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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
installing a machine which produces power out of thin air, allows
its owner to thumb his nose at utility bills and turns a home inte
an energy self-sufficient castle is immensely appealing. Those wko,
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 most
cases, utility power is still needed during windless periods and
times of high power 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. 1If your power cssis
are high, if you need mechanical 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 ic
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 te buy a wind energy conversion systen

5H£CSi or build your own., This book will help you in making thea:
ecisions.

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 from

1-1
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FIGURE 1-1:

Steps for Determining the Practicality of 8 Wind System

& Evaluste the legal and environmental impacts (A2, Chapter 7}

& Evaluate your energy requirements (Chapter 4}

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

® Select systern components (Chapter 5. 6}

@ Evaluate cost of the system (Chapter 6;

® He-evaluate energy requirements and legal and environmental impacts if necessary

¢ Evaluate alternatives in buying, installing, and owning a wind system

2 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. 1In

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
proceses. Each step in the table is discussed briefly in this
introductory chapter; however, subsequent chapters provide more
detailed information about each step. With the aid of this book,
you may choose to proceed on your own through the entire decision-
making process. Alternatives are to hire 2 consultant, or perhaps
to seek advice from a manufacturer or distributor of wind machines.

-
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The steps listed in Figure 1-1 are sequential. The results
determined at any given step, however, may negate results already
obtained from previous steps. You then may want to repesat an
earlier step in search of a different answer that will satisfy the
new informatior.

If your site is in a remote rural area, you may want to go
directly to Step 2. But if it is in an area with striet building
or zoning codes, you will want to check the applicability of these
codes to a wind turbine. Examples of possible restrictions ineclude
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 1-1. There
may be environmental issues such as 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 r.ghts" problem
(your neighbor erects a tall building upwind of your shiny new
machine and renders it an idle art form in your vard). 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
reguirements. One method is to look at your varicus 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 kilowatt<hours or kWh) by adding up the energy required to
operate individval locads. Figure 4-2 shows the energy rating for
most appliances and farm squipment in current use.

For pumping water, it is necessary to calculate the needed
horsepower and the hours -{ puaping needed. This gives you horse-
povwer-hours which, like k._owatt-hours, c¢an be used as an energy
assessment. Methods for making these calculations are given in
Chapter 4. 1In 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
mackines in terms of gallons-per-hour, height of water 1lift,
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 Beaufort Scale shown in Chapter 3.

That table relates wind speed to the mcveseit of trees and to other
effects of the wind. You might contact a weather 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 monthiy wind power calculations for over 700 locations in
the United States are included in Appendix 1. The most effeztive
approach is using instruments--the placement of wind speed and wind
direction equipment--to get actual site readings.

During your intuitive exploration and/or site instrumenta-
tion, you should have an awareness of the effects on wind speed
by mar-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 Lo the in-
terference that buildings have on air flow. 1It's somewhat bhetter
in the suburbs, but you can see that open country causes the least
resistance to wind, and that higher towers will raise your machine
up into stronger winds. Much of Chapter 3 and Reference 10 are
devoted to the effects of obstructions on air flow.

Stronger vinds 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 2 10 mph average. This pheno-
mencn is discussed more in Chapter 2.

(alculating an average 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 different locations. Your
3ite 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 reguirements 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 1is resolved that 2000 watts
of power would be required from the wind generator when the wind
blows at its average speed. 3uppose 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 would indicate a 40~ or
50=-foot 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 1-2 and
1-3, 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 emesrg-
ing continually.
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American farm windmill.

FIGURE 1-2



FIGURE 1-3: Pre-REA wind turbine.
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The V.S. Department of Energy (headquartered in Washirgton,
D.C.) and the American Wind Energy Association (54468 CiA 31,
Bristol, Indiana 46507) work together closely to miintain current
lists of manufacturers. The Department of Energy has a Small
Wind Systems Test Center located at its Rocky Flats Plant near
Golden, Colorado. HMany of the different brands and types of wind
machines are tested at the Center in an effort to promote product
improvement. Results froam these tests will be available to the
publis.

Seiection of a wind electrie 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, pucps. 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 batterles in the event of an
extended low-wind period or during a period of extra heavy energy
usage.

At the same time as equipment 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 marimum 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 patential wind system installations.

In preparing a system plan, you may discover it sometimes is
more desirable to reduce your energy usage than to buy 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 a2 good system plan can be vastly improved by saving more
pover .
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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 or used equipment from
a dealer, or (3) buy used equipment from someone else., Tlurchasing
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 or
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 introdue-
tory chapter was to you. If you need more information, use Figure
1-1 and the various chapters, as identified in the table of
contents, to guide you through the book. Additional data on wind
machines ¢or manufacturers can be obtained from The American Wind
Energy Association.® Also, a great deal of assistance can be
obtained if there is a dealer in your area.

$apmerican Wind Energy Association
54468 CR ‘
Bristol, IN 45607



2-2

The drag effect was used by early windmill builders to greatc
advantage. A diagram of a simple panemone, like the machines they
built, looks something like Figure 2-2. Notice that one vane is
brocadside to the wind. On :this 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. Elisewhere in this book, you will see other
examples of this type of wind machine.

/
/ AN
! \
\
J
]
\\ 7

\]
FIGURE 2-2: Simple “Panemone” type wind turbine.

]

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 th:
rotors are pushed around by moving air. There are two primary
ways in which the wind can accomplish this. One way is illustrated
in Figure 2-1. 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.

21 =TI U,
T vmu-._-umsff" LR e e e =W

o |
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FIGURE 2-1: Simple wind-powered water pump.

*Terms like force, power, and energz are more Lechnically discussed
later. Also see the Glossary.

2-1



2-3

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

LIET

FIGURE 2-3: Forces scting on a wind turbine blade.

You can perform simple experiments to verify lift. Take a
sheet of stiff cardboard or a wood slat about the size of a 3j-by-5
ineh filing card. During a trip in an automobile, at about 30 mph
hold the sheet or slat out fin 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 edgs
at the front end the leading edge. Point the leading edge slight-
1y 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 hoed.

At the angle of zero 1ift, notice that a slight amount of
drag is produced. Drag will tug the board aft. Now, tilt the
board about 90°, leading edge up. MNotice 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 the zero-~lift position. Slowly rotate the board,
leading edge upward. Notice lift increasing. Notice drasg 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-
1ift angle. Engineers say the wing (your board) has stalled.

During this experiment you will realize that at some parti-
cular angle, iift 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.




How does a wind machine use 1ift as the power-producing
force? Let us look at a diagram of a familiar propeller-type wind
turbine (Fig. 2-8). Notice that the blade performs its slight
bending action or 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.

Nmmwr Tom =lom n—nﬂnnnd e wars miahde exne ank and thiesc farans
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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 1ift at low drag for this type of wind machine. Figure 2-5
illustrates a typical wind generator designed for high-lift, low-

Avrags nnaratisan
-l ﬂb VPE. LB -4 F N

Figure 2-6 shows a Darrieus wind turbine, sometimes called an
*eggbeater” 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 2-6), 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, 1ift 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.
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FIGURE 2-5: Propeller-type wind turbine generator.




FIGURE 2-6: Darrievs Rotor.
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Work, Energy and Power

A good understanding c¢f work, energy, and power is not
completely necessary for using this book, but in most situvations it
will be very helpful. For instance, does a l2-volt, 100-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. e

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.

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. Fof instance, if 8 windmill raises the 550 pounds
of water at the rate of one foot per second, it is doing 550 foot-
pounds of work per second, which is one horsepower (1 hp).

Electric power, as distinguished from the mechanical power
3ust discussed, is measured in watts, kilowatts (1000 watts), and
{(by 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 (kWh) of electric energy will have been used, again
assuming 160 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
14.92 kwWh). 3

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, we can conveniently categorize energy and

power as electrical or mechanical, as just described, or thermal
{(heat). Mechanical power is converted to electricity by a genera-
tor. A motor, for 1nstance, 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

—31-41 . = R =22

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 machine'y. mechanical power 1is calculated from

shaft torque times rpm.®

Mechanical energﬁ can be either potential or kinetic energy.
A weight he n your hand above the ground has potential energy.
It can potentially do some damage 1f 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
kinetic energy is the result of speed and weight. 1In 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. 3Since 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.

& A useful expression relating torque and rpm to horsepower is:
horsepower = 0.190 x torgue x rpm : 1000 where the torque
is in foot-pounds.
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C. 300 mph from 2700 hp.

£IGURE 2-7: Power requirement increases with the cube of velocity.
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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 100 tc 800 to 2700 horsepower (74.6 to 597 to 2013
kilowatts).

As you can see, increasing the spced 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). Alszo, to get 300
mph, 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 10-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 veloecity 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:
Power = % exkxAx o xV

where:

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 (7 x blade radius? for
conventional wind turbines)

V = wind velocity, far enough upstream 30 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 desqribing.

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 erashes 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 arcund your automeobile. When air approaches a partially
50lid objeet, such as the disc created by a spinning rotor, some
of the air moves around it. The rest slows down as power is
extracied by the windwheel. Figure 2-8 illustrates how air,
starting far upstream of a conventional windmill roter, 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 coeflficient,
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 maximur
efficiency of a couventional wind system cannot exceed 593. 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 then, 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.

