 

2 I! P P I e & 

50 47 66 87 145 12i 121 

73 60 89 95 217 144 136 

92 02 119 152 263 242 198 

71 61 95 136 211 194 161 

36 33 46 '6 109 96 90 

59 45 00 93 1e7 28 139 

46 38 60 71 118 117 100 

43 33 60 79 130 134 115 

68 59 a1 108 176 161 143 

36 32 44 58 91 88 54 

73 69 94 101 189 163 148 

64 57 79 93 176 i36 134 

64 50 73 9" 253 186 170 

40 36 53 6s 131 I.33 100 

91 311 112 126 296 222 21s 

73 66 9s : 16 214 171 146 

79 78 133 153 242 215 161 

75 73 99 Iii3 182 148 146 

92 92 107 127 229 156 188 

62 96 120 157 311. 231 223 

t I 
. 



MONTHLY AVERAGE WIND P0WER IN THE UNITED STATES AND SOUTHERN CANADA (Continued) 

State 

IA 

IA 

IA 

IA 

IA 

IA 

IA 
7 
z IA 

IA 

IA 

KS 

KS 

Rs 

KS 

KS 

KS 

KB 

IIS 

Its 

%B 

gacation sta. No. gl&Lonq 

Dubuque APT 94908 4224 9042 

mltlbbgton 14931 4046 9107 

foua City APT 14937 4138 9133 

Cedar Rapids 14990 4153 9142 

ottuawa 14948 4106 9226 

Hontezuma 145 4135 9226 

Des xoiner 14933 4132 9339 

Ft. Dodge APT 94933 4233 9411 

Atlantic 140 4122 9SO3 

Sfous city 14943 4224 9623 

Ft. Leavemrorth 13921 3922 9455 

olatho RAS 33909 3850 9453 

Topeka 139% 3904 9538 

Topeka, Forbes APB 13920 3857 9540 

Ft. Riley 13947 3903 9646 

Cammday 152 3602 9638 

Wichita 3928 3739. 9725 

wiehlta, Mccmnell APB 3923 3737 9716 

Hutchinson 93905 3756 9754 

Salina, SchLlling lrps 13922 3648 9738 

Ave. 
Speed 
knots 

9.4 

9.5 

8.6 

9.2 

9.x 

11.0 

9.9 

10.3 

11.3 

9.7 

6.3 

9.2 

9.8 

0.6 

8.0 

13.0 

12.0 

10.9 

10.7 

9.1 

al E H 5 I!! iz 2 a s 
208 209 239 317 241 150 112 135. 170 

147 160 257 164 94 85 52 44 72 

175 195 231 229 110 82 71 61 61 

160 171 23 249 157 97 53 49 59 

209 243 257 239 169 140 110 112 156 

270 330 330 390 256 203 103 117 150 

192 193 251 289 180 126 91 81 109 

253 260 331 334 258 14G 77 74 104 

2% 350 363 457 295 254 136 123 l55 

ISO 172 247 283 206 143 $9 82 114 

73 84 116 111 73 57 31 33 50 

143 157 211 167 139 ll? 69 69 91 

138 147 237 229 170 159 107 112 I36 

117 134 166 185 132 115 G9 79 8B 

112 122 224 233 171 130 86 102 139 

370 436 550 550 350 310 231 257 283 

243 273 344 337 262 276 168 177 203 

222 234 336 317 252 237 151 136 176 

287 335 372 375 330 351 215 195 309 

134 160 230 221 176 150 100 112 140 

Wind Power, Watts Per Square Meter 

P 
198 

97 

100 

102 

169 

158 

142 

181 

190 

155 

52 

102 

137 

95 

138 

284 

221. 

188 

280 

135 

1! P m 

312’ 231 2lI 

200 144 lit 

205 159 14i 

138 131 13: 

174 1MI 175 

271 223 237 

219 178 166 

LB5 - lB0 199 

264 270 256 

212 170 169 

78 66 69 

152 136 135 

159 163 157 

125 104 120 

125 106 139 

371 311 371 

249 237 253 

200 207 222 

308 269 305 

147 111 155 



Iii11 ctty Am 939% 

lKulg@ city APT 13985 

Garden city APT 23%4 

COdAIt 3814 

-w 93820 

War8au 23 

Loui8vilae, 6tal?air&re ?ld 93821 

Ft. Knox 13Bo7 

9mdinq Gmea, City Co APIP 938wl 

?LC8upboll 13m6 

PdWPh 30l6 

Irv orle4um X2916 

Esu Orio&nr, CoRlcndKr ItbS 12958 

Eatam E.ouge 13970 

lake Curlem. CkmmalOt Jim 13941 

rnlk MF 3931 

Alcundr~a, Ezbglana ZvB 13934 

Nmroe, salman Fld 13942 

shremport 13957 

shr4bwmPort.DukH8lam9 13Md 

&msfenn 

3923 9950 

3746 99% 

37% 10043 

36% 0408 

3803 8436 

3046 04% 

3811 0544 

3754 95% 

3650 8626 

36aG 0730 

3704 am6 

2959 9015 

2949 9001 

3032 9109 

3013 9310 

3103 9311 

3119 9233 

3231 9203 

3228 9349 

3230 9340 

A-. 
Wind Power, Watts Par Square Neter 

SW 
knot8 

9.7 

13.5 

ma 

a.4 

8.9 

6.8 

6.5 

6.6 

6-A 

5.0 

617 

8.0 

4.6 

7.4 

83 

5.7 

4.6 

7b 

8.4 

6.0 

jt E I A, I Q d & B 9 E E 
122 199 337 262 210 226 152 125 153 140 153 131 

201 360 441 458 360 366 259 245 296 296 334 318 

227 326 4511 4150 415 456 277 272 309 259 216 204 

71 54 65 58 26 15 16 12 16 18 4 i 44 

161 158 lS6 169 103 75 61 47 72 73 148 146 

123 132 137 113 65 57 49 39 a0 54 106 101 

75 34l 104 96 53 32 26 27 29 36 56 66 

108 121 126 Ill 64 46 30 25 39 47 90 96 

131 115 136 113 65 39 3B 32 46 57 69 93 

78 88 107 89 51 32 27 25 29 39 60 69 

109 LO6 122 106 59 44 35 33 40 48 90 93 

129 137 la4 114 76 52 44 43 $1 91 126 109 

47 55 50 35 26 14 10 PO 26 24 31 40 

105 106 102 95 72 52 40 36 50 53 79 92 

184 156 204 176 125 91 38 57 67 67 133 140 

51. 69 78 68 47 37 23 15 21 29 55 51 

45 57 64 52 37 20 15 13 17 21 39 41 

88 104 108 90 61 46 36 36 46 51 73 79 

128 130 145 131 92 71 57 55 58 69 105 111 

69 74 83 72 48 36 27 27 35 34 53 59 

&!z 
184 

336 

295 

36 

ll? 

85 

St 

7c 

71 

SQ 

7r 

9' 

4' 

7 

I.2 

4’ 

3. 

6 

9 
8 



I 1 

HONTRLYAVERAGEWINDF'OWER INTREUNITEDSTATES AND 
SOUTHERN CANADA (Continued) 

Wind Power, Watt8 Per !Gquare Meter 

&A 

107 

‘62 

93 

123 

74 

119. 

6I 

164 

-30 

109 

72 

28 

% 

45 

76 

227 

227 

90 

149 

223 

757 

J: h 24 Q II Q 

197 61 B3 101 112 120 

55 48 50 69 BO 97 

54 59 63 82 100 11C 

77 69 97 11s 110 134 

aa 4s 60 66 33 76 

59 59 83 ~02 138 139 

37 39 34 46 S7 64 

96 7S k10 117 179 168 

IL4 Ld 14 23 42 41 

52 5§ 69 95 121 118 

25 22 30 47 % 75 

14 23 18 27 27 52 

52 48 60 BP 104 114 

29 32 33 39 48 53 

39 36 44 65 80 92 

128 PO8 131 13X 230 277 

128 108 131 131 230 277 

43 56 53 71 92 102 

87 90 112 139 148 165 

104 113 169 214 261 230 

fncation sta. No. LatllRE9 

Portland 14764 4339 1019 

munsvklc. WAS 14611 4353 6956 

Bangor. Dar ARI 14601 4448 6841 

Pre8qw Imlo APB 14604 4641 6803 

Limemtam, Lorlng Am 14623 4657 6753 

Patuxent River UA4S 13721 3817 762s 

Baltimore, Martin Fld 93743 3920 7625 

Baltborc, Friendship APT 93721 3Sll 7640 

Ft. mad, ripton MF 93733 3905 7646 

merdeen. Phillip MF 13701 3928 7610 

camp Dekrick, Fredrick 13749 3926 7727 

Ft. Ritchie 93745 3S44 7724 
Chicopea Palla,WastoverIUP14703 4212 7232 

Ft. mvons AAP 4779 4234 7136 

Bedford, xanscoa Pld 14702 4220 1117 

Boston, fagan UP 14739 4222 7102 

Boston 14739 4222 7102 

South WeynwtthlfAS 14790 4209 7056 

Palwuth, Otis AFlb 14704 4139 7031 

#antuck& I4756 4116 7m3 

Manta&et Shoal8 14638 4101 6930 

pate 

w2 

NE 

WE 

WE 

ne 

m 

m 

m 

m 

m 

m 

m 
?IA 

M 

M 

?4A 

RR 

M 

WA 

nn 

M 

8-Q 127 145 

6.6 109 116 

7.1 132 138 

7.0 lS1 167 

6.9 97 lb7 

0.1 159 177 

6.9 107 111 

96 266 253 

a.4 57 56 

7.9 P26 170 

5.4 101 122 

4.6 38 34 

7.1 122 143 

156 140 

106 107 

136 113 

151 161 

110 88 

166 146 

11s 95 

265 209 

69 65 

173 157 

144 110 

33 37 

141 133 

66 94 

117 94 

103 80 

87 64 

83 ‘70 

123 B0 

69 55 

97 76 

53 44 

152 117 

37 19 

9s 66 

51 33 

21 16 

% 70 

44 31 

70 48 

19s 150 

195 150 

84 5B 

147 110 

190 140 

5.4 

6.1 

11.8 

11.7 

7.6 

9.2 

11.6 

a5 

109 

40 

120 

314 321 

314 321 

125 125 

188 199 

314 

314 

268 

268 

146 

198 

136 

193 

304 346 290 277 

16.7 1024 1025 977 830 632 551 592 544 412 769 $56 927 

I - , 1 
4 



WDNTHLY AVEZRAGE WIND PCMER IN THE t.ZJITED STATES AND SOUTHERN CAWhDA (Continued) 

stsum 

Ocorgsr 3lmals 14657 4141 6747 

nt. ClemeM, selfrldqo Am 14804 4236 0249. 

YpsilantL, Willou Rurh 

YaCkSO8 

Battle Creek, Km1099 APT 

Grand Rapids 

LMSing 

Flint, Pliahap A!PT 

Saginaw, Tri C&y APT 

m5kegon co APT 

Glaci4.n 

ccklllae APT 

Traverse City 

oscoda. Wurtsmlth RFB 

irtp+na, COllfns PBd 

Peilstat, wtt cu iwT 

Sault Ste Narfe 

jlYLnrosm* xthchdlc* i&FL 

Ercanaba A3T 

cwinn, ta!wysr Am 

14053 

133 

14615 

94060 

14836 

14826 

14845 

14840 

14828 

148 B7 

m3so 

14600 

34B49 

14B4P 

14e45 

94824 

94B54 

94036 

4214 

4214 

4210 

4253 

4247 

4258 

4326 

4310 

4359 

4415 

4444 

4427 

4504 

4534 

462$ 

4615 

4544 

4621. 

8332 

8428 

8514 

8531 

8436 

8344 

8352 

8614 

0429 

8520 

8535 

8322 

8334 

BBC8 

6422 

8428 

%'I05 

0723 

Wind Power, Watts Per Square Meter 

knoU~~!!lfh~Pj2~9 

17.1 1168 117s 1058 891 619 575 519 378 473 739 

8.2 lS7 151 160 145 96 71 56 53 71 84 

9.5 169 169 244 194 139 101 8s 77 104 113 

BW 196 149 182 215 1% 92 57 69 77 99 

8.9 161 189 205 179 124 99 76 63 1% 99 

0.7 120 134 180 158 112 77 62 54 83 81 

lo.8 273 298 356 287 178 112 69 74 123 146 

9.6 233 206 246 195 140 109 85 71 129 140 

9.7 218 1% 223 1% 152 111 92 74 121 126 

9 .Q 156 164 140 171 121 96 68 70 80 155 

. 5.9 67 71 92 76 63 40 31 24 34 39 

9.4 210 204 239 193 172 151 I.04 89 139 161 

9..5 229 206 249 207 147 132 100 91 160 187 

7.6 117 123 121 116 91 96 55 56 71 94 

7.3 76 76 92 108 88 59 49 46 52 62 

B.9 183 159 192 165 154 115 105 61 P-z.5 144 

3.3 PO4 105 119 125 113 77 62 57 79 93 

7.6 $3 105 106 120 106 69 53 56 68 81 

7 ,8 126 164 148 186 191 1S'o 116 93 135 163 

11 D, l!x% 

891 1156 783 

'S6 144 115 

iae 173 147 

175 147 127 

152 160 137 

162 135 113 

251 269 203 

210 223 167 

i99 169 156 

177 166 129 

61 S3 53 

2Q0 203 171 

250 22s 176 

109 ma 94 

67 50 70 

17s 105 147 

115 106 98 

109 93 89 

232 143 PSd 

7.5 W 116 109 116 100 72 52 57 65 92 102 105 90 



~WIWTHLY AVERAGE WIND PWER IN TRE UNITED STATES AND SOUTHERN CANADA (Continued) 

Karquette 

Cal-t 

Roughton Co APT 

frommod, Goqebic Co APT 

&meapolfs, St. Paul IAP 

St. ClouU, Uhltney AFT 

Alaanilria 

Brainerd 

Duluth IAP 

Beddjl APT 

fnternatbnal Falla IAP 

Roseau 

thief River Fall0 

Siloxi; Reeslsr Am 

Jacksan 

Greenville APT 

ncridfan NAM 

Columbus Am 

Hal&m 

St. Lud*, Lmbert Fld 

14638 

14056 

14858 

94926 

14922 

14926 

751 

94938 

14913 

14958 

14918 

14955 

0243 

13820 

13927 

13939 

3866 

13825 

13818 

13994 

4634 

471@ 

4710 

4632 

4453 

4535 

4553 

4624 

4650 

4730 

4834 

4851 

4803 

3024 

3220 

3329 

3323 

3338 

3636 

3045 

8724 

8830 

8630 

9000 

931> 

9411 

9524 

9408 

9211 

9456 

9323 

9545 

9611 

885s 

9014 

9059 

0833 

8827 

8959 

9023 

A.m. 
Sphd 
knotr 

7.6 

8.5 

8.5 

0.5 

9.4 

6.9 

10.7 

6.9 

iio.7 

7.a 

0.4 

6.5 

8.7 

6.8 

6.2 

6.6 

3.5 

4.7 

8.3 

-7.9 

Wind Power, Watta Per Square Meter 

a L 1 A I ?I 9 A s 9 P D 

79. @4 1113 125 117 96 73 70 89 85 99 66' 

116 126 136 139 I.06 90 79 66 97 108 116 112 

116 126 136 139 106 90 76 66 97 108 116 112 

164 198 167 290 200 174 130 139 200 313 270 203 

127 142 152 211 106 133 68 66 112 130 167 123 

70 70 102 129 99 71 44 38 55 66 04 58 

721 215. 262 290 249 202 126 i61 182 263 263 196 

90 . 92 111 167 134 98 62 se 107 87 123 09 

219 229 249 299 233 14-r 12: 111 154 1% 254 206 

104 120 111 244 201 155 117 120 133 141 162 122 

95 103 110 175 155 103 82 88 119 122 PC3 117 

33 31 50 50 51 35 16 20 27 34 49 41 

215 207 194 305 279 199 135 157 183 221 309 219 

02 79 83 81 64 49 38 35 58 55 66 68 

85 92 88 78 46 31 26 25 31 39 63 77 

69 loo 104 90 66 40 32 34 49 50 65 77 

29 40 37 25 12 e 9 5 8 10 17 21 

52 60 61 48 25 17 15 13 23 21 31 40 

151 117 162 ,152 109 75 57 53 62 74 124 1lE 

95 116 143 138 94 60 41 36 55 60 92 96 

Av 

1 

1 

2 

1 

2. 

11 

1' 

1. 

1 

2 

4 

1. 



WDwlliLY AVERAGE WIWD PtBEl? IN THE DWIT'ED STATES AND SOUTHERN CANADA /Cor.Piaued) 

- Fta. rP, WI&!% 

Naw FlOrefhcm 147 3853 0126 

KirluvLll~ 510 4096 9232 

Vichy, xmlla APT 13997 3806 9146 

Ft. Uonard lf~d, ?omsy A? ¶938 3743 9208 

Spri~tteld 440 3714 931s 

Butler 9399s 3016 9420 

xnc?morkr, Whiteaaa AFB 13930 3644 9334 

Marshall 144 3906 9312 

Grandview, Rchdm-Gcbaor 1518 3929 3651 9435 

Kansas City APT 13989 3907 9436 

Rmxvill~ 142 3925 9400 

tarkio 14945 4027 9522 

Glendivo 24067 4708 1044e 

niies City APT 24037 4626 10552 

Wolf Point 94OPl 4BW 1053s 

rila5gw Am 94010 4824 10631 

BfllLnpm, Legan ?ld 24D33 4540 10032 

LiVingStar 678 4540 11032 

mflaon APT 24036 4703 10927 

Navre n7 4634 10940 

knot8 

10 .l 

lo.s 

0.6 

6.0 

9 l 7 

9.3 

7.4 

9.5 

8.1 

9.4 

10 -1 

0.2 

7.7 

6.6 

8.1 

6.6 

19.0 

13.5 

6.6 

2 L M A I 9 ?r A s 9 r a Ave. 

198 231 238 231 138 105 es 85 111 112 199 165 !.58 

250 271 297 310 191 137 111 103 118 lS8 231 191 164 

153 158 211 170 92 72 54 45 68 76 142 156 117 

67 65 81 88 50 37 22 21 26 50 62 67 52 

183 243 230 263 123 96 70 77 97 -10 i63 170 150 

212 206 266 226 123 124 74 65 81 131 156 160 152 

"6 109 146 151 94 65 40 45 61 70 94 81 07 

-03 223 263 250 115 109 82 90 69 9s 156 136 143 

10s 101 156 173 113 76 55 s9 74 91 110 110 100 

115 126 165 182 145 129 105 99 113 112 143 122 132 

210 211 284 270 144 124 04 91 98 125 171 151 158 

121 137 258 225 192 150 87 71 85 113 135 94 135 

131 141 145 222 217 146 125 137 i39 144 111 L22 149 

123 137 120 161 134 102 07 98 104 109 93 116 115 

117 112 143 326 248 139 126 1731 245 223 183 124 179 

133 131 125 178 198 130 102 102 :38 126 119 125 133 

230 210 185 202 165 137 110 99 P26 LS2 218 237 173 

778 819 574 415 327 239 233 253 321 500 713 1058 500 

198 185 141 163 135 108 82 95 114 125 10s 153 146 

Wind Power, Watts Per Square Meter 

0 .7 146 106 1SS 141 123 115 75 74 86 120 132 127 114 

, I 



state 

UT 

l¶Y 

n7 

xr 

WI 

m 

RB 

NB 

rm 

!fB 

m 

t43 

R3 

im 

?rB 

NB 

BB 

tm 

KB 

lw 

WoHTEiLY AVERAGE WIND POUE8 I# T8E U8Im STATES AM8 SOUT8ERN CANADA (Continued) 

Bta. 80, La+ fans 

oreat Fallm IAP 

Gnat Falla, Hah¶t+olAW 

mlen4 APT 

Whitehall 

Butte, silver 2)# Co APT 

nhsoula 

askha 

maha, Offutt MB 

aand Island APT 

overton 

tlorth Platta 

Lincoln APB 

co1lnDbua 

&?orfolk, Stefan APT 

Big Springs 

Sidney 

Scottsbluff APT 

Alllance 

Valentine, Hiller Fld 

mulder City 

. , 

24143 4729 11122 11.6 444 439 300 281 194 193 136 143 197 300 456 509 , 304 

24112 4731 11110 8.9 253 240 181 176 120 112 00 80 ll5 178 215 263 16! 

24144 4636 11200 7.3 145 95 142 134 63 113 85 44 111 34 61 65 9c 

24161 4S52 11158 11.4 710 543 352 274 221 245 193 167 174 260 410 602 344 

24135 4557 11238 6.9 98 101 116 158 141 120 86 85 93 93 Qb- '76 104 

24153 4655 11405 5.0 49 36 64 75 72 70 64 41 57 23 19 26 SC 

14942 4118 9554 10.0 191 106 264 280 186 :4B 104 PO4 i24 158 217 191 177 

14949 4107 9555 7.6 118 123 189 198 138 98 67 58 66 93 li2 112 -115 

14935 4058 9819 11.1 177 195 270 312 251 217 161 156 179 100 232 2OO 211 

154 4044 9927 10.5 209 195 323 389 276 243 155 149 lb2 202 299 182 222 

562 4106 11042 10.5 193 233 374 435 321 208 153 153 206 246 234 166 254 

14904 4051 9646 9.4 163 173 258 251 193 143 97 102 102 119 173 146 162 

73084 4126 9720 10.0 184 192 516 301 246 172 113 111 120 164 150 143 186 

14941 4159 9726 9.7 236 235 300 387 275 215 142 173 204 281 361 255 2S6 

161 4 105 10201 11.7 270 204 430 450 349 270 210 210 217 ts4 297 251 290 

563 4108 10302 10.5 275 267 369 395 294 227 193 160 680 227 241 188 240 

24028 4152 10336 9.8 147 225 271 254 189 160 119 124 122 166 2S4 199 165 

24044 4203 10248 10.6 203 209 274 358 289 233 109 294 233 228 238 210 238 

24032 4252 10033 lo.0 181 237 267 323 206 242 199 226 230 271 338 242 253 

382 3538 11450 7.6 1OY 162 185 230 247 293 3.66 197 137 95 155 a1 17: 

SgZ 
Wind Power, watts Per Square Meter 

!!!lQ&S~~&L!5Z&$iQPQ &= 



&no. stakd APB 

mmholdt 

LWdoclr 

Waumucea APT 

8uffalo Valley 

8attlemlmtaia 

8lii 

Vontoma 

Portuouth, Puu AP8 

tanchuter. Grenksr Pld 

berm 

htlmtic city 

cadlea 

2fl.69 

23112 

23&48 

23152 

93102 

23lm 

23118 

s80 

24172 

24118 

24l81 

24119 

l.81 

582 

to 

4743 

LB710 

94721 

937 30 

103 

361s 

36% 

392s 

3930 

3980 

4605 

4004 

40% 

4020 

4037 

40% 

4050 

4052 

4305 

4256 

4254 

3927 

3955 

llslo 0.7 10s 

11502 l.7 73 

us61 5.3 w 

117m 0.7 99 

us43 4.7 48 

1194f s.2 77 

11942 3.9 79 

11609 6.7 61 

lu133 6.4 109 

11740 7.2 79 

11721 6.4 66 

11652 7.3 148 

11631 6.2 57 

11548 6.2 68 

11448 6.8 139 

7049 6.6 90 

7126 6.7 1~5 

7216 4.8 63 

7435 9.1 185 

7504 8.0 132 

L 

u2 

89 

7s 

lS0 

SO 

108 

105 

76 

91 

91 

97 

80 

98 

76 

160 

112 

1so 

06 

207 

131 

II A 

1% 229 

137 130 

141 1% 

1% 1% 

74 72 

123 99 

121 132 

140 102 

121 99 

117 115 

94 94 

147 113 

112 106 

100 92 

178 179 

99 82 

134 137 

69 74 

20' 166 

II 

225 

12s 

154 

174 

60 

93 

110 

103 

98 

105 

102 

132 

99 

99 

166 

73 50 

03 m 

67 40 

109 01 

rl 

209 

123 

109 

142 

49 

01 

91 

118 

113 

97 

97 

113 

86 

99 

112 

9 

166 

77 

64 

98 

2P 

se 

T: 

923 

e:: 

A* 

17 

85 

79 

*i 

1-1 
.C. > 

- -. 

a.. 

c- 

h 

141 

75 

46 

94 

23 

54 

72 

83 

72 

81 

62 

70 

68 

76 

91 

37 

3-t 

s: 

e ! 