Heli-designed blades operating at ideal conditions can

----- e e i mad 21T af bhaea EO 3 maraamt macdsim smaccoas
géxcract most but not sll of the 55.35 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. S) 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 609F 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 609F) 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 ratio at temperature)
are:
Temperature °F 0 20 40 60 80 100 120
DRT 1.130 1.083 1.040 1 .963 .929 .897

# 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, 2 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 100°F and 5000 feet
elevation, the density P = C.832 x 0.929 x 0.0763 = 0.0590 1b/ft’

The symbol k is simply a number depending on the units used
for density, velocity, and area. To simplify the above equation
172 ¥ x (standard density) are grouped together and labeled K, so:

Power = K x e x DRA X DRT x A x V'

The most common units for K are:

Power Area Velocity Value for k
watts square feet miles 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
hor sepower square feet meters per second 0.00C0763

The above equation has been used to calculate the curves in
Figure 5-18A for DRA and DRT equal 1.0, and e = 30 percent.

As an example, a 15-foot diameter rotor is operating in a
20 mile-per-hour wind at an altitude of 5000 feet and at BO°F.
The windmill efficiency (including generator and transmission
Josses) is 30 percent. What is the power?

Area = 3.14 x 15 * = 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 20°
1725 watts

1.725 kilowatts

Honn

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

Finalily, 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 turbine 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. 3urface winds over the United States
available for conversion are sufficient to supply about 30 times
the total energy consumption of the U.8S. That is a huge amount of
power. To reduce the scale of our thinking and te understand how
winds are generated, let us first look a2t a few generalities about
winds.

FIGURE 3-1: Worldwide wind circulation.

The United States and other parts of the north and south
temperate zones experience a general westerly wind (Fig. 3-1).
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
t0 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
differences between the air, land, and water. For example, in an
area of mountains and valleys, daytime sunshine heats the mountairn
air, vwhich 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 mountain breeze.
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land breeze
{Night)

sea breeze
{Day)

FIGURE 3-2: Local wind circulation example.

Another exampie of regional or local wind occurs along
coastal areas. Daily temperature differences between the surfaces
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 terraln 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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eribed in the second section. Local wind effects are presented

in the third sectiocn. In the final section equipment and tech-
niques for determining 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 POWER VARIATIONS WITH TIME

A 16-foot-diameter wind turbine might produce one kilowatt of
power in a steady 15-mph wind, depending on the design. One

kilowatt of power produced continuously for 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
v"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:

20%x20x20 _
(T§§T§§T§ = 2.37).

A 10-mph wind only has .30 times as much power as the wind blowing
at 15-mph:

10x10x10 _
(Exls_xls = 0-30).

What if, instead of a 15-mph wind blowing continuously, half the
time the wind blew at 20-mph and the other half of the time, at
10-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 , :30 - 1,33,

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.

R
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Wind speea lncreases considerably with height. This is
discussed fn detail later in the chapter. 170 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. 15x15x1%
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 U451 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 cortainly has a great advantage. However, if his
demand peaks in the season when the wind is at its minimum, the
power requirement for a satisfactory wind system could be consid-
ably higher than it would be if the annual average wind speed were
leas, but the seasonal wind speeds followed his demand. How 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 timc 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
iength of each bar in these diagrams shows the percentage of time
that the wind blows from that direction (toward the center of the
cirecle). Each circle, or circular arc, represents 5 percent of
the 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/3), and 15 percent of the time from the south at
15.8 mph. 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.

#3This refers to watts per square meter of rotor swept area of the

wind wmachine. 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, at
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FIGURE 3-6: Energy rose for Muskagon
Coast Guard Station, Michigan
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An ener rose is obtained by separately averaging the cubes
of all the wind sSpeed readings from each of the sixteen direc-
tions. In Figure 3-6 1s 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 hetween the wind and
energy roses. While 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 example, ten .
times a year at Concordia, the return time is two days, and once a
year, on an average, it is six days.

Avg.
monthly Total Occurences of
wind calm return times of:
Location  power# days/yr. 2 3 Y 5 6 days
Concordia 140 68 10 3 1 1 1
Topeka 157 52 . 8 2 1 0 0
Wichita 253 16 1 0 0 0 0
Dodge City 336 7 0 0 0 0 0

Notice that the number of consecutive calm days (winu 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.

#Yatts per square meter,
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FIGURE 3-7: Sample daily wind varistions.

Everyore is aware of good and bad years for rain. WWind
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
United States. 1In 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 power 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
Appendix 1. Like the example on page 3-3, the average of the cube

] i
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of each of many fluctuating readings is considerably greater than
the cube of the siauple average wind speed. The effect is larges:
at low annual wind speeds. The band in this figure contains 90
percent of the values, s0 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 8 10 12 14 16 18
Correction Factor® 3.2 2.7 2.4 2.1 2.0 2.0

A simple way to calculate the average anaual 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
2-15 along with the above factor, times the number of hours
(8760 in one year). Thus, the annual average energy generated, in
kWh (kilowatt-hours), is approximately:

annual kWh = 8760 x ¥atts

. 8760

xKxexAxV 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 (S0 the correction factor from the above table is 2.7), the
windmill diameter is 15 feet (so the area 4 = 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 10° 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 3-9. Each point on these curves shows
tre number of hours in the year which the speed equals or exceeds
the hours indicated directly beliow. 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)
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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 Carclina,
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 atations 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, the anemometer location has been
changed at least once over the years, new buildings erected, or
even a highway overpass added nearby. No particular set of data
can be blindly accepted as unaffected by obstructions. As an
example, the energy rose for Moffett 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 world's
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. 3-5,6,7) 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 Hawzii 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. 1In 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.

£aAs you will shortly read, wind speed varies with height above
ground. Anemometers mounted higher above ground will measure more
wind.
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WING POWER 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 ecreate an eightfold increase in available
wind power. If, on the other hand, you are in a generally good
wind area, your local winds may be disappointingly poor due to
mountains, ridges, trees, or bulldings. Generally, if you live in
flat country with a meteorological statiom in the region, probably
a fairly good estimate of your available wind powver can be made
before any wind survey is performed. However, if you live ibn
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 avajlable 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 only influenced 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 megsurements. Five years of daily data were
averaged to obtain these curves, While there are large changes in
the average wind speed during the day at each height (except 160
meters), at any time during the daily 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, 30 let us practice reading it. . What
are the wind speeds at the 600 and 1100 meter heights above
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FIGURE 3-11: 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 vour 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 depends 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.



FIGURE 3-12: Daily curves of wind speed for
for seversal heights above the
ground st Oak Ridge, Tennessee

{5 year sverages).

1600 i
>ﬂ
gml /
g
E 400

A

FIGURE 3-13: Average wind speed profile at
Oak Ridge, Tennessee.
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FIGURE 3-14: Atmospheric 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, S0 to Sspeak,
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
ereates 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 aloeft.

Local winds can only be described in general terms. If you
live in an area vwith 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, late afternoon,
with no winds aloft.

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 tne
daytime as well as at night. Figure 3-2 roughly illustrates sea
and land breezes. During a 24-hour period, the cycles of wind and
temperature a2re much smaller over water than over land,

The development of a sea breeze is roughly as follows.
Assuming there is g% wind aloft, the sky is cleéar, the daytime has
arrived, the sun will start heating the water and land. This heat
is absorbed into several feet of water, but only into a fraction
of an inch of earth, 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
sea so, as in the czse 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 ocut 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.
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A feeling 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. 1In 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 ttat
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 right angles to the valiey, cnances 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 {s easy to see that wind records from a meteorological
station at ancther 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 isoclated mountain ridge that faces the
wind (and tends to blcck it) is another interesting case. Near
the ground (at wind turbine height) the wind speed decreases as
the toe of the ridge is approached, then speeds up to greater than
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FIGURE 3-16: Daily wind cycle in a valley facing a plain. No wind aloft.
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FIGURE 3-17: How the mountains of Qahu 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. HNear the toe of the hill on the upwind side the wind
power may be reduced to 50 pe-cent, 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 OQahu 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
year, such a strong wind blows across the island that the sea
breeze 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 i3 aqriented onlvy
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 surrvounding 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 coocled 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 3-12, the average daily wind curves above 0Oak 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 avolided?
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 placement is: if the location is not well above all
surrounding obstacles, the wind turbine should be placed at least
10 obstacle neights 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 sguare 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. U4), 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 = (tree shadow) x (stick height) : (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 = h x D #+ d. This method can be
used on rough terrain with changing slope, as long as the measu-s-
ments are accurately made.
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TREE HEIGHT = (TREE SHADOW) x STICK HEIGHT

STICK SHADOW

H= hx

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
pppendix 1. Compare their annual wind power averages. If they
re at all close and there are no reasons (see previous discussion
f terrain and obstruction eflects cn wind) wny your value would
ot be about the same, you car take an average or place more
jeight on some of the readings than the others, according to your
‘ircumstances, to get a first estimate of your wind power. For
ypen plains areas, this will work well, while in hilly or moun-
;ainous terrain, the results will most likely be poor. As an
yxample, from Appendix 1, four meteoroclogical stations in central
)klahoma (a typical plains area) within about 60 miles of a cer-
rain location have average annual wind powers of 263, 264, 174,
ind 167 watts per square meter. The average value is about 226, =«
trery high value. On the other hand, an extreme case that can be
:aken from the tables in Appendix 1 and results in no useful datz
is the following: two meteorological stations are each 40 miles
away from a fairly mountainous location. These two stations have
sverage annual wind powers of 820 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 wing
and to make comparisons of the wind at your location with that
where there are wind-measuring sctations. The following table, the
Beaufort Scale, relates wind speeds t¢ easily recognizable pheno-
1ena.

Band-held wind anemometers, such as shown in Figure 3-19,
are available at many boating, outdoors, and airecraft 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 especlally quiet?

Do you occasionally or even regularly pass by one of the
listed stations in Appendix 1?7 Arrange to stop and look for the
anemometer. Is it in a sheltered location or out in the open?
Stay and eat your gandwich 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 1, such as at small air-
parts, forest fire and lookouvt stations, and colleges. A4sk
arcund.

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

Observations

Calm. Smoke rises vertically.

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

Wind felt on face. Leaves
rustle., OCrdinary vane moved
on wind.

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

Raises dust and loose paper.
Small branches are moved

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

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

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

Breaks twigs off trees.
Generally impedes progress

Slight structural damage
occurs (chimneys & roofs)

Seldom experienced inland.
Trees uprooted. Considerable
structural damage occurs

Speed

0-1
1-3

8-12

13-18

IBfZH

25-31

32-38

39-46
y7-54

59-63



FIGURE 3-19: Handheid 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 téam that designed and built the Smith~Putnam wind
turbine (see Reference 6) studied many promising wind sites in
New England. 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:

1. Occasional very severe storms do not deform trees.
2. 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 1s forced to grow like a carpet, at a height
of one foot, which indicates a mean wind speed of about
27 mph.
4, 1In this range between 17 and 27 mph, there are five
easily recognized types of progressive deformation,
brushing, flagging, throwing, clipping, and carpet.
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.

wn

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
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Wind Cup Anemometer “

Wind Cup Anemometer with Wind Vaneg

Propeller-Type Wind Anemometer

FIGURE 3-20: Wind Speed and Direction Sensors.
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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 %ail vane. 1If 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 i3 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 dc signal is used by the
sensor, the wire length will probably be iwportant, 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 24-hour 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's manuals
and equipment manufacturer's publications detail simple methods
for data reduction and use,.

Several recoruers are available that divide wind speeds into
ranges (i.e. 0-3, 4-7, 8-11, 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. 3-9).
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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 {avestment of millions of dolla»s in a group of wind-
turbines and there is no long-term wind data for that regicon. 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?" Measuring your wind for one month and claiming you have
determined your average wind 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.

Yon might ask, "where is the trade-off between time and
money i.vested in a wind survey and the time and money invested in
the windmili? 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 station. You
have done a preliminary wind survey and you think you have a good
site. The wind power at the nearest meteorological station is
within 2340 percent of other stations within 100 miles. You feel
that your wind power is probably within 250 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
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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 utiiity 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 115 percent uncertainty. You
would simply 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
[7000 - (4000 + 700)1].

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 240 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 1s 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 encugh
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, Obviocusly, spending several
thousands of deollars for a 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 a 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 steps shown in Figure 3-21, a logic diagram showing
the steps to be taken in accomplishing a 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 secticn.
"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?" These questions probably don't have any
definite answers, but if you are interested in a small systenm,
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 wiil probably produce adequate results. For the poten-
tially larger, more expensjive 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 2 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 10A, 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 104 sheets (and
the strip chart recordings) are sent to the National Climatic
Center, and copies can also be crdered from them.®

Much of the data since the mid-1940's has been prepared for
and pronessed 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. 1t shows the
percentage of the hourly readings in each of 11 different speed

®Faderal 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 wiad
direction (remember that is the direction the wind blows from).
Along the bottom are summations 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 rua-of-the-wind is quite simple.
Read your meter at the beginning of each month. Follow the
manufacturer's proceduire 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, 2% x 30 = 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
.83 x .8 x 100) = 51 percent of that at the station. Now, look in
Appendix 1 at tiie average annual wind power for that station. Let
us say for example, that tkis 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 a quite satisfactory estimate, or it may be
a very poor value depending on the terrain factors. If subsequent
monthly comparisons show large differences in your wind power
compared to the weather 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 inciuding 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 tuilt new
buildings nearby?




DATA PROCESSING DIVISION

ETAC, USAF SURFACE WINDS

PERCENTAGE FREQUENCY OF WIND
DIRECTION AND SPEED
{FROM HOURLY OBSERVATIONS)

45702 AMCHITKA_LSLAND ALEUTIAN IS 54-50 JAN
STAYION FATION WaAmE TEARS: CTLL]
ALL NEATHER ALL
LA wOUEE ST
toEmYIe

4.8 7-10 -1 17-n 2. 28 - 33 34 . M0 a1 . 47 a8 - 33
3| 1.3} 1.21 1.0 <5 2] .1 ) o0
ol 3 9_?__ 2’ -8 +b .! -0
.l 9& _g_! ng .- -? .! .o t!
.1 .3 8f 1.3 | 1.5| 1.2 | 1.0 ) *2
=% 1.1 1.9 1.5 1.0 9 1.0 1.0 -3
21| 5| 1.0} 2.3 1.3 ] 1.1 .8 ] % ]
3 o6 Tl 20| 1.6 1.3 29 - «3
2 =3 2 -3 P d L _o¥ =5 1)
.3 b 29| 1.0 o7 o7 8] o5 %
o! 25 2_& o b _27 N J .3 -0 tz
Y s laz i - «9 -5 3 o2
2 .8 29 1.3 1 3.1 -9 - ) -2
.3 -7 291 1.3 1.4 9 o °1 .1
23 251 101 ] 101 1.2 " 26 o2 21
2t | 1T | Re® | Jebh | 1ok | .7 b .2 )
=Z o! 1.7 [y lgl a‘ .2 .0_ bl
VARDBL
CALM >-< =9
2.3 3.7121.61386.4]127.3116.6]12.2] 0.7 4s8] 3,71 2.1 l100.0] 22.9"

TOTAL NUMBER OF ORSEAVATIONS $144&

FIGURE 3-22: Sample of average wind data from an extremely windy location.

9t~-t



CHAPTER 4
POWER AND ENERGY REQUIREMENTS

In Chapter 2 we described the difference between work,
energy, and power. This chapter will deal with two of these
quantities: how much power 1s needed, and how long is this power
required. This is the same as asking how much energy is needed.

As we stated in 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-
ing.

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
is, if you figure how much electric power you need to run a light
bulb, 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 1loss 1n the form of heat. Estimation of
losses 13 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, which is expressed in kilowatt~hours (kWh).

Electric power 18 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 l2-volt battery that pushes 10 amps through a light
uses electric power equal to 12 x 10 = 120 watts. Now suppose
that the 120-watt light is left on for 10 hours. Then, the
electric energy consumed will equal 120 watts times 10 .hours,
which equals 1200 watt-hours, or 1.2 kilowatt-hours.

8-1




entire circle represents
total energy.

net energy available is
“total less losses.

FIGURE 4-1: 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
wiil see more of these zimple 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:

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

® 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 Dogs"

sign! Eatimated 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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Poctola Institute.

Energy Primer,




determme
appliance

load ratings

U

y-5

watts, kilowatts

determine
load cycle
times for

each appliance

@ hours per month

|

calcuiate ermert

energy requiretments _ . _ -
e Y 5 watt-hours, kilowatt-hours
appliance (kwh)

%‘;‘é ";',31(}0 tal watts determine

total energ W daily load watts
requurement @ kWh. cycle history

FIGURE 4-3: Estimating your energy requirements.




4-6

-

We will follow the blocks in Figure 4-3 to apply a logical
sequence to the foilowing discussion.

Block 1. Determine the appliance load rating, expressed in watts,
or kilowatts.
Example: Brand C electric motor is a one-horsepower
motor. 1Its 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 U4-2 of this book. You can easily test the
appliance if you presently have electriec service. Watch
your electric utility meter, which measures energy
usage. Usually it contains a siowly spinning disc, and
some number of revolutions of it indicates that one kWh
has beer consumed. Ask your power company what each
revolution means. Turn off all other appliances so the
meter stops. Then turn on the appiiance 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
foer 150 hours per month, 80:
350 watts times 150 hours equals 52,500 watt-hours.
To get kilowatt-hours: 52,500 : 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 ocecur if all of your appliances were
operating at the same time.

Example:
) Item Power (watts)
TV 200
Coffee pot 894 -
Di shwasher 1200
Refrigerator 300
Water heater 6000

Maximum Load: 8594 watts = 8.59 kW -

- ® This will not be adequate for obtaining the starting load, but
that is not necessary for these locad calculations.
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Block 5. Determine vour total monthly energy requirement.
Total erargy 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:
. Item Energy requirement (kWh)

TV 24

Coffee Pot 9

Di shwasher 36

Refrigerator 30

Water heater 300

Total Energy Requirement 399 kWh per mc-~th

(Note: The above examples are selected at random from Figure 4.2
and do not necessarily represent a typical household load.)