5, 

P Q I D bfpr 
111 122 67 ‘92 1so 

61 63 46 57 ee 

54 28 63 54 80 

104 113 103 101 133 

25 30 27 36 44 

S2 52 45 44 74 

56 64 51 69 8% 

66 57 5-9 40 79 

56 67 41 47 83 

73 83 55 69 66 

57 59 53 52 76 

61 102 64 66 98 

63 62 45 51 76 

75 13 52 60 76 

9G Fd 93 99 109 

42 54 63 90 68 

51 ‘2 95 127 86 

3&j $2 C 3 50 53 

81 lf!' 14d 164 129 

h? $I-, 1:n 111 1L 



WIHTNLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTNERN CANADA (Continued) 

- #ta. N& ri!!!ixmR 

wri9htmtown, NcOuire JW6 14706 4000 7436 

Lakehur8t BAS 14780 4002 7420 

Balm&r 4739 4011 7404 

Trenton 501 4017 7450 

Uwark 14734 4042 7410 

Clayton 23051 3627 10309 

mcrratari 364 3511 10336. 

Anton Chico 160 3508 10505 

CloIfi8, cannell Am 23008 3423 10319 

8obb8, LnacoAPf 93034 3241 10312 

Rosmll AFY 23043 3324 10432 

Rosuell, walker APB 23009 3318 lo432 

ROtleO 272 3156 10859 

Lam Crucem, White S~&I 23039 3222 10629 

Alamogordo, Rolloaran AF'B 23002 3251 lo605 

Albuquerque, KirtlandAP8 23050 3503 10637 

Otto 166 3505 10600 

S4ZltaptAPT 23049 3537 10605 

F8miQgton NT 23090 3645 10814 

Cbllop 23081 3531 10847 

egz 
l!l?s%d r 

Wind Power, Watt6 Per Satmrc Meter 
IAldSISQHQ 

6.6 

7.4 

6.1 

8.1 

6.7 

13.0 

10.6 

8.9 

9.9 

10.4 

8.5 

7.3' 

9.4 

6.1 

5.6 

7.6 

9.6 

10.3 

7.1 

6.2 

100 

133 

80 

125 

145 

447 

273 

171 

195 

148 

79 

195 

100 

45 

83 

2w 

218 

53 

92 

114 

158 

82 

146 

145 

397 

321 

257 

215 

234 

191 

102 

216 

106 

59 

115 

311 

200 

74 

133 

114 101 48 42 30 20 40 52 73 99 

166 131 94 62 * 49 41 46 60 99 169 

83 57 37 31 23 23 30 50 56 55 

146 194 85 71 47 55 70 92 140 120 

157 126 107 60 73 68 71 96 100 110 

519 483 427 360 230 207 255 279 350 395 

359 365 293 227 167 i54 166 207 206 106 

306 227 130 132 78 67 74 101 143 140 

320 279 228 204 126 93 111 122 160 180 

353 276 250 215 136 109 118 109 166 186 

273 260 216 172 101 62 64 102 126 172 

145 145 129 135 93 71 65 72 82 66 

250 325 259 191 166 131 129 155 210 173 

169 149 123 00 50 43 41 42 82 -99 

92 101 85 72 54 43 38 35 41 40 

154 190 160 134 101 72 08 97 80 74 

491 372 271 264 116 102 94 176 234 228. 

308 308 248 217 136 113 135 154 164 194 

136 151 106 101 79 55 50 71 01 42 

237 293 240 217 92 02 75 114 64 54 

&g. 

.69 

93 

50 

105 

109 

354 

260 

155 

1@6 

190 

163 

Ye 

203 

89 

57 

112 

243 

201 

83 

143 



HDNTWLY AVERAGE UIWD PaclsB IN THE UNITeD STATES AND SOUTHERN CA&MM (Cmthrsd) 

- gtm. k, &s&n3 

ztmi 93044 3506 roe49 

It1 norro s73 3501 10826 

Acat 170 3503 10743 

westhlllpton, Suffolk co mm14719 4051 7238 

Eaqstead, nltchell APB 14708 4044 7336 

New York, u6nneQy IAP 94769 4039 7347 

mu York, La Omrdia 14732 4046 7354 

lcsv York, Central Park 94728 4047 7358 

I;cv York UBO 94706 4043 7400 

86ar muntain loo 4114 7400 

@=--9&s-- 14714 413a 7406 

mu E6ck6Naok 106 4138 7353 

eoughk66pmle,~6am Co APT14757 4136 7313 

ColrabLavill6 11s 4220 734s 

mlbany Co App 1473s 4245 7340 

schnuctady 4702 42Sl 7357 

Pletshrg mm 4742 4439 7327 

kmsmena, itkharh hP? 9472s 4456 74Sl 

uat6crtam APT 94790 4400 7601 

Ram, Griffism APB x4717 4314 7s2S 

t&z 
knotr 

8.4 

7.4 

9.6 

8.1 

9.2 

10.3 

10.9 

8.1 

Il.6 

12.s 

7.8 

6.0 

6.1 

8.7 

7.9 

7.4 

6.0 

9.5 

10.0 

s.7 

2 

127 

76 

150 

146 

194 

242 

300 

114 

436 

476 

164 

83 

68 

us 

148 

lS6 

c3 

176 

409 

91 

r I h I P 5 h s P r E, &ye& 

109 234 220 183 138 58 54 80 104 97 126 127 

113 229 210 18s 136 9s 66 66 92 91 83 107 

169 283 223 156 143 96 82 75 109 143 136 169 

14s 154 133 100 02 69 67 87 110 120 118 110 

221 211 189 134 115 99 88 100 129 185 is4 IS5 

259 260 2Q4 151 139 122 106 120 140 173 100 16a 

282 283 211 160 123 105 110 135 174 217 278 197 

108 117 99 57 43 30 37 61 63 83 95 76 

428 384 is9 211 173 146 107 143 209 329 336 261 

463 550 444 311 183 171 163 271 209 396 523 350 

206 193 176 108 76 61 52 64 101 136 163 124 

91 93 87 50 42 34 32 40 63 93 84 63 

90 106 90 52 43 33 28 36 46 66 74 60 

220 226 173 131 104 69 69 97 139 164 172 138 

163 173 138 9s a0 68 63 81 96 103 111 108 

116 160 155 123 01 82 67 a4 68 112 114 112 

70 76 02 70 52 42 36 41 54 66 60 60 

192 217 193 150 129 100 101 111 154 170 193 158 

312 373 298 153 134 119 99 171 197 278 350 236 

108 109 94 66 44 30 26 36 50 71 82 65 

Wind POMIK, W8tta Par Square Meter 



mNTiiLY AVERSE WIND POWER IN THE WITED STATES AM) SOUTHERN CM-A (Continued) 

- bta. 280% 

Utica, bncida Co JLPT 94794 

syracume, Hancack MT 14771 

Ei#qhampton, Bloom Co APT 4725 

Elmira, Chemwq Co APT 14740 

ltOCh6at6r 14766 

Bcffalo 528 

Buffalo 14733 

niagara Pall6 4724 

Dunkirk I27 

wilJnington 13748 

J&UBUlbVi116r R6w Rm. -3727 

Ch6Kw Potnt lms 13754 

C&&W? H6tt6r66 93729 

coldeboro, Symr-Jhnsn ~43 13713 

Ft. Bragg, Slnun0nr MP 93737 

Fay6tt6Vill6. POpS-m 13714 

Charlotte, uouglaa Am 13061 

Ashcvilla 13072 

Hickory APT 3810 

vANtoe sa16a 93807 

4309 7523 

4307 7607 

4213 7559 

4210 7654 

4307 7740 

4256 7943 

42% 7649 

4306 7BSf 

4230 7916 

3416 7755 

3443 7726 

3454 7653 

3516 7533 

3520 7758 

3500 7856 

3512 7901 

3513 00% 

3536 8232 

3S4s 11123 

36w eol4 

0.2 117 130 

8.4 150 174 

9.0 157 183 

5.6 73 70 

9.8 205 229 

11.5 466 430 

10.9 2S4 250 

8.3 193 17s 

11.2 400 349 

8.1 118 151 

6.0 SO 72 

7.0 92 lC5 

10.6 195 229 

s.4 55 71 

5.0 63 82 

4.3 43 54 

7.4 101 101 

5.s 77 77 

7.2 69 69 

e-1 961 166 

113 100 74 81 43 49 59 67 106 111 e7 

166 162 lo8 80 66 61 76 91 129 138 115 

194 191 138 77 73 70 77 101 155 160 122 

91 80 50 45 29 2s 34 57 79 69 59 

240 201 138 123 90 82 102 123 19: 194 163 

417 411 422 291 276 303 377 334 354 306 382 

:"2 239 160 151 132 110 145 160 227 251 205 

147 130 '106 82 72 67 82 10s 134 176 126 

368 302 173 154 121 127 174 269 396 361 2e1 

163 169 102 07 77 b0 98 97 101 97 LOB 

e4 79 53 44 32 31 43 40 49 46 51 

124 12s 84 68 57 57 84 66 67 74 a3 

209 202 144 138 117 135 160 163 166 160 169 

00 72 45 32 30 23 30 29 42 46 45 

76 70 46 32 27 24 27 33 53 48 46 

60 55 34 25 24 21 21 23 29 30 33 

120 116 69 57 50 53 70 76 78 02 02 

110 90 41 24 17 16 18 33 76 74 54 

89 79 57 50 so 49 49 54 63 61 62 

149 169 88 68 66 54 97 106 98 117 111 



IUJWHLY AVERAGE WftfD FCM3R IU ZWE t@lITBD STAm AND SOUTHERN CANADA (Continued) 

or6eadboro 

ftd6igh 

RockynouatAPT 

Elizhotb City 

Fargo. mctor APT 

aand mrke AIL) 

P6sbLaa 

Bisbarck APT 

ninot An 

williston, Sloafin Pld 

~Dkkinson 

Young8tamAPT 

Wafr6n 

Akron 

mrry 

Clevelard 

Vi&6~ 

*Toledo 

ACChhOld 

13723 

13722 

-13746 

13766 

14914 

9492s 

750 

24011 

94011 

94014 

am12 

14052 

21 

1489s 

126 

14020 

20 

94830 

iao 

11a21 

3602 

3552 

3356 

3616 

46S4 

47S6 

as7 

4825 

4611 

4647 

4116 

4117 

405s 

4141 

4124 

4125 

4136 

4134 

4060 

7967 

7647 

7746 

7611 

9640 

9724 

9715 

1004s 

10121 

10338 

10246 

SC40 

3040 

8126 

0107 

8151 

82SS 

e340 

6419 

6253 

6 .; 67 90 96 94 47 37 34 29 35 43 69 57’ 

6.7 119 81 1% 113 53 51 49 37 45 41 64 61 

4.2 72 74 97 06 49 62 59 43 45 50 57 60 

7.4 81 89 9S 98 76 65 50 58 67 71 63 63 

11.7 

8.9 

11.7 

9.5 

9.1 

6.2 

l3.Q 

9.2 

9.3 

9.1 

10.7 

10.1 

10.3 

7.7 

8.6 

280 264 293 389 266 215 144 160 225 280 

167 162 183 197 166 103 71 09 123 147 

306 361 321 341 335 261 167 241 261 329 

147 149 186 250 217 I.74 118 113 157 167 

191 192 166 199 185 117 PS 98 127 164 

60 66 109 143 141 104 76 83 111 98 

402 365 462 486 401 402 246 208 300 332 

167 177 216 178 115 04 66 57 81 95 

1% 163 197 197 116 95 67 59 t?z 122 

163 134 192 151 101 IS 55 55 70 R6 

2% 296 29C 277 136 1'5 02 90 ??6 ?-x3 

lB9 237 244 211 147 111 80 ,2 I I’4 122 

264 3ld 303 264 150 136 89 98 :30 157 

109 114 138 108 76 51 34 17 49 60 

162 176 162 189 99 86 57 67 ET4 98 

109 119 136 116 74 52 37 -% 44 55 

337 273 

147 172 

403 409 

186 143 

163 181 

99 79 

426 334 

180 188 

?44 149 

‘56 .47 

111 .‘fO 

23!l 702 

.‘B4 217 

99 93 

:a2 135 

‘CC ?1 

se 

64 

52 

74 

263 

146 

390 

170 

157 

98 

362 

133 

136 

il9 

223 

152 

217 

00 

127 

02 



I a 

. tmNT?U,Y AVERAGEUINDPDWER INTHE UNITEDSTATES AND SOUTHERNCANADA (Continued) 

SthtJl 

cff 

OR 

OR 

OR 

OR 

OR 

? OR 
rJ m OR 

-38 

OR 

OK 

OK 

CK 

OR 

OK 

OK 

OK 

ON 

ON 

ON 

OR 

LocstiQo $+a. mb 

colusbus, Lockbourne APT3 13812 

sfayesville 124 

cacbridge 122 

zanesvfllc. cambriage 93824 

Wflmington, Clinton Co AEB 13841 

cincinnatl 93814 

Dayton 93815 

Dayton. Wright APS 13813 

Dayton, Patterson Pld 13849 

mrkoget 13916 

Tulsa IAP 13%8 

OklahmmCity 13%7 

Oklahoma City, Tinker APB 13919 

Ardrore AFB, Autrey .Fld 13903 

Pt. Sill 1394s 

Altus Al% 13902 

Clinton-Sherman Am 3932 

Enid, Vance AF8 13909 

ww-- 358 

13975 

Ontario 903 

ul!kmna 

3949 8256 

4047 8216 

4004 8135 

3957 8254 

3926 8348 

3904 0440 

3954 8413 

3947 8406 

3949 8403 

3540 OS22 

3612 9554 

3524 9736 

3525 9723 

3418 9701 

3439 9824 

3439 5916 

3520 9912 

3620 97s4 

3636 9950 

3618 9g46 

4481 11701 

Wind Power. Watts Per Square Meter 

!!e&!?iz E B e I d! il 
6.8 109 127 135 12C 73 53 36 

10.0 257 257 236 204 123 124 76 

6.2 110 103 110 94 54 so 40 

7.7 160 142 188 158 87 67 46 

7.8 133 148 166 157 94 6C 44 

8.4 133 135 1SO 144 90 63 51 

9.0 179 192 207 173 108 73 59 

7.6 161 188 226 162 122 83 50 

7.4 171 186 202 176 108 73 47 

8.1 149 189 230 210 132 94 53 

9.5 157 178 1% 185 155 116 94 

12.2 306 333 376 386 274 250 165 

11.4 263 277 370 412 319 310 176 

8.7 140 165 204 203 123 113 71 

9.2 174 21s 272 247 193 182 104 

8.0 99 134 148 180 140 126 71 

9.8 lR4 202 203 262 224 158 04 

9.0 162 173 229 189 138 138 88 

12.4 295 416 562 556 389 310 290 

10.5 2clf 207 281 323 257 321 168 

6.2. 52 70 % 143 139 107 11s 

A 8 0 s D Ava. 

33 43 58 93 04 ’ 8Q 

76 104 

32 4C 

32 56 

37 48 

42 61 

46 69 

so 71 

43 61 

71 80 

85 110 

153 182 

153 197 

72 86 

91 125 

c4 -79 

77 198 

81 190 

250 275 

132 173 

122 75 

151 259 204 

s9 30 73 

63 136 130 

6? 117 119 

77 116 112 

A4 170 163 

86 162 157 

79 160 145 

1r)e 114 99 

118 145 149 

216 248 265 

230 243 240 

98 132 114 

I40 164 165 

92 91 92 

113 139 161 

107 136 142 

309 308 261 

161 167 186 

69 49 4: 

163 

71 

105 

93 

b9 

125 

128 

120 

139 

141 

263 

264 

127 

173 

113 

166 

139 

356 

221 

8t 



bKM?XWLY AVERAGE WIND PONER IN THE UNITED STATES AND SOUTHERN CANADA (CcmtSnusd) 

State 

OB 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

OR 

k?ssk!l St". No& 

Baker 685 

La Gram% 24140 

Pendlet#r Fld 24155 

Burns 24134 

Klamath Falls. King81eyFld94236 

ludmond. Robert8 Pld 

Cascade Lwk8 

croun Point 

Portlmd IAP 

E%gam, Mahlon Sueet Fld 

aorth Bend 

Roreburg 

Fmtoria, Clatsag Co APT 

Salem, NcBary Fl& 

bkatport 

wolf crcok 

sexton s\naait 

Brookingo 

nedford 

Sirkiyon SmLt 

24230 

192 

194 

24229 

24221 

691 

696 

94224 

24232 

694 

e7 

90 

598 

597 

91 

LatuN!9 

4450 11749 

4Slf LlBlll 

4541 llSS1 

433s 119OJ 

4209 12144 

4416 12109 

4539 12150 

4533 12214 

4S36 12236 

44O7 12313 

4325 12413 

4314 12321 

4609 12353 

4455 12301 

4430 12404 

4241 12323 

4236 12322 

4203 12418 

4221 12251 

420s 12234 

sglz 
knot8 

7.0 

8.1 

8.7 

5.9 

4.8 

5.6 

43.1 

9.6 

6.8 

z-6 

0.4 

4.2 

7.2 

7.1 

8-S 

2.5 

lL6 

6-4 

4-9 

8.0 

Wind Power, Watts Per Square Meter 

d~HhMI!ztk!.z9MQ &Sk 
44 52 47 54 47 40 40 40 39 45 38 *43. 46 

328 261 173 131 93 66 SS 54 60 82 201 312 152 

96 164 196 188 174 100 134 124 134 98 127 134 145 

46 46 68 69 57 60 49 .44 46 50 43 40 51 

84 77 99 86 62 44 33 30 36 53 66 16 60 

56 76 63 61 46 36 29 30 39 36 50 45 47 

651 718 33rl 331 365 351 387' 353 344 451 653 750 465 

746 765 209 146 107 50 36 50 113 304 712 650 308 

139 104 91 61 44 39 45 38 38 51 91 131 75 

83 86 110 94 79 74 89 74 79 58 73 77 81 

76 128 108 107 88 185 192 149 88 52 80 94 lL3 

22 23 32 26 27 28 29 26 22 16 18 19 23 

125 199 OS 82 69 66 71 61 S4 70 105 111 04 

160 122 100 72 56 47 52 44 47 59 104 137 85 

110 109 109 95 127 145 159 211 69 72 95 129 113 

10 11 15 16 19 19 22 18 11 9 8 8 14 

313 283 243 196 236 243 255 269 248 223 316 310 276 

91 131 96 68 58 55 35 26 37 43 72 92 63 

33 44 53 50 57 51 50 49 39 28 24 4o 46 

96 11s 102 02 129 150 170 123 102 68 89 62 ios 

I I 



HoNTllLY AVERAGE WIND POWER IN WE UNITED STATES AND SOUTRERN CANADA (Continued) 

m 

PA 

PA 

PA 

PA 

PA 

PA 

Y PA 

: PA 

PA 

PA 

PA 

PA 

PA 

PA 

PA 

PA 

PA 

?A 

PA 

PA 

J#lx8tion 

Phil8dclphta 

willow Grove SDIS 

Allentown 

Scranton 

Hiddlctoun, Olmstead APB 

Emrisburg 

Parkplac8 

sunbury, Sclin8gtaus 

Woodward 

Bcllefonte 

BUck8tam 

~CCbtUd18bW9 

Altunm, Elair Co APT 

Kylcrtwn 

rmboir 

Bradford 

Erie IAP 

Pkrcer 

Irookville 

?ltt8barg APT 

Sta. No. 

13739 

14793 

14737 

14777 

14711 

14751 

10 

14770 

13 

113 

114 

119 

14736 

512 

4787 

4751 

uB60 

52% 

121 

h!!sms 

3953 751s 

4012 7908 

4039 7526 

4120 7544 

4012 7646 

4013 7651 

4OSl 7606 

4053 7646 

405s 7719 

4093 7743 

am4 7aSO 

39so 7001 

4ola 7819 

4100 7811 

4111 7854 

414a 7838 

4205 8011 

4118 ma2 

4109 7906 

94823 4630 m13 8.S 166 170 197 162 10s 75 59 SO 67 02 146 150 

Ave. 
Speed 
hOt8 

0.5 

6.8 

7.3 

7.7 

s.s 

6.4 

12.9 464 477 451 411 251 198 132 !37 211 318 411 424 

5.4 72 85 11s 73 38 29 19 1B 22 32 56 58 

11.4 630 564 596 sso 330 257 157 163 257 403 551 590 

6.9 133 139 139 169 83 68 44 46 60 96 128 126 

9.4 261 309 ??l 241 131 83 73 62 83 179 235 247 

7.2 168 149 l83 150 92 72 49 42 63 97 174 120 

7.9 1% 100 241 164 9s 79 53 45 56 82 124 143 

9.8 268 241 302 262 147 98 0s 77 98 146 202 247 

7.5 118 89 127 118 79 34 36 35 41 49 77 109 

6.1 81 69 76 70 49 30 21 20 25 34 54 68 

9.1 234 191 208 147 92 77 67 62 94 111 176 216 

9.0 169 169 190 176 ,109 80 65 50 80 107 170 163 

7.4 146 119 119 132 75 60 l2 IS 46 7s 112 104 

Wind Power, Watts Per Square Ncter 

J: P I A I d ?r: A t Q S n & 

131 139 170 133 93 70 62 52 61 84 9s 109 103 

111 136 148 114 74 46 35 30 43 54 @B 90 81 

157 141 227 124 77 73 38 35 55 61 100 151 104 

87 107 94 95 80 62 47 37 50 64 8f 84 74 

97 124 113 96 53 37 31 26 29 41 75 02 66 

96 120 125 88 53 41 27 24 31 42 69 68 - 66 . 