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 electrie¢ load demand. Simply adding up
all of the loads, as in the above example,
assumes that all appliances will be on at the 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 will 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 caleculation. For an accurate
estimation, it will be ‘necessary to actually monitor
any items that operate on a ecyeclic basis, such as
refrigerators. For less accuracy, it may be
reasonable to assume such loads "on" 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
continuously. The other loads will require estimation
of operating cycles, as listed below.

Automatic Items LLoad (watts) Time
Refrigerator 300 Continuous

Water heater 6000 Continuous
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User=-controlled Items .
v 200 4 hours per day
as follows:
l hour: 8 am - 9 an
3 hours: 6 pm - 9 pm

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

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

From this table, we can see a base load, that is, a continucus
ioad equal to 6300 watts, with peak iocads 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.

8

load (walls)

time

FIGURE 4-4: Graph of example load history.
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"For a second example, let us be more realistic. The
‘assumption that all automatic items are continuous lcads

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 200-300 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 cyele
it operates. A safe guess is that it cycles most
during mealtimes.

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

Automatic Items Load Time

Refrigerator 300 3.3 hours per day:

1.1 hours each 7 am,
noon, S5 pm.

Water heater 6000 1.6 hours per day:

Block 7.

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 roquirement esti-
mates, but it is a good way to understand the nature ana
characteristics of the electric load you expect.

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 analys.s
for each month of the year. A graph plotted from your
totals would look like Figure 4-6,
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MECHANICAL LOAD ESTIMATION

Estimation of mechanical load may be as simple as reading
the data plate on 3 device you expect to drive mechanically by
wind power, aad can be as complex as calculating the horsepower
required to pun water through some pipes, This section will deal
primarily with estimation of power required to pump watesr,
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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 1lift
water (we assume the tank is not pressurized).®

WATER HEAD = PUNP 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.)

Ex ample: 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 &%

¥ For a pressurized tank add 2.31 feet of water head for each psi.

*SFigure 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 1/4 - 1/2 inch
larger.
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From Figure 4-8 a value of head loss factor can be
determined that, whes 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
fitting 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 add 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 - 3/84 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 stralght 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 = 100
= 15 feet. For the two elbow fittings add 2.3 feet each. Then
head 10ss = 15 + 4.6 = 19.€ 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.)

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

Because of head loss, the pump 1s 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
gom, 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 : 0.7
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Q = fiow rate in galions per minute (g.pm.)

b Q=20
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FIGURE 4-9: Theoretical pump horsepower.

Example:

Pump horsepower calculated in previous example = 0.3. Then
wind turbine horsepower =z 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 galilons of water you need
daily (adjust these according to ydur experience). Multiply
values by 30 for monthly calculations.
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Pounds D'ar Hog Per Hour

Water Conzumptios of P.u.
{Pounds of Water per Dav-

conditions

Hogs
Temperature 75-125 275-380 Ppregnant’
{°F.) 1b. hogs 1b, hogs Sows
-1+ JA 0.2 0.5 0,95
R — -25 5 -85
b 1 - PP .30 .65 .80
m.-.-oo... .30 oas .95
’0.....-.‘! .35 .65 .90
crervees .60 .85 .80

Dairy Cows

Gallons Per Day Par Cow

My ".ight-so-ao lb‘. E TR RN

Body Weighte=200=-380 1lbs...,u..0.
Pragnant Sows.......

LU I

MY Wllghtiao lb'IIll'IC'I!....'ll'!.

BOdy Weighte75-125 1BS.eseneennnnonenn

-------------

5=-10¢
7
16

. 12"39

lo0-38

L.ﬂt.tim SOWS..onssancnsnsssasanatnns 40-'50

Water Consumption of Chickens

iactating Lactating

bry

k]
Conditions

1-3 weeks Of AQ€.,.vssvnssssssnasanns
3-6 weekn of B8, aevsncesvsrarvrensen
6-10 weaks of BYC.ccsnnnsvncasnsnssns
9=13 waeks Of AQR.ciinvecrcversnnnsnn

mll.t.v..v.tctt.o..oc--....oo..-..o-

Nonlaying Hend,.scocancesssscaessasns

Temperature Jerseys Holsteins Holsteins
=1 1 J 1l.4 18.7 10.4
50"70-...00 12-8 21.7 11.5
75’35...... 1"7 21.2 12.3
90-100..-.. 20.1 19.9 10.7
Milliter Per Bird Per Day

7~ White Rhode Isltand
Tenperature Laghorn Rad
kL 1 IO 286 254
B0...... PN 272 321
90 ..... L 350 408
100.00r0ee- 392 mn
MWenrena e 222 216
[/ J 246 286

Water Consumption of Sheep

(Pounds of Water per Day)

On range Or Adry PABtUC@ scsvsssvrnaas
On range {(salty feeds) ..caccenvasaee
On rations of hay and grain or.

hay, roots and grlRiN...svesscncncs

Laying Hens (modarate tanperatures)..
Laying Hens {temperature 909F).......

(Gallons per 100 Birds ger Day)

OEO
cwooocoe

water Consumption of Growing Turkeys
{(Gallons per 100 Birds per Week)

Conditions

1-3 wﬂ.ks Of .ge-..-..-t--t....---t..
4~7 veeaks of AQB .y vevrevrrevwsrsrrrnre
=13 weake of Age.....cvvncascevennns
15-19 weeks of BgCecnccscsssnancerane
21-26 “.-k. Of ‘ge.....-...---.onaoa-

5-13

17 Water Consumption of People

0.3+6

Avarage Parson: 75 gallons per day

On gOOd PASLUrE....ssexcecssses YOIy littls

(if any)

Lawn:
every other day.

In these sxperiments water was available

for consumption.

Water Consumption of Cattle

Class of Cattle

Holstein calves {liquid milk or dried
milk and water supplied}

D.it? Heifers.....csocssuesannasannna

s““‘.--o.c-..-------..oa.-.o.a.n-..

Wc.ttle......“‘....-.‘.....----
Ja COWB.cossvessvannnsssasnsntoss

a-18
26-59
62=100
117=-118
95-105

0-200 gallons per 1000 sgure feet,

wWater Consumption

conditions
4 woaks Of Ag8...u.vvccsanvesrsnssnmnrraannnsn

B weeks of AGL ., ssnssttrssasssssrrsnansnverunns
12 “m °£ agc..I..........'.........-----'-.

16 waeks of age.....ccc.vv... Censsvsssansses
20 “.k' of .rge-...ll.......l......’."----"
26 waaks Of AgE...ccvivicianrcsssstssssnannns

”mmt....‘-‘......................-.
Maintenance LBLiON...cesvervrsrccrrecronnnnss
?.ggmng ntiun.......'..‘--......-...'..".
ulk ’Muction 5-30 1h'/w-.t.¢nnloooncucvv
Hilk Pmuction 20-50 lh./dlYI.II-....-.-..l.
Milk Production BO l-h‘/d.y...oocoo.oo-.c.-t-o
DEYeerverevrvovvavnncncen

rré-: water,Yearbook of Agriculture,1955
O. 5. Departasnt of Agriculture

FIGURE 4-10: Water requirements.
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Hypothetical example:

2 persons: 75 gal/day x 30 = 2250 gal/mo
1l beef cow: 12 gal/day x 30 = 360 gal/me
20 chickens: (4 gal/day = 100) x 20 + 100 x 3¢ = 24 gal’/mo
lawn (1000 ft*): 160 x 15 = 2400 gal/mc

TOTAL 5034 gal/mc

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 galleons 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 1/2 = 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 verious conditions, a storage
tank 1is used. Water pumped up to that tank represents energy
stored.

To calculate energy storage requirements for a water systenm
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. 3), where data such as maximum
number of windless days become availlable.

Example: From the previous example, iet 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)
High daily = 248
Average daily = 168

Hyrcthetical <ite data- waximum - 6 windless davs.
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If this occurs in January, when no lawn water is required,
use the low dally value -

88 x 6 = 528 gallons storage requirement

If the windless day (month) occurs in July, use the high
value =

248 x 6 = 1,488 gallons storage requirement

Depending on the relative importance of lawn water 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 8-6 illustrates a aonth-bdy-month electric energy
demand curve, Figure 4-1]1 is a slightly more complex presentation
of another energy demand curve for a hypothetical wind *urbine
installation. On the same graph is plotted the energy supplied
to the user by his wind turbine generator.

Notice (Fig. %-11) that from January through March, demand
is higher than supply. From April to September, supply is greater
than demand, and then from Sgptember to January, demand is greater
again. Demand, on an annual basis, is 110 kWh greater than
supply. Either demand must be reduced by 110 kWh/year, or supply
increased by that amount, which is only a (110 = 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 wi?d turbine tower to obtain the needed additicnal wind (about
5 feet).

Would it be possible to store excess energy from April
tt ‘cugh August, and use this from September in to the following
Fecraary 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:

April 30 kWwh

May 50
June 80
July 80
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.



O = demand
g = supply

FIGURE 4-10: Water requirements.