345 

SO 

417 

103 

192 

106 

110 

200 

78 

49 

139 

129 

89 

120 

. 



LloFmaY AVERWE WIWD B IW THE UNITED STATES AND SOUTHERN CANADA (Continueb) 

3-w 

PA 

RS 

Rs 

RI 

SC 

SC 

SC 

SC 

T sc 

:: SC 

Bc 

8c 

SC 

SC 

SD 

SD 

St3 

so 

88 

m 

473.6 

14766 

1476s 

14765 

93631 

13680 

13717 

300 

13849 

3856 

13663 

ll2 

L3a22 

313 

14944 

14940 

14929 

149% 

24425 

24059 

xtaferrrr 

4016 7933 

413s 712s 

4144 7l26 

4144 7126 

3229 8044 

32S4 8002 

3341 76% 

3411 7943 

3359 8029 

335s 804s 

3357 8107 

3430 0243 

3446 R223 

34s 8157 

4334 %44 

4455 9709 

4527 9826 

4423 9813 

4423 10017 

4403 10304 

At?.. 

gzf 

9.1 

8.4 

9.5 

9.6 

5.7 

7.5 

6.1 

7.6 

6.4 

4.9 

6.2 

7.7 

6.3 

0.2 

9.5 

10.1 

a1.a 

10.2 

9.8 

9.6 

s f I 

239 226 207 

164 164 163 

173 189 129 

173 109 192 

44 70 62 

93 124 130 

49 6S 70 

95 99 114 

49 57 64 

37 68 54 

65 74 90 

99 lo7 99 

67 70 80 

121 122 156 

158 1% 21s 

189 224 284 

545 234 341 

264 169 229. 

216 205 255 

176 173 239 

II 1 s A 

94 7s 72 61 

121 84 61 70 

140 117 98 88 

140 117 98 00 

43 3s 20 23 

69 64 54 52 

54 51 49 44 

74 67 52 43 

40 31 26 24 

33 24 26 14 

52 42 42 34 

80 60 51 51 

44 38 32 27 

9s 66 65 5i 

z90 129 94 91 

251 2% 129 123 

290 244 173 27 '2 

214 165 13i l3r 

202 141 124 i29 

178 144 223 139 

Wind Pawelr, Watt Per sauwr wt-r 
A 
160 

156 

100 

180 

61 

117 

70 

93 

62 

52 

96 

113 

79 

129 

266 

332 

413 

205 

294 

234 

s 8 

so 117 

83 115 

100 177 

100 117 

3s 35 

63 59 

44 40 

50 74 

34 36 

32 27 

41 30 

52 73 

36 3' 

t0 bL 

121 144 

185 210 

?40 24s 

r.65 19r 

119 168 

169 .133 

186 174. 141 

13s 141 123 

150 163 144 

150 163 144 

42 43 43 

71 61 81 

39 40 52 

73 78 72 

38 41 41 

31 28 34 

44 50 SS 

85 98 79 

39 50 49 

108 iso 94 

a12 14: 161 

240 l:l 212 

295 202 258 

.;, b?4 387 

233 207 191 

28s 205 192 

I I 



HDNTHLY AVERAGE HIND POWER IN TKE UINIT'ED STATES AND SUJTNERN CANADA (Continued) 

State 

SD 

so 

Tz!J 

TX 

T0 

TB 

T?a 
7 
ii Tu 

Yu 

rs 

Tn 

TX 

TX 

TX 

YK 

TX 

TX 

ns 

TX 

TX 

Location Sta. Ko. Latms 

Rapid City, Kllswrth AW 24006 4409 10306 

llot sprhgs 94013 4322 lo323 

Brieto 3LB 3630 6221 

KnoxvLlle APT 13891 3549 8359 

Chattanooga 13882 3502 BSl2 

chattanauqb 324 3SO3 8512 

Wmtcagle 126 351s 8550 

sfayrna, smrt APB 13827 3600 6632 

Karhville, Brrry E'ld 13897 3697 6641 

nt?mp?zt KAS 93839 3521 8952 

lump!lhIAP 13893 3503 89s9 

BrcwnmvlLl*, Rio Granda 11Ip12919 2SS4 9726 

wnrlington APB 12904 26x4 9740 

Kfngsville JfRAS 12928 2731 9749 

cerpum Christ1 12924 2746 9730 

Corpum chrtmti IIM l.2?26 2742 9716 

Iardo APB l.2907 2732 9928 

maville BARS l292s 2823 9740 

Yktorl6, Foster Am l2912 2051 9655 

ffstmtoa 129UD 2939 Wl7 

Ave. 
Wind Power, Watts Per Square Meter 

m-d 
lkllmtjI.En~nzjIASQr!D &a 

294 

125 * 

59 

100 

52 

IO 

70 

62 

9.9 

a.2 

5.9 

7.0 

S.6 

5.4 

5.4 

s.2 

7‘4 

6.2 

7.9 

10.7 

0.8 

e-5 

10.4 

11.3 

10.0 

9.3 

t.9 

1OJ 

306 

90 

76 

133 

64 

70 

77 

76 

116 

e4 

130 

231 

124 

111 

189 

209 

90 

91 

134 

191 

256 

llf 

10s 

13s 

70 

86 

84 

83 

114 

85 

137 

229 

17s 

130 

229 

232 

122 

101 

173 

216 

362 354 245 

155 297 219 

93 0s s3 

156 161 8S 

76 83 42 

106 83 46 

64 63 32 

67 82 42 

132 117 70 

93 84 54 

149 12s 89 

261 292 277 

212 207 172 

162 183 171 

260 2S2 199 

272 266 263 

153 185 206 

124 129 111 

198 138 112 

240 tse 186 

191 164 172 196 233 320 

163 94 128 126 136 179 

40 30 30 22 37 51 

66 53 42 47 54 99 

31 26 20 26 31 49 

44 37 29 35 42 63 

19 16 16 19 33 60 

29 22 20 22 31 '8 

67 41 33 44 57 07 

37 2.5 24 29 36 67 

57 45 42 54 61 102 

211 185 141 roi 104 150 

160 132 129 02 7s 101 

lS7 142 11s 107 77 104 

177 158 150 107 114 lS7 

22s 169 153 150 144 206 

223 216 174 122 101 93 

BS 71 61 60 52 76 

97 67 71 53 sn 103 

139 es 74 101 117 19s 

00 

73 

110 

166 

109 

98 

lS4 

172 

62 

72 

124 

lS9 

2! 

l! 

f 

! 

4 

6 ,.* 
4 

5 

0 

5 

9 

19 

13 

12 

17 

21 

14 

6 

10 

1: 



mmlfg,Y AvERM;E WItID KlUER Ill m UNITED STATES AND SOUTHERN CAWADA Wcnch~ued) 

Imcst ion sta. WC!! 

Houston. Elllnqtun AQB 12906 

Galveston AAF 12905 

Pt. Arthur, Jafferson li& 12917 

Luflcin, An9elina Co APT 93987 

SaltiLl 249 

San Antonio 12921 

San Antonio, RandOlph ARI 12911 

San Antonio, Kelly AFB 12909 

San Antonio. Brooks AF’B 12931 

EOndO MP 12903 

Kerrvilla 12961 

San Karcot 12910 

Aultln, Bergstrom APB 13904 

Bryan 1390s 

Killeeni Fort Flood AAP 3933 

Pt Hood, Gray MP 3902 

uaco, Connally AFTI 13926 

Dalls¶ HAS 93901 

Ft. Worth, Carsue AW 13911 

Mineral Uclla APT 939% 

utE!.¶ 

2937 9510 

2916 9451 

2957 9401 

3114 944s 

3312 9519 

2932 9028 

2?32 9817 

2923 9035 

2921 9827 

2920 9910 

2959 990s 

2953 9752 

3012 9740 

3038 %28 

3108 9743 

3104 9750 

3138 9704 

3244 9650 

3246 9725 

3247 9804 

AVr. 
Wind Power, Watb Per Square Meter 

Spsd 
hikQ%Rde h a 

6.8 86 96 114 

il.0 262 261 298 

9.3 153 186 184 

6.1 6s 72 76 

6.7 131 172 171 

8.1 99 113 114 

7.3 94 105 115 

6.9 84 85 105 

8.9 141 144 10s 

6.7 59 82 88 

7.1 86 9s 134 

7.2 115 121 142 

7.8 145 140 167 

7.0 85 104 108 

8.1 123 136 151 

9.2 163 179 198 

7.7 117 111 135 

9.1 155 166 210 

8.2 138 154 216 

9.2 120 146 203 

b Y 2 !I a s a L 

104 81 156 38 41 56 54 82 

257 227 200 149 144 147 148 239 

190 156 95 64 54 115 es 121 

to 4s 30 27 22 26 38 56 

185 100 86 72 58 71 84 102 

123 104 104 83 62 65 71 94 

109 94 82 64 58 61 56 90 

109 96 83 63 53 52 53 72 

189 167 166 136 108 95 107 135 

94 99 96 51 45 42 32 50 

129 117 92 97 48 52 63 74 

115 127 102 64 65 56 78 108 

145 118 119 80 73 58 74 117 

103 89 74 49 48 38 47 73 

155 130 109 a1 59 60 75 96 

200 162 153 121 07 72 102 147 

120 101 30 72 61 56 68 104 

199 154 144 97 82 05 99 135 

194 141 133 71 60 72 89 129 

201 162 154 103 79 78 88 111 

P 

75 

217 

134 

62 

104 

07 

02 

63 

103 

49 

54 

105 

116 

69 

114 

158 

101 

131 

121 

110 

l&f& 

72 

210 

128 

49 

112 

98 

04 

77 

142 

64 

@6 

98 

115 

76 

106 

146 

95 

137 

124 

13‘ 



HON'IWLY AVERAGE WIND POWER IN THE DNITED STAlTS AND SOUTHERN CANADA (Continued) 

State 

TX 

rx 

TX 

TX 

TX 

7 
TX 

W a Ix 

7% 

TX 

TX 

Yx 

TX 

?K 

TIC 

TX 

TX 

TX 

TX 

TX 

TX 

pacation sta. No. 