Month | Supply | Demand | Difference
KWH KWH KWH
J 250 300 S0 needed
F 250 400 150 needed
M 300 350 50 needed
A 330 300 30 extra
™ 300 250 50 extra
J 280 200 80 extra
J 280 200 80 extra
A 250 200 50 extra
s 180 200 20 needed
0 180 250 70 needed
N 180 200 20 needed
D 210 250 40 neaded
Totals 2990 3,100

FIGURE 4-11: Comparing monthly energy supply and demand.
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U = excess power available
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These options are described in Chapter 5

As with the water storage example {t is important to know
the maximum number of windless 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 - S5 kWh
Maximum number of windless days - §
Energy storage requirement = 5 kWh per day
x 5 days = 25 kWh

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

nrovide you with the basics on each component you purchase. It
~i11 help you ask the right questions and better understand any
wECS 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
ypes of wind turbine rotors? These items are discussed, and a
method is presented for comparing wind turbines by calculating

*he wind energy each will generate. For wind electric system
swners 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.

windwheel |——mechanical | water
drive pump

FIGURE 5-1: 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.
- Dees ot -equire tall *owers
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FIGURE 5-2: A simple wind-powered water pump.

The disadvantages are:

Requires
Operates
raturn

. Requires

amount
Does not

constant attention to operate

on a cyelic basis requiring an operator to
the parachute to the starting point.
tremendous amount of land in relation &o the
of work it performs. £
easily adjust to changes 1n ‘wind . direction

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 . 0ddly 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,



5-3

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 1is 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.
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FIGURE 5-6: Propelier-type wind turbine anerator.
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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
different, both windwheels present a large surface area to the.
wind in relation to the width and height on the machine. Notice
that almost the entire disk area of the farm windmill is covered
by blade surface; this presents a sovlid appearance to the wind.
The appropriate term for this is solidity, which is the ratio of
blade or windwheel surface area to rotor swept area, the area
inside the perimeter of the spinning blades. us, solidity for
the two machines illustrated in Figures $-3 and 5-4 i3 nearly 1.0.

Solidity = blade surface area : windwheel swept area.

To calculate windwheel swept area, look at Figures 5-7 arn.
5-8. Swept area for a vertical-axis machine like the Savonious
rotor is simp.y height times width. Swept area for disk-shaped
windwheels is calculated from:

A=zqaxD?* =4, ™ = 3.14

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

For example, the swept area of a 16-foot diameter windwheel is
calculated as follows:

A = 3.14 x 16 x 16 + 4 = 200.9 square feet.

Mechanical drive applications, such as pumping water, demand
very high starting torque®* from the windwheel. The pump may have
a load of water it is trying to 1lift 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, slower-
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:

# Large coils and strong magnets
¥ Righ-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

% See discussion on torque in Chapter 2.




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 the
wind is blowing at, say, 20 mph (9 m/s), and a windwheel is
turning so that the cuter 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 adbout 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 soligdity
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. 5Some 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 shroud 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 actvally extracts 59.3 percent,.

Solidity affects design appearance in its relation to the
number of blades a machine has. High sollidity 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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VIRTICA. aX15

PRIMARILY DRAe TYFE

SAVOrILS PULTI-BLAXD
SAVOriUS

GlHROMILL

[ §Fariabbhit,

FIGURE 5-12: Vertical axis wind machines




windwheel efficiency

06

e s
05
/ WB BLADEA\" ™

PROPELL
HIGH SPEED TWO| BLADE FYPE
\
| ROTOR

g
A
=\

LAMERICAN MULT! {BLADE TlYPE
N

01 \
\-DUTC!-I 4| ARM TYPE
B \
1 2 3 4 5 8 7
ratio of blade tip speed to wind speed

™~

DARRIEUS

Q
)

FIGURE 5-13: Typical performance of several wind machines.

There is more to a8 wind turbine than the solidity of the
tladeg, the torgue, the efficlsncy, or the load the windwheel
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 of the windwheel to keep the
machine aimed directly into the wind. » 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




drives tne lLarger turoine around until it is aimed directly inte
the wind. As ycu might guess, the vertical-shaft machines like
the Savonius rotor are always aimed into any wind direction.

Many 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 neeu a larger tail fin tha.
an equivalent three-bladed machine, or special weights to make the
windwheel hehave 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 c¢changes in
direction - something like a wobbling gyroscope.

Figure 5-17 illustrates a small, two~bladed machine that hac
governor-control mechanism weights in a position where another sec
of blades would otherwise be instailed. 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 overall efficiency for the rotor, transmission, and
generator of 30 percent, which is a typical value for wind turbine
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 typlcal wind
tugbine. 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
vields, it is ifmportant to consider the rated wind speed of the
machine. This is the wind speed at which rated power is achieved.
Al so, vou should know the cut-in gspeed, which is the wind speed at
which the generaztor 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
mph. 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-
20 is a3 hypotheticsl wind duration curve for one menth. By
dividing 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-
sulation as an example of energy estimation. You may not have to
perform this calecuratioir because consuliants and dealers in wind
machines woudtu siuppLy tne ianfermarnion.



FiGURE 5-14: Upwind rotor of iniennediate
solidity with tail fin control.

FIGURE 5-15: Downwind rotor,




FIGURE 5-16:

Downwin
control.

d rotor with fan tail

FIGURE 5-17: Smal! wind tu bine generator with two
upwind blades.
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WIND TUR A WIND TURBINE 8
V 1 Power . - -
Ko. mph | watts Watts X 20 Hrs. Powexr Watts X 20 Hrs.
11>40 § 1000 20,000 1000 20,000
2 3as 1000 20,000 1000 20,000
3 26 650 13,000 1000 20,000
4 22 320 6,400 1060 20,000
5 20 250 5,000 1000 20,000
6 19 218 4,760 950 19,000
7 117.5] 162 3,240 650 13,000
8 17 150 3,000 600 12,000
g |16.5] 138 2,760 550 11,000
101 16 125 2,500 500 10,000
11 ]115.5{ 113 2,260 450 9,000
12} 15 100 2,000 400 8,000
13 j14.5 90 1,800 360 7,200
14} 14 80 1,600 320 6,400
15 |13.5 70 1,400 280 5,600
le | 13 60 1,200 240 4,800
17 j12.5 50 1,000 200 4,000
181 12 45 200 180 3,600
19 111.5 40 800 160 3,200
201 11 35 700 140 2,800
21 110.5 30 600 120 2,400
221 10 25 500 100 2,000
23| 9.5 0 0 95 1,800
24 9 0 0 87 1,740
251 8,5/ 0O 70 1,400
26 8 50 1,000
27 7.5 0 0
28 7
29| 6.5
30 6
31§ 5.5
32 5
33| 4.5
34 4
5] 3.5
36| 24 ¥ Y Y Y
Total watt 95,420 229,940
hours
= 95_4 kwh = 229.9 kwh

FIGURE 5-21: Monthly energy from wind turbines A and B for previous wind-distribution curve.
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All that is required to make such a chart i{s to write dcwn
for each 20-hour section of the curve the average wind speed a1
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 U
hours if you wish). Then, multiply each power value times the : 7
hour duration. This yields watt-hours. Add up all the watt-hour -
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 pows~
tc increase with decreasing rated wind speed; at the same time
yield (kWh) will increase, unless your wind distribution shows a
considerable number of hours with wind speeds greater than 20 mphr
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 ¢an plot a wind duration curve from the average wind recoras
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 tiae
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 > 56, the num-
ber of accumulated hours is simply:

2 56 744 x 2.1 : 100 = 15.6

48-55 744 x 3.7 + 100 + 15.6 = 43.1

41-47 744 x 4.8 ; 100 + 43.1 = 78.9
etec.

The numbers in the rignat coluwn are tnen piotted vu make a cur ‘e
similar to thnav in Figure 520,
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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 so0lid, with or without fiberglass coatings (Fig. S5-
22). Uncoated wooden blades usually have a copper or other metal
leading edge ~over 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. Obviocusly, 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 jllustrated, 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,
Ocecidental, CA 95465.
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FIGURE 5-22: Different blade construction methods.
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FIGURE 5-23: Loads on a wind turbine blade.

FIGURE 5-24: Two methods of wind turbine control by tifting the rotor.
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- FIGURE 5-26: Blade feathering control.

Figure 5-26 illustrates a simple mechanical mechanism used
to control biade angle {sometimes called 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 blade
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 arcund 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 5-27. Other methods of blade contreol, such
as automatic drag spoilers and hydraulic brakes, can also be used.

Ground control for the vertical-axis machines (such as
Savonious type, Fig. S-4) can be accomplished by methods such as
blocking the machine from the wind as was used on old machines
(Fig. 2-25), by venting the S-shaped vanes, or by changing the
S=shape to reduce torque.
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The Darrieus rotdr (Fig. 5-5), 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 Darrieus 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 supnort
structure can be mechanically or electronically actusted
to slow the speed.

Darrieus rotor: designed with straight blades (see Figure 5-28)
are able to use the blade pitch control in addition to these
methods. The particular Darrieus machine {llustrated uses variable
blade piteh to control the rotational speed.

Another wind turbine characteristic you should consider 1s
its furling speed®® . the wind speed at which the wind turbdine is
automatically or manuvally 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 electrenic contrel, or you will be required to
operate a ground shut-off control when high winds are anticipated.
On modern machines, the tall 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 inzrease the windwheel
rpm by a factor called gear ratio - typically 4, 5, or more.

#This shape has been given the name troposkein.

FESometimes referred to as cut-out speed.




Thus, for example, u winawheel speed of 100 rpm is increased by
the transmission to 400 rpm or more. This allows for a lighter,
lower-cost generator but requires the additional weight, cost, ana
maintenance of a transmission.

Lower cost is not the only factoer enhanced by low weight.
Heavier units 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 reguired by elimination of the
transmission. You can see that the choice bhetween direct drive oy
a transmission drive involves many trade-offs.

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

Generators installed in WECS can be of the direct current i}
type or alternating 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 direcily to the wires outside the
unit. HKere, you should understand that the frequency of the ac
current is governed by the rpm ¢f the generator iutIfity power ig
60 Hz [eycles per second] throughout the United States). The
faster the ¢oils of wire pass the magnet poles, the higher the
frequency. To establish a fixed or constant frequency, the
windwheel rpm must be held constant, regardless of wind speed. Fcr
small WECS, as 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 exactiy the same frequency and voltage as
the utility mains, or other source of ac power. This type of
operation, as mentioned, increases the complexity of blade
control systems and therefore increases the cost of the wind
machine. On large wind turbines, synchronous generation is often
practical.

Special generators are being developed that produce a
constant frequency but allow for variable rpm by electroniec
compensation. These generators are being tested by several orga-
nizations, and the results of these projects might possibly allow
turbine svrohrorour operation witnout the limitation of sunstant
rom ‘exceasive) blsde control systems. This tyne of generator ics
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called a field modulated generator. Another method for generating
fixed-frequency ac is to generate d¢, and change the c¢e¢ into ac by
means of an inverter. Some inverters are designed to perait
synchronous operation; others are not. We shall discuss inverters
shortly.

Generation of dc usually involves generation of ac inside

- the generator, then conversion of the ac to de¢ by means 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 in diode technology, is to rectify the ac ocutput of
the alternator to de. 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:de
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 dec.
Direct current is 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 de. Alternating current can be fed to a trans-
former, which steps up the voltage while lowering the curreat
(amps). This reduces line loss (which we will discuss later) that
can occur on long wire runs from a wind 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 de. This method of transmission is subject to losses
(about 5 percent) from the transformers. Transformers are
designed for best operation at one frequency, while sm2ll WECS
alternators generate variable frequency ac according tc the rpm of
the windwheel., Some transformers are designed for one freguency
(60 hz or 400 hz), while others are designed to operate over a 50-
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 electrie 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 gZenerators (or alternators) are available with perma-
nent magnets. These magnets cause the electric current to flow as
they spin past the c¢oil windings. Other generators are available
field wound, which means that electromagnetic coils requiring
energizing current are installed in place of permanent magnets.
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FIGURE 5-29: Three types of generators.

Three methods are used for regulating or controlling the
electric output of the generator:

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.

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

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 directly, or
through a resistor to give -a variable-strength field
according to the strength of the generator output.
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Generators and alternators are selected or designed by WECS
manufacturers according to their own criteria, which includes
cost, weight, performance, and availsability, Thua, in your own
selection of a suitable wind turbine, you will find units with
specially made generators, a5 well as units with truck, auvtomo-
tive, and industrial slternators. You can make your own observa-
tions regarding availebility of spare parts for custom, as well as
industrial equipment. In some cases, the WECS manufacturer
designs his own geherator as a means of improving the overall
system performance.

Figure 5-31 is a wiring diagram for a simple wind electric
system, The wind turbine generator will charge the batteries
which, in turn, will supply pover to the two loads illustrated,

ttery storage would be sized to store as much energy as is needed
to make up for periods when the wind {s lower iLhan raquired or the
power dewmand exceeds the wind generator capacity. The wind turbine

would be sized to supply at least enough kilowatt-hours of energy
as needed for the loads.

Suppose that the wind turbine generator supplies nmcre
kilowatt-hours than are needed. The batteries would be over-
charged. Energy would be wasted. To preclude this situation, a
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FIGURE 5-31: Simple wind electric wiring diagram.

load monitor 1is 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 lecad C. Load ¢
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 2o doing improves the energy utilization of the simple
battery system.

Load monitors can be used another way. Suppose that the
vind 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 gasecline powered generator,
another set of batteries, or an extension cord to your neighbor's
house. In any case, 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. ' '
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FIGURE 5-32: Wind electrical system with load monitor.

ENERGY STORAGE
Batteries

The key to a viable wind electric system usirg battery stor-
age is a low-cost, high-storage-efficiency battery. Figure 5-34
presents many of the important characteristics of three prominernt
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. ince it is energy storage you
are buying, and dollars per kilowatt-hour of storage is the
deciding factor, you should assume a lcw storasge efficiency for
such batteries when evaluating their usefulness.
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FIGURE 5-33: Complete wind-electrical system with beckup generator.

Voltage Density Cycle Storage
Battery Per Cell Watt-hrs/ib Life Efficiency
Lead-Acid 20 10—-20 200-2000 50-80 %
Nickel-iron 1.3-15 10-25 2000 6080
(Edison Cell)
Nickel-Cadium 1.2-15 10-20 2000 80

FIGURE 5-34: 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 designhed 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 voltc-
age ratings into watt-hours by simply multiplying 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 #+ 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. A&n
advantage to this arrangement is that any number of batteries can
be taken away cor added zt any time tc adjust your storage capacity
to your needs.

Example 2: Storage capacity needed is 10 kWh. For a 100-volt
system which uses 2-volt batteries, it wovld require 700
+ 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 10-
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 -
remaing the zame 28 that of the smzllest amp-hour rated battery in
the bank. To increase the storage capacity of, say, a 100-volt
battery bank, either increase the size of individual batteries or
wire another 100-volt bank in parallel.
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FIGURE 5-35: Battery storage bank - parallel wiring,

The cost of battery storage system is relatively high. As ¢
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 batteries

available on the market and potentially lower-cost, higher
efficiency units.

FIGURE 5-36: Battery storage bank — series wiring.
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Figures like double and triple the energy density® are often
quoted. Batterles made with materials like nickel-zinc and exotic
metals are being tested and developed to increase electric car
performance. Wind electric system energy storage per dollar
invested is also expected to improve.

Pumped Water Storage

It mey be that you wish to simply store encugh water for domes-
tic uses, as discussed in Chapter 4. On the other hand, it may be
that you prefer an electric system where wind power pumps water
up a hill to a lake. The lake then supplies water stored with
enough potential energy to operate a small hydroelectiic system to
recover the energy, as illustrated in Figure 5-37.

water

stor;’age
n
windmill water I P _

pump u

hydro -
electric.
generation

stream electricity

FIGURE 5-37: Water storage for electricity.

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. We sometimes hear of the idea that a few 55-gallon drums
up in the attic cught to hold enough water to keep the lights
burning all night, while the water trickles out of the drums turn-
ing 2 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 vou 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 hydro-
electric system wilil probably exceed the cost of an equivalent
battery system.

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

Wind power can be used to hest water for energy storage ny
splashing. Figure 5-39 schematically illustrates this method.
Friction of water being pumped and 3plasned introduces all the
energy as heat without the losses of a generator. As with any
other heating system, heat 1os8s can be kept to a minimum by insu-
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 diagrarm::
in Figures 5-40 and 5-41. 1In fact, this is perhaps the most effi-
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
1b/ft?, or 8.4 1lb/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 1b/gal = 252 1bs.
3414 Btu + 252 1b = 13/5°F heat rise.

A wind-powered heating system is called a wind furnace. The
heat supplied is bDest used for domestic or agricultural heating.
as well as lower-temperature industrial 3pplications. As illus-
trated in Figure 5-40, the wind-powered generator can be either ac
or d¢; 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, ete.)
provides energy storage for the air heater.

If a regulated dc generator is used, then the wind furnace
could look something like Figure 5-4C, 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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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 elevators. 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,

et IR
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]
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FIGURE 542: Flywheel diagrams.

To reduce losses in a super flywheel, the high-speed disc
spirs 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.
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. Sjnehronous 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 cc current is charged into ac current which has the
same frequency as utility power and 1s f2d 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.

wind utility
main
(D.C.source) {A.C.source)

LOAD
° home
s Shop
s barn
o €ic.

FIGURE 5-43: Synchronous inverter electrical system.

Synchronous inverters have been used for years in applice-
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. Wind 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.
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3. Wind generator supplving surplus of power. Extra power will
be feq to the grid. This will cause the meter to run
backward.

The next response is usually, "But will my utility company
allow this?" The answer to this question varies from state to
state, and from utility company to utility company. and is rap.dly
changing. The key questicn is development of a fair billing pro-
cedure for a complex problem {(Chap. 7). Other questions have been
or are being resolved, like safety, pouwer guality 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 5=43) by
an ac generator powered by gasoline or diesel fuel. Certain
tschnical details must be observed (the generator must have a
higher power capacity than the wind g=nerator), but the
‘synchronous inverter will run well with an ac generator as the
source of frequency and voltage. This is because the synchrorocus
inverter uses the mains, or ac generator, as a reference for
conversion of de to ac.