Mneral wells, Ft WalterS 3943 
MP 

Santa 155 

Shemum, Perrin APB 13923 

Gainsvillt 153 

Wichita Falls 13966 

Abilenc, L?yers APB 13910 

sari Angelo. Mathis Fld 23034 

San hgelo, (ioodfellav APB 23017 

Del Rio, Lsughlfn APB 22001 

Canadian 162 

Dalhart APT 93042 

Amarillo, English ?ld 23047 

ChildreM 23007 

Lubbock, Reese APB 23021 

Big Spring, Webb AFB 23005 

Uidland 23023 

Wink, Winkler Co APT 23040 

krfa APT 23022 

umdalupa hrn6 I63 

mm 

3250 9803 

3237 9814 

3343 9640 

3340 9708 

3359 9829 

3226 9951 

3122 10030 

3124 10024 

2922 10045 

3500 10022 

3601 10233 

3514 10142 

3426 10017 

3336 10203 

3213 10131 

3156 10212 

3147 10312 

3016 10401 

31SO 1044a 

El -60 23084 3140 10629 9.8 176 OS7 2% 299 222 If3 13% 111 102 128 153 163 lr 

AM. 
Speed 
&g&la 

8.7 117 

7.1 92 

9.1 172 

11-L 244 

9.9 160 

7.7 91 

0.9 117 

0.7 108 

7.6 71 

13.0 390 

12.9 370 

11.7 229 

10.2 152 

3.4 15s 

10.1 155 

0.9 91 

0.5 3s 

7.9 128 

15.8 667 

E 

135 

136 

164 

303 

178 

104 

154 

1st 

107 

416 

371 

279 

194 

211 

197 

143 

148 

182 

692 

Wind Powem, Watt6 Per Square Meter 

E 

192 

157 

217 

338 

244 

145 

195 

191 

114 

570 

476 

359 

272 

291 

264 

146 

204 

165 

999 

& a z ?I. 5 s P rr D, Avc 

104 149 136 92 71 71 02 99 103 . 11 

163 87 83 55 5s 60 515 112 7: 9 

213 142 121 79 73 81 106 153 153 13 

357 226 1e4 141 134 155 163 222 100 22 

222 116 150 110 95 107 114 168 154 15 

147 124 102 61 51 58 66 a7 a1 9 

184 170 147 96 06 90 90 1‘3 108 12 

179 169 157 BS 81 31 08 114 102 12 

120 118 117 91 68 59 57 56 60 8 

596 430 344 263 231 310 337 370 297 37 

477 477 559 334 278 280 220 266 335 35 

329 290 240 166 135 160 200 221 222 24 

269 221 204 X16 93 117 126 128 147 17 

260 204 18R 89 6: ee 99 140 169 16 

756 226 21t 126 131 112 124 135 139 17 

155 133 123 94 76 85 04 Q9 102 10 

181 181 193 119 7Ei 72 75 BP 128 If 

192 146 117 84 65 es 84 88 119 12 

932 666 603 422 342 401 555 760 027 71 

- 

I 



El Pemo. DfWm Apb 23Dl9 

st worgm 93198 

ttirfma 47s 

tlryca Cenyon APT 231S9 

ffmluvilla 23170 

Tooslo, Dqway'+D 24103 

Didvy, uenaover Am 24llP 

Uendover 24193 

xacmtiva springa l.87 

Ogden, Hill APB 24101 

Salt TaRa City 24l27 

cu8lvill* 174 

nontpelior, Bern APT 9470s 

6ur~utqcon, Ethan AUen IIB Hflt 

SorfQlk HAS 13750 

ocemlams 13769 

mmptQn, Larbgldiby Am %3702 

Pt. EuctLe, mlker NW 93735 

6outb 8astcm li?k 

aaswlm 
3150 10624 

3703 11331 

3826 113DD 

3742 11299 

3622 llM3 

4011 112S6 

4043 11402 

4044 11402 

4143 ll.255 

4107 11158 

4046 111.58 

4054 lll2S 

4412 7234 

4426 7309 

MS6 ?618 

x50 fGOl 

3709 7622 

3708 7436 

3641 785S 

Darkville 2x B372c.i 3634 7920 

Ave. 

2z 
S.8 
5.1 

10.2 

6.4 

4.6 

4.8 

s.3 

5.4 

9.3 

8.0 

7.7 

3.9 

7.2 

7.7 

8.0 

7.6 

8.5 

6.5 

68 99 

26 39 

179 241 

69 6S 

43 41 

38 48 

59 62 

46 5s 

113 129 

102- 118 

77 84 

26 3s 

162 167 

114 111 

154 102 

135 136 

156 187 

79 90 

49 49 5.0 

91 LO3 64 60 57 57 43 43 47 

20s 193 221 215 195 202 167 125 115 

127 126 130 124 124 130 122 123 99 

100. 100 96 96 02 106 73 66 66 

39 32 30 26 17 16 37 24 17 

152 118 99 97 69 60 94 163 102 

103 100 85 ?O 55 5.4 '3 9. 1c.o 

171 139 103 64 75 80 111 -3' 123 

150 126 04 C& - t. 52 03 9-1 3,' 

193 166 122 2; 7; 51 117 13.' 135 

89 74 51 42 ?'" 12 -I3 4 ..I c' 

65 65 34 35 3 ': ?l 2k Jv. :,, 

P 

59 

u 
152 

49 

25 

26 

36 

40 

93 

92 

71 

24 

125 

:x4 

. . .- 8 

101 

L46 

64 

38 

let!& 

72 

49 

214 

66 

57 

'33 

62 

62 

165 

119 

8S 

28 

111 

90 

121 

90 

136 

58 

40 

6.1 69 63 84 70 43 ?5 2-i If ?I :5 41 39 4c- 

I r 

Wind Power, Uattm Per Square Meter 

II B I I a IA- S Q H 
144 144 96 74 47 38 32 33 49 

73 67 72 74 53 62 40 2S 34 

228 275 302 241 220 175 167 173 172 

93 79 94 90 ao 47 53 48 53 

115 84 102 108 35 38 43 40 36 

69 61 71 69 52 57 46 41 31 

90 90 71 82 62 61 49 SO 68 



MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AhD SOUTHERN CANADA (Continued) 

state 

VA 

VA 

VA 

VA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

WA 

VA 

WA 

&acatfon 

Roanoke 

Richmond 

Quantico KAS 

Ft .lelvofr, Davison MP 

Spokane IAP 

Spokane, Fairchild AFa 

ttoses Lake, Larson AFB 

Walla Wall0 

Pasco, Tri City APT 

North Salle6 

Yakfma 

chehalls 

mlso. Castle Rock 

north Head 

Hcquium, Boweraan APT 

XOClip 

Tatoosh IS 

Tacma, Ncchord APB 

Ft. Lewis, Gray AAF 

Seattle Tacara 

smtt1* Iyc 

Sta. Ho. LatInnP 

13741 3719 7958 

13740 3730 7720 

13773 3830 7719 

93720 3043 7711 

24157 4738 11732 

24114 4738 11739 

24110 4711 ll9io 

24160 4606 11817 

24163 4616 11907 

188 4537 12109 

24243 4634 12032 

792 4640 12205 

24223 4608 12254 

791 4616 12404 

9422s 4658 123S6 

794 471s 12412 

798 4023 12444 

24207 4709 l2229 

24201 4705 12235 

24233 4727 12210 

24244 4741 I2216 

sAs 
knots 

7.1 

6.7 

6.0 

3.8 

7.2 

7.2 

6.2 

6.7 

6.8 

8.0 

6.4 

6.4 

6.9 

13.0 

8.2 

7.6 

12.3 

4.6 

3.9 

9.5 

5.6 

Wind Power, Watts Per Square Meter 

z r p? B It! ?1 ?I I! s 0 N Q 

132 207 171 144 75 55 51 46 46 53 98 -132 

- 59 68 79 74 49 40 34 32 39 40 47 47 

55 63 75 67 45 35 29 29 35 35 46 45 

42 60 60 42 24 15 12 12 13 19 34 44 

92 111 106 102 73 68 55 S3 58 63 80 95 

118 138 134 121 92 87 67 62 74 84 92 . 123 

68 62 98 101 79 80 56 55 61 55 53 55 

87 100 114 93 68 65 56 55 51 47 86 69 

342 331 346 372 243 212 196 224 229 186 247 164 

65 72 171 109 264 279 334 264 166 93 63 64 

60 53 89 115 78 71 54 48 52 46 41 40 

109 86 82 59 53 44 45 44 43 57 80 110 

128 107 87 65 65 46 46 39 S2 66 119 133 

S47 521 495 369 430 357 330 

141 112 108 86 86 66 59 

82 82 75 81 68 38 37 

793 603 .443 269 276 117 130 

50 48 53 49 36 30 2s 

36 28 30 30 23 19 17 

194 210 211 173 130 120 94 

69 61 50 48 32 20 25 

275 

56 

36 

109 

23 

18 

64 

24 

215 366 460 773 

53 91 94 103 

41 65 69 102 

195 422 569 735 

25 31 41 41 

17 21 23 27 

104 135 147 195 

28 44 S3 69 

@& 

l( 

I 

4 

3 

7 

1c 

6 

7 

2s 

15 

6 

6 

a 

42 

E 

6 

36 

3 

2 

14 
1 



NIWTULY AVERME WflWD ml? IH THE UNITED STATE8 AND SOUTHERN CANADA (Cm;:mred) 

Evmrmtt, Paine An 

WhtdbmyISlwi 

uellbqlmmAPZ 

ChOrl~#t@Jl 

Elkin& ltandolgh Co APT 

Norgantwn APT 

GreenBay 

Green Bay, 8tra&olAPT 

Hilwmkem, zsitekmll PhiI 

wbahon, Traus Fld 

~anerwfllc, Rook ce APT 

.-u 0-b -.- -e.. 

camp mtao, v&k Pld 

L8cromeAPT 

Cal Claire 

Eager City 

Cbeyenno APT 

24203 4759 12217 

24255 (821 n2340 

24217 rM 12232 

13866 3822 8136 

13729 3853 7951' 

13736 3939 7955 

14s98 4429 8808 

s4898 4429 8808 

14839 4257 8754 

14637 4306 8920 

94854 4237 6902 

143 4312 9011 

94930 4356 9016 

04920 4352 9115 

84991 4452 9129 

141 4436 9232 

24018 4109 10449 

164 4Pl.8 10546 

165 4153 10611 

u3 4143 10740 

Ave. 
Wind Power, Watt8 Per Square Neter 

6.3 70 67 

7.1 181 158 

6.3 131 132 

5.6 46 61 

s/l 80 90 

S.8 73 73 

5.6 174 150 

.9.3 174 150 

10.2 198 212 

6.8 139 146 

7.6 158 170 

7'.8 117 118 

6.3 62 76 

8.8 12~-.116 

8.3 96 113 

8.4 151 132 

11.9 433 453 

11.5 498 SO6 

12.7 773 750 

14.6 662 703 

II A I J. 9 b S Q l Q &!s. 
66 57 44 40 38 34 39 43 60 65 51 

148 Pi4 75 54 43 33 50 104 160 166 106 

92 66 42 43 43 35 26 56 89 119 71 

62 53 37 26 24 15 22 21 45 45 38 

101 92 07 32 24 22 25 39 71 '60 58 

66 67 37 26 18 16 22 34 64 61 48 

212 197 173 129 89 72 122 131 192 151 149 

212 197 173 129 89 72 122 131 192 151 149 

246 236 895 120 95 91 129 159 229 200 no 

199 197 153 97 72 62 93 112 170 136 130 

203 271 234 136 POB 90 112 137 212 170 167 

125 166 116 82 60 60 75 96 133 97 103 

79 77 64 33 28 26 34 64 76 56 54 

145 201 171 100 70 69 100 128 179 134 127 

102 168 155 90 83 85 100 109 134 106 112 

179 221 125 90 57 77 63 125 126 119 119 

434 399 242 176 12s 132 157 220 402 463 302 

520 339 313 300 152 173 212 259 338 379 312 

825 518 343 296 250 223 328 423 544 726 490 

610 463 350 337 257 277 283 364 S:O 577 430 

I I 



HX?THLY AVERAGE WIND POWER II RIE UNITED STATES AND SOUTHERN CANADA (Continued) 

State &ucatlon 

WY Bitter Creek 

WY Reek springs 

WY Gtanger 

WV xnight 

WY casper AW 

WY ~iverton AFT 

WY Sheridan 

WY cody APT 

Bs Yarmouth 

BS Greemood 

w Frederickton 

w mnt Jolt 

otr Bagotvi~~e 

w St. Hubert 

OS ottcwa 

OS Trtnton 

OB xwkoka 

OS Toronto 

Ga mlsaon 

QI rhr+ . . 

gu. lm, 

172 

s74 

177 

573 

24005 

24061 

24029 

24045 

14640 

14636 

14648 

14639 

94795 

4712 

4706 

fill5 

4704 

94791 

94805 

&a 

4140 

4138 

4136 

4124 

4259 

4303 

4446 

4431 

4350 

44s9 

4S52 

4836 

4820 

4531 

4519 

4407 

use 

4341 

4302 

444s 

10833 

1091s 

109S8 

11050 

10627 

IcgZ? 

10658 

10901 

660s 

645s 

6632 

6812 

7100 

732s 

7540 

7132 

7918 

7938 

e109 

mod 

sfizii 
knotm 

12.7 

10.6 

9.6 

10.5 

11.4 

5.4 

6.6 

9.3 

9.0 

0.0 

7.7 

11.2 

9.3 

9.3 

0.2 

8.9 

7.0 

8.6 

9.2 

9.5 

292 

230 

278 

153 

356 

ml6 

224 

123 

203 

52 

198 

239 

234 

303 274 342 236 189 

173 190 153 109 04 

240 276 207 148 120 

124 148 il6 99 86 

358 310 220 197 157 

180 202 166 164 141 

213 163 153 145 138 

120 125 111 99 79 

176 166 148 125 LO3 

63 68 75 61 44 

177 157 150 110 87 

229 233 214 139 85 

173 164 165 127 92 

s. L 
477 550 

503 476 

309 283 

270 365 

44s 417 

54 $2 

71 71 

I b a d 2 b s 

623 397 297 230 150 223 210 

551 357 311 264 2L6 189 236 

410 296 244 257 PS7 191 170 

375 301 261 241 175 187 276 

OS9 266 201 222 145 850 219 

79 75 54 49 37 31 47 

80 94 88 73 60 56 62 

0 

284 

250 

176 

200 

2(38 

30 

65 

Wind Power, Watts Per Square Meter 

15s 

63 

07 

69 

134 

95 

100 

58 

94 

41 

69 

66 

72 

176 

67 

90 

64 

152 

97 

03 

53 

80 

37 

68 

65 

85 

370 477 36 

320 394 3: 

254 252 2c 

233 265 2! 

362 473 2! 

30 40 4 

76 64 - 

183 218 

84 123 

102 167 

70 94 

196 24'5 

128 141 

110 136 

70 08 

100 122 

44 54 

85 105 

02 107 

113 148 

288 

162 

206 

98 

297 

181 

203 

117 

161 

69 

177 

173 

222 

303 

196 

243 

127 

381 

148 

177 

LOO 

151 

55 

152 

17c 

209 

2* 

1 

1 

1 

2 

1 

1 

1 

I 
. 

I 

. , 
I . 



asu?WMLY AVERAGE WIND POWER IX THE UNITED STATES AM0 SOUTHERN CANADA (Conii s md) 

Stat* 

OS 

OB 

OS 

ow 

ow 

tat 

m 

xia 

SA 

SA 

AL 

AL 

Bc 

Bc 

BC 

Be 

Barth Bay 4705 

s--Y 94828 

white RLver 94000 

Lalcchtad 94804 

Renorr 14999 

windpeg 149% 

Portage XA Prairie 94912 

Rivers 25014 

Regina ZSOOS 

Eoose Jaw ZSOII 

#tdLcine Rat 25118 

Ihthbridge 94108 

Pent icton 941l.6 

Abbotsford 24288 

Vancouver 24287 

vi.ctorrEi 24297 

&!a- 
4622 792s 

4631 8048 

4036 8517 

4822 0919 

4940 9422 

4954 9714 

4954 9816 

5001 10019 

SO26 10440 

5023 10934 

SO01 11043 

4938 11248 

4928 11936 

4901 f2222 

4911 12310 

4839 12326 

&g&g L PI I I 2 

8.5 108 121 122 121 98 85 

Il.2 318 392 330 324 326 290 

4.3 19 26 28 32 37 33 

7.5 117 97 104 135 132 77 

0.6 91 95 91 111 104 74 

lo.7 206 218 227 293 266 177 

-9.5 164 162 183 217 207 122 

10.5 216 171 187 266 276 194 

11.9 327 286 3AS 350 368 243 

12.3 399 343 314 344 390 299 

.8.g 164 159 146 215 176 138 

12.9 625 563 356 450 370 319 

7.5 265 167 141 PO4 16 64 

5.8 135 108 89 72 46 38 

6.5 72 7s 85 83 53 48 

6.5 84 80 74 75 s9 51 

Wind Power, Watts Per Square Meter 

3 A s e H 2. Avlr. 
66 67 84 90 126 104 100 

218 195 252 294 355 312 301 

24 21 24 28 30 24 27 

6S 59 80 104 155 119 104 

63 70 88 96 It2 86 90 

116 138 174 2c9 239 210 206 

91 107 135 169 157 157 156 

137 149 200 235 210 200 204 

162 166 266 232 279 300 210 

197 214 340 319 340 367 322 

96 110 159 166 187 177 158 

202 246 279 510 546 567 419 

52 49 64 132 233 274 137 

32 25 20 57 86 93 67 

52 39 48 62 80 75 64 

34 36 36 47 6f# 79 6r) 

. I I 



APPENDIX 2 

OWNING A WIND SYSTEM 

Installing Your Wind Turbine and Tower 

You should seriously consider having your dealer install your 
entire WECS, or at least the tower and wind turbine. First, you 
will get his guarantee that the job is done right. Obviously, 
raising the tower and wind turbine can be very dangerous if not 
done properly. If you are planning to have some friends help, or 
are hiring help, check on your insurance situation. You will most 
likely find that your homeowner’s policy will not cover this type 
of activity (Chap. 7). This appendix is included to help you 
ur,darstand the installation and maintenance of WECS. 

The most important aspects of WECS installation that you 
should consider are the design of the wind turbine and tower, the 
two items subjected to wind loads. Good design, however, is not 
enough. These units must be properly installed. This includes 
appropriate grounding for lightning strike protection. After 
installation, maintenance must be performed as required to assure 
continued reliable service. Each of these items, if performed 
properly, will contribute to the ultimate safety and efficiency of 
your wind system. 

Figure A2-1 diagrams the step-by-step sequence of WECS owner- 
ship. If any block in this diagram is omitted, a potential owner- 
ship problem is- created. Consider the neighborhood resident who 
hoists aloft a wind turbine without considering’his neighbors’ 
feelings; something like the problems which arose early in the 
history of television anntenas. This situation is a little like 
“1 don’t have one, so why should you?“, or “that’s an ugly 
machine, can’t you hide it over behind that tree?“, or lVthat9s a 
very noisy propeller, isn9 t it?99 We have heard these comments 
before; some are legitimate, others are not.. 

In at least one U.S. protectorate, it would be illegal to 
have any form of auxiliary power- source, wind included, if the 
utility mains exist at the edge of your property. This is not the 
case in the U*S., but local building ordinances and codes may pro- 
hibit installation of towers tall enough to make wind power 
practical, or they may require a tower designed to withstand loads 
so high that the tower cost makes the entire system economically 
impractical. 

Another possibility is that the entire proposed system meets 
all requirements but cannot be installed for lack of space to 
install the equipment. For example, perhaps the tower cannot be 
raised within the confines of the area, or there are too many tall 
trees S We mention these aspects of system planning even though 
they only rarely apply to specific installations- 

Again we must emphasize the possible dangers involved in 
raising a tower and a wind turbine. If you haven’t had experience 
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FIGURE A2-1: Planning a wets installation. 



with this sort of thing and insist on doing your own, get a 
knowledgeable friend whose advice you trI.:st t.~ go over yi>ur r:: w-1 
and be there when doing the most criticr:l i~9’i. 

Tower Rai sir.g 

To raise a tower, you can either assemble it on the groL:l. 
and tilt it up (Fig. A2-2) or assemble it standing us (Fig. L.?-~a\. 
The first method requires assembly of all compone-t:.. Q*.V wir-*, 
and as much of the wind turbine equipment as p~ss;blz Gn-the 
ground. The base of the tower is then fixed to a pivot to prevFmc 
the tower from sliding along the ground and a rope .IS tied ‘rc- 
the tower, over a gin pole (Fig. A2-2) to a car or winch. Mc-rir! 
the car pulls the tower up. The gin pole scr*.cz in the in:!:-.l 
stages to improve the angle at which the rope pulls on the tower,. 

In the case of the tower being pulled up by a rope tied to z 
car bumper, it might be well to pull with the car backing up so 
the driver maintains a clear view of the action. Also, an 
effective, foolproof communications link must be established C?I~ 
maintained between the driver and the person who is directing the 
operation. If not, towers pulled over center. bent, broken cables, 
and a host of other crises are likely to beset the tower crew. 

Tower-raising techniques such as this are *;s~ally descrshed 
in the owner’s manual or installation instructiorz t9at ccme :.*ith 
the tower. Since each tower has a different load rating and 
different installation requirements, it is not possible to discuss 
the details of tower raising. 

Many towers, such as the freestanding cc:tahedron module tower 
(Fig A2-31, can be erected in place. This is usL:a!7y done by 
assembling the first few bays on the ground, standing taese uib, 
then assembling the remaining bays while standing or, each succes- 
sive lower bay. 

Wind Turbine Raising 

To raise a wind turbine, you can: hoist a completely 
assembled machine up an already erected tower (Fig. A2-4); hoist a 
partially assembled machine up an already erected tower (Fig. A2- 
51, completing the assembly aloft; or tilt the tower up ~ltki the 
wind turbine already installed (Fig. A2-6). The first two methods 
rate the title ntraditional*Y; the last, in many cases, is no:: 
possible or safe. 

Personal experience will tell D but generally the amount ctf 
enthusiasm one has for doing anything atop a tower decrear.es 
rapidly with increasing tower height, This serves as a Loken 
justification for ground level assembly of the tower and wind 
turbine, but you should consider the hazards 
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FIGURE AM: Tilting up wind system and tower using a Gln Pple. 
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Tilting up a tower with the wind machirle already installer; 
(Fig. A2-6.1, imposes additional loads on the tower. The ccm- 
pressive load at the base pivot and the bending lozds where th:. 
rope is attached will be much greater. Most likely, you will t-3:" 
to provide extra bracing, but in any case you should consult the 
manufacturer about these loads or rely OCR a competent; installat. ;;I 
ccew. 

Consider also that if anything goes Wang, you stand to 10s:~ 
the entire tower and wind machine. Risks go up rapizly aa tc;:er 
height and wind machine weight increase. This is not to say, VIOL.?. 
ever, that this method will not work; it does, but the indiviqZ*:sl 
installation will dictate the method. For sturdy towers of 20 7.;: 
40 feet, experience has shown that tilting the uhoie works aict’* 
can work. 

For taller towers, you can expect to hoist the wind turbine up 
an already erected tower. This will require a block-and-tackle 
supported aloft and an extra rope to the wind machine. The block- 
and-tackle is used to lift, while the rope is tugged at from the 
ground to keep the wind machine from banging into the tower as it 
journeys upward. 

Consider that with a hand-operated block-and-tackle, you can 
feel what is happening. Tail vanes snagged on a guy wire may not 
be detected until damage has occurred if you use a winch or -auto- 
pulled hoist. The support structure that holds the block-and-tackle 
to the tower top must not bend or otherwise yield to the loads of 
the wind turbine. You can test it by hoisting up the wind machine 
with a volunteer adding extra weight. Remember that you or ailother 
person must depend on this hoist to suspend the machine over its 
mount while you bolt it down, maybe 60 or 80 feet in the air. This 
is something like changing engines in a Volkswagen that is har,ging 
much higher than you would care to fall. 

Points to remember while doing any wind turbine installation: 

1. Hard hats are required, as tools, bolts, and other objects 
seem to be routinely dropped from aloft. 

2. Climbing safety belts must always be used. 
3. Make provision for preventing the wind turbine from 

operating until it is fully installed. Feather the blades, tie them 
with a rope, or otherwise lock them. One of Pfurphyss laws says that 
whatever can go wrong, will. While you may not detect a breeze c:n 
the ground, there may be enough wind aloft to create an unpleasant 
surprise about halfway into the installation process. 