Synchronous inverters are discussed here under energy stor-
age because, in effect, you are using the utility grid as » sto=-
age cell for your excess energy. Witn the gasoline or diesel ac
generator instead of the grid, er-rgy "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 S5-44: weight, which compresses the tower
downward, and drag, which tries to bend the tower downwind.

Towers are sade in two basic configurations: guy-wire
supported, and cantilever or unsupported (sometimes called
freestanding) (Fig. S5-45). Also, given these two basic structural
support configurations, towers are made with telephone poles,
pipes (Fig. 5-46), or other single column structures, as well as
lattice frameworks of pipe (Fig. 5-47), 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 must 2130 be considered. The load that causes many
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FIGURE 5-44: Tower loads.
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FIGURE 5-47:
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towers to fall is a combination 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 so0lid 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 hecomes
uprooted

3) A bolt somewhera 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

5) 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 s0il supporting the tower. A wise
decision would be to consult your county agent concerning the type
of s0il 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. Vibratcory loads induced by
the wind or wind machine also should be considered and
professional advice may be required.

One other point to consider is the potential hazard of guy
wires, particularly to pleying children.
OTHER EQUIPMENT
Inverters
Inverters are devices which convert the dc voltage (power)

to ac power, It is an age-o0ld question whether d¢ 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 dec. Most motors, some
stereos, TV sets, and certain other devices usually require 110

volts aec. 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. The:s
units are called rotary inverters. Other inverters, called static
inverters, are solid state, using transistors to switch de¢ 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-
clally 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 inverters
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 500-watt inverter may draw 400 or more wattis from the
storage system, while only powering one 100-watt light bulb.
Higher-cost inverters offer the important option of a 'load 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 5-48. 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, a2 gasoline- or diesel-
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FIGURE 5-48: Typical static inverter 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 eguipment
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
eriteria for any backup equipment would include maximum power
requirements, cost, reliabiiity and maintenance, and environ-
mental factors such as noise and exhaust. Auxilia-y equipment
can be purchased with automatic controls or can be .astzl.ied
with the requirement of user contrel., It is a gond id23 to
exercise your auxiliary equi ment on a regular h=r. = (2ven when
not needed), to ensure it ierains in proper operci.cnal
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 c¢hoose a3 system
on a basis such as: "This system will supply about 60 percent of
my energy needs and only costs 3800 dollars.” 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 6-1 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. 5-3), 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
1llustrates the most common system, as well as some systems being
developed. A bold line connects the components in a common wind
energy systenm.

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).
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METHOD

ADVANTAGES

DISADVANTAGES

Windmill direct over
well driving pump
at well with drive
shaft or push rod

Simple.

Possibly relatively low cost.
Equipment has long history of
availability

Well site may not be a
good wind site,

Drive shaft to remote
well site

Allows some flexibility in
WECS siting.

Allows power take off for
other requirements.

Safety hazard of drive
shaft.

Relatively high cost of
drive components,

Wind generator electric
pump

Allows energy storage (in
batteries, etc.)
Electricity for other
requirements.

Relatively high efficiency.
Equipment has long history
of availability.

Allows best flexibility in
WECS siting.

Energy loss in long wire
runs.

Relatively high cost.

Safety requirements of
electric wire runs,

Windmill - hydraulic/
pneumatic system.

Water can be pumped
directly by bubbled
air, or by pneumatic

pump.

Allows greater flexibility of
WECS siting than B.

Hydraulic power or compressed
air available for other
requirements.

Energy loss in long
£luid pipes.

Safety considerations of
compressed fluids or air.
Relatively high cost.

Jet pump geared
directly to wind-
mili,

Two or three pipes
come down the
tower from the

pump.

Allows greater flexibility of
WECS siting than B.

Common, relatively inexpensive
pump, which is relatively
efficient.

Avoids generator and motor
losses of the electrical
system.,

Minimum wind speed for
developing minimum head
for pumping may be
quite high.

Must prime the pump at
the top of the tower,

FIGURE 6-4: Different possible ways to pump water with a wind system.
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Some of the options you have in selecting the best system to
punp 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-% 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 question
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 uyses 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.

§p§
f o
A v \
- - B -~ N "‘I.I.- ¢
T ;-"ffl‘

ol
t

= R T~ A =Y [ T A )
e 11 Frors 1+ e WP rbﬁgﬁgﬂ%ﬁi =ﬁi‘§

FIGURE 6-56: Two methods for wind-powered pond aeration.
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A COMPARISON OF POWER COSTS USING
TWO DIFFERENT WIND TURBINES

All too often a WECS installation is purchased according tu
first cost rather than performance. Since "the cheapest wingmij:
will do!™ is never realiy an appropriate criterica, you snould
understand what "the cheapest windmill"™ really is.

Analyze, as an example, a simple wind electric system that
is used only for heating water (Fig. 5-40), Compare the two
hypothetical wind turbines that were described in Chapter 5 (Win.-
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 1s 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 95 kilowatt-hours in the month illustrated in Figure 5-21.
Unit B is about 12 feet in diameter, has a 20 mph rated wind
speed, and yielcs 220 kWh in the same month. For simplicity, as-
sume you aiready have the necessary wire and electric water heator.
Therefore, just consider the wind turbine and tower costs, plus
installation. The following table shows these hypothetical cases.

Hypothetical Initial Costs of Two Wind Turbines

WIND TURBINE A WINXD TURBINE B
Wind machine $1,500 $2,000
Tower $ 500 $ 600
Installation $ 500 $ 60C
TOTAL $2,500 $3,200
Yield/year, kWh 1,140 2,760

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 te
the obvious choice. However, Wind Turbine A will yield 1140 kWh/
year at your site, while the more expensive Wind Turbine B will
yield 2760 kWh/year. Two more factors will be considered: mainten-~
ance cost and depreciation. Assume both machines depreciate fully
to no resale value in 20 years. Also, assume that Wind Turbine A,
the smaller of the two, costs $100 per year for maintenance, whilsa
Wind Turbine B costs $150. per year. Without considering aany inter~-
est costs (covered later in this chapter), calculate the totai cost
of ownership over the whole 20-year life span:

WIND TURBINE A WIND TURBINE B
First Cost $2,500 $3,20¢C
Maintenance 20 yrs. x $100 = $2,000 20 yrs. x $150 = S%IOOG

TOTAL COST : $%,500 $6,200
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Total yield in 20 vears 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 k¥Wh 55,200 kWh !
Cost = $4,500 + 22,800 = Cost = $6,200 + 55,200 =
19.7¢/kWh 11.2¢/kWh

Wind Turbine A costs 19.7¢/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 ycu ask
which one is really cheaper, you must consider other factors.
Wind Turbine B has roughly twice the energy yield of Wind Turbine
A, but, from your calculaticn of energy requirement in Chapier 4,
do you really need twice the yleld? Will the extra yleld 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?

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¢/kWwh, 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 Lo make it. 24s 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, etec.)
4. Annual maintenanzce and repair costs (dollars)
5. 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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This total cost is brokén 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 costis.

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

l. Wind turbine

2. Tower, footing, guy wires, etc.

3. Batteries

%, Pumps

5., Storage sheds for batteries or other equipment

6. Storage tanks

7. Wires

8. Plumbing

9. 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 costs are often omitted, like the wiring and water
heater unit. These were assumed to be already available. Such
omissions are not always valid, though, as in a case wvhere the
wind-electric water heater is being compared with a propane gas or
solar-powered water ‘heater, Here, water heater costs may be very
different.

Expeoted System Life

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. Imn Lrying to analyze
the expected life of your system, you are conftolnf‘d with several
problems. No 20-year rating of wind turbines ~ 'e_gonsumer—
oriented organization is available. It would.be _ = to simply
assume’ that the manufacturer's or dezaler's statements (if any)
concerning expected life are valid for your site. To do so will
requirg fmntuition and an unemotional, scientific guess of the
relatiye credibility of such statements. Most manufacturers tend
to shy mway from making claims on the life of their units.

Wipnd 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.



The DCE (U.S. Depertment of Energy) Small Wind Systems Test Centcr
at Rocky Fla‘s near Goldan, Colorado Is testing design. and will
publish results tnat will help answer this question. Eventualiy,
dealers and marufactureres may publish such tezst data in their
product literature.

The lcgical first estimate in any zase enmes from:

® Your wishes ar needs
® Desler's estimate
B Tntervievis and copiniors of other WiCS censrs

Perhaps you intend to own a WECS for a limited time; use
this time value in your cost study. Maybe a nearby WECS owner he:
had good service feor ten yesrs; see if you ccn find cut his expec-
tations fcr continued service life (and his technique for getting
such good service). Ctart with these and the dealer's comments.
Prcbably you will rct be far off,

Total Energy Yield

This value, expressed in kWh, or horsepowar-hour (hpehr) i:
the result of the energy resource study and site analysis you pes-
form using the methods in Chapter 3. Chapter 8 illustrates how to
match energy needs with energy availability. Tctal 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 tiese togetner for
all the months of a year, and multiply tae annual Sctal by tna
expected life. This results in the total cncrgy yield you expecu
from yocur system.

Arnual Maintenance and Repair Costs

It 1is possitle to purchase a maintenance contract from some
WECS dealers. Depending on the terms of such a contract it might
be pcssible to use the cost of the contract, plus a small contin-
gency cost for replacement of brcken parts, z2s the annual main-
tenance cost.