4. Perform installations when no wind is expected, and start 
early. Installations always take longer than expected; boltirlg a 
wind turbine aloft after dark Is to be avoided. 

51 Plan and practice the entire installation process very 
carefully. The process should cover such details as who has which 
bolt in which pocket, when said bolt is to be installed with bJhat 
tool, and by whom. 
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6. Create an alternative plan. This plan is designed to be 
used as a contingency if something goes wrong (e.g., the main bolt 
gets dropped and the wind is coming up). 

7. Tools and parts can best be carried aloft in a carpenter’s 
tool belt, available at most hardware stores. 

8. Gloves and a warm jacket with lots of pockets will be useful 
in keeping you warm and able to work and finish the installation, 
even if a wind starts to come up; the pockets will save tiring trips 
up and down the tower. 

9. Pay close attention to the strength of ropes, pulleys, or 
other auxiliary equipment you may use in hoisting equipment aloft. 
For example, if you use standard 71160inch climbing rope for hoist- 
ing, a nylon rope will withstand about 3900 pounds (wet strength), 
while a manilla rope is rated at 2600 pounds. If you tie a knot in 
the rope, you will reduce its strength to about 60 percent of the 
original, and if you pull it around a tight radius - like a bolt - 
you reduce the strength of the rope to 80 percent of its rating. 
Naturally, smaller ropes have lower load ratings. If you are 
hoisting aloft a 400.pound machine, and you want a factor of safety 
of about 4 (a minimum you should plan for), you are going to need a 
rope and other equipment capable of hoisting 4 x 400 = 1600 pounds. 
If you have a manila rope rated at 2600 pounds and you tie a knot 
at its attachment, the rppe is really good for 0.6 x 2600 = 1560 
pounds . This rope is the minimum strength to consider for the 
job. 

Wiring 

Wire size, wire routing, and lightning protection are important 
considerations. Wire size is determined by the current (amps) that 
will flow and the length of wire. In general, you select wire sizes 
to limit the line voltage loss to a small percentage (Fig. A2-7). 
Using Figure A2-‘7 and the following simple equation, you can 
calculate the wire size you need. 

For aluminum wire: Circular area zlze = 35 x amps x feet of 
length/volts line loss 

For copper wire: Circular area size = 22 x amps x feet of 
length/volts line loss 

Circular area size is converted to wire gage size from the following 
table : 

(Circular 
Wire Gage (AWG) Circular Area -Size Mills) 

14 4 017 . 
12 
10 

t 
4 
3 
2 
1 

1 /o 
2/o 
3/O 

6; 536 
10,380 
16,510 
26,250 
41,740 
52,640 
66,370 
83,690 

105,500 
133,100 
167,800 
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FIGURE M-7: Typical line voltage loss allowance. 

For example, calculate the wire size required for a copper wire 
run of 25 feet, carrying 25 amps at 24 volts, with a l-percent 1 ine 
voltage drop. 

Solution: from Figure A2-7, 1X = 0.24 volt 

then, 

Circular area size = 22 x 25 x 25 / 0.24 = 57,291 

From the table, 57,291 is between wire gage 2 and 3. Select wire 
gage 2 for conservative selection. 

Wire routing, except for any deviations necessary for lightning 
protection, is a matter of direct routing, adequate support to 
prevent wind .or mechanical damage to the wind turbine or wire 
insulator and adequate separation for prevention of electrical short 
circuits. Wires that are routed down the tower should be tied to the 
tower every few feet or fed through a conduit to preclude wind 
damage. 
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Lightning Protection 

The secret of protecting wind power equipment is to install a 
good ground wire. This means that you must electrically tie the 
tower if it is metal, or the wind turbine itself (if it is mounted on , 
a wooden tower) to the earth . All tower guy wires must be grounded 
by the methods discussed here, and electrically connected to each 
other as well as the tower. f 

The National Electrical Code (available at libraries) speci- 
fies ways in which various towers and antennas are to be grounded, 
and the information is useful for WECS. In general, an under- 
ground metal water pipe is desirable to use as the ground. In its 
absence, one or several (use several in dry ground) heavily gal- 
vanized pipes (l-1/2 inch diameter is adequate, l-1/4 inch mini- 
mum) 1 or a 1/2=inch copper rod, are driven into the ground to 2 
minimum depth of 8 to 10 feet. Instead of rods, sheets of copp,:r- 
clad steel or galvanized iron about 3 by j-feet in dimension can 
be buried about 8 feet deep horizontally and connected to each 
other as well as to the tower. This forms an electrical “ground 
plane. n When more than one rod is used, all should be electri- 
cally connected to each other as well as to the tower. Wire 
size for grounding should not be smaller than number 10 copper 
wire (usually number 6 or bigger), and it is usually a bare wire. 

Electrical wires can be protected by a spark arrester (Figure 
A2-8). These are available at electrical supply houses. In the 
case of a ground wire on a wooden tower, this wire will protect 
both the wind turbine and the electrical wires. You should 
consider adding a ground wire up the entire height of a metal 
tower as corrosion eventually weakens the ground connection of 
these towers. This ground wire should have a cross-sectional area 
at least as great as the total of the two wires it is protecting. 

Installing Other Equipment 

A wind system that generates electricity 50 be stored in 
bat%eries is a good deal more complex in its installation require- 
ments than, say, a farm-type water pumper. Provision must be made 
to install batteries, inverters, controls, wires, and perhaps 
other equipment. In all cases, follow the manufacturer! s recom- 
mendations, but here are a few items to consider: It is generally 
desirable to install batteries near the wind generator, especially 
if lower voltage is to be inverted up to higher voltage. Higher 
voltage means lower current for any given load. This means wires 
can be smaller in size, and line loss is reduced. 

Batteries should be installed in a cool (but not cold), 
dry, well-ventilated space and should be well insulated to prevent 
large temperature changes (Fig. A2-9). Some installations have 
the batteries in a small lean-to built alongside a home or barn; 
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FIGURE A2-8: Lightning protection. 

others have the batteries in a basement.* Basement installation is 
reasonable, but gas formed by the batteries produces an explosion 
hazard if there are open flankes or sparks in the same area. Spe- 
cial caps can be purchased for lead-acid batteries that reduce 
gassing by catalytic conversion of the hydrogen gas back into 
water. Some batteries are even offered without vents. You must 
know the gassing characteristic of your battery before selecting 
an installation site. Inverters of the motor-generator type should 
be bolted to a bench or mounting pad. These units don’t vibrate 
much, but their bearings last longer with a solid installation. 
Static (electronic) inverters generate heat, which means ventila- 
tion is the prime installation requirement, as is a dry space free 
from heavy dust exposure. Most electrical controls and load monk. 
tor equipment may be installed in the same space as inverters and 
batteries. 

*Electrical equipment, and especially large battery banks, should 
be protected by a locked door from vandals and small children. A 
large wrench dropped across large battery terminals could result 
in an explosion or a fire. 
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FIGURE AN: Battery bank installation. 

Maintenance 

From a historical standpoint, you might purchase a good auto- 
mobile and drive it an average of 50 mph for 100,000 miles. This 
translates TV 2000 hours of operation. You likely would have the 
car serviced every 5000 miles, or 100 hours. Sales brochures for 
small WEB, on the other hand, sometimes speak of 20 years of 
trouble-free operation. Factory representatives talk of customers 
asking how long their wind turbine will last before it needs fixing. 

There are 8760 hours in a year. If your wind turbine 
operates just one-fourth of the hours in one year - a reasonable 
number - it will have as many hours on it in one year as your 
automobile does when you trade it in. It is also reasonable to 
expect to change the oil, grease a bearing, or change the brushes 
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just once a year to get long-life performance out of a machine. 
Here are some of the factors you should consider before making the 
final selection of your system: 

* Maintenance history of WECS components 
a Can routine maintenance be easily performed up on a tower, 

or must the machine be lowered? 
* Frequency of expected routine maintenance 
* Nature of monthly, or yearly, expected routine maintenance: 

lubrication, component replacement, and inspection 
fi Number of different tools required to perform maintenance 

tasks 
* Availability and cost of spare parts 
l Completeness of owner’s manual/maintenance documentation 
* Relative safety: can machine be shut off, is there suffi- 

cient blade clearance from maintenance personnel, and are 
there exposed shafts, wires, and potential hazards? 

@ Is a factory-trained, experienced installation/maintenance 
organization available? 

Answers to many of these questions are available directly from 
dealers and other users. Some questions will never have answers 
but are subject to your best estimate during product evaluation. 

The air mass flowing past your wind machine is full of dust 
and grit, which, over a long period of time, gets into the various 
components, including bearings, transmissions, and generators, 
Changing the oil, greasing the bearings, inspecting generators or 
pumps is the way in which you or your mechanic can monitor the 
system and prevent rapid wear from such environmental conditions. 
Evidence of rust, loose wires, worn bushings, and so on should be 
oh an inspection list, which is used each time the wind turbine is 
inspected. 

Blades or vanes which are exposed to the wind are subject to 
impact from hail, rain, ice, and rocks. Any inspection should 
include examination of these blades. Wooden blades might need 
fresh paint; fiberglass and metal blades might also need similar 
service. 

Vibrations in the wind turbine can cause bolts and nuts to 
loosen and parts to fatigue and fail, wires to break, and so on. 
This is another area for thorough examination. Properly bolted 
joints will not fatigue. These are items that should be inspected 
as a routine, preventative procedure. Once a year is a usual 
interval for performing this type of maintenance. You or your 
mechanic would normally schedule this work for a nonwindy day. 
Most of the items listed above rarely, if ever, require any 
maintenance action but should be inspected anyway. Some owners 
climb their tower once a month, just to see that everything is in 
order. In any event, manufacturers usually have a recommended 
inspection routine. 
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Maintenance should be scheduled following any extreme wind or 
hailstorm. These tionditions warrant a brief inspection. 

Electrical equipment sirch as batteries and inverters require 
cleaning, water checks, and terminal inspection. Water pumps need 
to be checked for leaks. The list seems endless, but each check 
is necessary. Time spent in inspection, cleaning, and lubricating 
will be returned in extended service life. 

ENVIRONMENTAL IMPACT 

Along witn all other factors , planning a WECS installation 
involves consideration of its impact on the environment. 

Small systems are not suspected of producing harmful effects, 
based on almost a century of experience with hundreds of thousands 
of wind machines. 

Studies are also being conducted to test the impact of wind 
turbine rotors on TV reception. Again, small systems are not 
really suspect here, unless one installs a dozen or so of them, in 
which case all of these units collectively might affect electro- 
magnetic waves. These effects would be highly local in nature. 

Typically, wind turbines are installed far enough from 
dwellings that ambient wind noise is higher than machine or rotor 
noise. You should keep this characteristic in mind and determine 
for yourself the noise characteristics of the wind machine you 
plan to use. Noise comes from blade tips, transmissions, 
bearings , and generators. Some machines are noisy; others are 
not. 

Towers with guy wires usually require care to preclude guy 
wires from encroaching upon existing or planned easements. Tower 
footings may extend deep into the ground. It is usually 
unacceptable to install a tower directly over a septic tank or 
water main, but it has been done. 

The visual impact of a wind system is an area for personal 
taste - not just your taste but that of your neighbors. No words 
of caution written here will substitute for your own investigation 
into the potential reaction to your planned wind system. 

All of the notes in this Appendix have been derived from the 
collective experience of the authors and from interviews with res- 
pected wind energy technicians and consultants. While many of the 
points raised here were written as warnings, the frequency of 
occurrence is low for any problem area mentioned. We feel that 
such occurrences will remain low and owners of small WECS will 
enjoy years of satisfactory service from their machines if careful 
consideration is given to these and other factors related to WECS 
ownership. 

b 

i 

. 

I 