Another approach is the "gther owne* Iinterview.?” Find out
what everybody 2lze i3 paying to keap their rmackine cperating. At
the same time, try to evaluate the mailntenarce przctices of the
owner relative to manufaecturer’'s recommendations. Some owners of
water pumpers will repert 20 or more years of gcod service and
that the only maintenance performed was an occasional topping of
transmission 2il. One 3uch performance was obtained from a
machine whose mznufacturer recommended an anrual oil change! From
these interviews and discussions with the dezlers, 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 §0-year life span.

Other foiks sometimes purchase these machines, rebuild thenm,
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 originel cost plus an
addition for inflation.

The resale price of old machines has risen rapidly in recent
years. Greatly ircreased 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.

Taxes, 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 $590,000 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 13 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
varicus 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 thai money,
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 anvone returning your investment to vou at the end
of the life of the wind turbine. Rates set up just like loan
payments are the desired ones [for 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
43 $0.225 0.123 0.090 0.074 0.064 0.058
6% 0.237 0.140 0.103 0.087 0.078 0.073
8% 0.251 0.149 0.117 0.102 0.094% 0.089
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 20-year 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 9-percent long-taerm
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
service or product, or annual interest on money,.

Rate of Value or Cost At: .
Inflation 1 5 10 15 20 25 30 years
33 1.00 1.13 1.30 1.51 i.75% 2.03 2.36
5% 1.00 1.22 1.55 1.98 2.53 3.23 4.12
73 1.00 1.31 1.84 2.58 3.62 5.07 7.11
93 1.00 1.41 2.17 3.34 5.14 7.91 12.17
11% 1.00 1.52 2.56 4.31 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. 1If propane or heating 0il 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
7% 1.15 1.42 1.79 2.31 2.53 3.15
9% 1.20 1.58 2.17 3.07 3.39 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 cgutages require you to have sn
alternative energy supply. you may wish to compare tie retativ=: st
of a gasoline-driven portable or stationary power unit and a ¥ .
turbine generator. The initial cost of the wind turbine and store
system 13 probaby considerably greater than iLhe cost of the pewc
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 pnssible 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 2zoning ordinance is
one of a number of possible problems that may affect your wind
turbine construction plans. The section "Obtaining a Building
Permit" 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 pdtential 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
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so that the smooth flow of your wind is interrupted, ceusing a
reduction in the output of your wind turbine. Worse yet, if his
structure is upwind curing your strongest gale winds, the added
turbulence might just be enough to destroy your blades.

The document that c¢an provide the WECS user with the
greatest protection is a negative easement. Easements are
interests in another person's property that give the ecasement
holder ‘mited right to use the property for a specific purpose,
for examp.2, a right-of-way. A negative easement gives the
easement owner the power to preveant certain acts of an upwind
landouwner. Short of buying the property, this is the best way aof
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 jurisdicticnal
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 cwner 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, etec., who
will issue such a permit if the provisions of the applicable



" zoning ordinance are met. Construction may be checked periodirg?
ly to insure that the materials and workmansrip meet the huvileire

codes.

The typical lattice«~type windmill tower is generally terne
an accessory buvildirg sirce it is a separate structure and canaorc
he lived in. 1f it is part of a residence or other building, th.

- zoning resrictions are applied to the wholeg structure

Zaning ordinances typically regulate usesg or getivities
that may occur on the land; popwlation density; c~nd siz2h building
requirements as height, number of sticries, size of building
percentage of the lot that mayv be occupied, and setback. Aesthe: .
considerations, not typically treated as a separate concern, ars,
however, a factor in writing and adminisfering zoning ordinances.
So-called architectural review is not standard practice, but =zom:
municipalities have enacted legislation designed specifically :»
regulate building appearance and compatibility with neighboring
structures.

Conceivably, the prcoposed WECS may violate restrictions.
particularly in a residential area. Resolution of this prohiem
may depend on the wording of the ordinance and its interpretatior.
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 options available to the WECS owner who is
restricted by a zoning ordinance. He can appeal the interpreta-
tion and application of the ordinance to the koard of zoning
appeals or board of zoning adjustment, a local hody %“hat exis:ts &t~
oversee the 20oning process. He may be able to utilize the
so-called special exception or conditional use; a permitted use
is explicitly mentioned in the ordinance but whose anplicatin~
to a particular area is allowed only after approval by the bhoard
of 2oning adjustment. He may also bhe able to get a variance: 3
permitted variation from the ordinance. The granting of varian-es
is governed by btroad considerations of the purovoses to be servad
by the zoning scheme, and the board of zoning appeals is often th:
name of the body with this power. HNext, the WECS owner might
attempt an amendment to the ordinance prohibiting his operaticns.
In most states, the procedure for amending ordinances is the same
as that for enacting them in the first place. This usually
involves action by the city council or board of supervisors o¥ tia-
municipality. Also, the WECS owner might attempt to get a change
ordered by the courts. This, of course, invnlves a court action,
which might proceed under a variety of special procedures. Such
an action is likely to he expensive and Lime corsuming 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 system's location and size and
possibly who wants to erect 1t: 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
becote relevant to the WECS owner only when 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 smzll
WECS towers are that tall, lower height limitations apply wiiinin
the vicinity of an airport. For example, a2 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 tc determine whether
the tower is an obstruction. These standards are generally less
stringent than those governing neotice. If the WECS was found to
be an obstruction, the most likely requirement would be the
placing of warning lights on it. Applicaticns for building
permits for structures in the vicinity of airports are usually
forwarded to the FAA by municipalities.




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 associationsauthor are: (1) the Uniform
Building Code written by the International Conference of Building
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 lUnderwriters. Local variations exist despite the model
codes. Some municipalities have adopted selected provisions rather
than the entire code. Interpretations of the same code differ
frem.eity to city.

Unlike zoning ordinances, most building codes apply retro-
actively. Three types of information are provided in most codes:
definiticn of terms; licensing requirements; and standards. Taken
together, the definitions and licensing requirements have the
effect of prescribing who is authorized to conduet particular
sorts of construction activity. For example, unless you are doing
the work on your own system, the International Association of
Pilumbing 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 cof code standards exist: technical specifi-
cations, and performance standards. 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, "the structural frame
of all buildings, s=igns, 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 and stresses, construction
material, 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 besr under certain circumstances, e.g.,
wind or snow. The electrical code regulates the use of a
ggnerator and the electrical wiring when voltage levels are above
36 volts. '




7-6

Administration of the building codes is delegated to a board
of review in some states, and to the building official 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 incorreéct interpretation of the code by the building offieial;
the availability of an equally good or better form of construction
not specified in the code; and the existence of practical diffi-
culties in carrying out the requirements of the code. The local
board members aré usually appolnted experts in the field of con-
struction. The local board may uphcld, 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 probiems has to do with the
regulated monopoly structure of the publie utility industry. This
structure operates by the assignment (based on what is often
called the certificate of public convenience and necessity) of 2
geographical area to s particular eiectrical supplier. In order
to operate within an area occupied by an existing utility all
entities defined as public utilities typically must obtain this
certificate, and to do this they usually must demonstrate a com-
pelling need, 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
public 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. Sales of electricity to others,
however , ma2y 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, More 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 language
to require a "dedication to %“he public use;" that is, a» alfer’ g
of service to tne general public coupled witn a willingness to
serve those who apoly. Under such a standard, the small WECL
owner-operatc, selling 1o a {ew friends would probably escape.
Sales of electricity by a landlord to his tenants may cause
similar problems, and the states nave taxken a vacria2ty of
approaches here. For instance, if each tenanc is metered and
billed apart frcm the rent charged, puolic utility status may he
hard to avoid. Finally, it should be noted that if the WECLS own.:.
obtains supplemental power from thne existing 1tility grid {se:
below), the service contact with the utilisy wiil aimest certal
contain terms prohibiting such sales.

One possible way for small WECS owners to avaoid these
problems is fur Lhem to start a cooperative. gdasically, 20-0ps3
are nonprofit, membership corporations, the members being bc¢th tt
owners of the corporationand the consumers of the electricity
produced by it. Most ¢o=ops are rairly large, located in rural
areas, and funded by the Rural Electrificaciun Auministration.
However, most states have special statutory schemes for tne ineo:
poration of co-ops, and these often aliow 1uccerpurztion by as fex
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 scne
states, although the number of states which make this exception is
decreasing. In states which do make this exception, the WECS
owners could generate power for themselves within the domain oaf a
regulated utility without being checked by the certiiication
requirement. However, in such a case they vwould cul Ce grahited
protection from competiiicn with existing or {uture uriiities.

Generally, this problem of restriction of WECS operations
due to collisicns with the existing regulated utility structure
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 Lae
field, or perhaps the state Public Utility Commission, should tea
contacted befcre such sales are attempted. It should be remem-
bered that the more substantial the sales to others, the greater
the likelihood of problems.

Buying Power

At present, utilities generallyv do not object to user-owned
power generation systems that provide the user's power needs peart
of the time while the utility provides the power when the system is
turned off. However, increased use of solar 2nd 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 windiess or sunless periods.
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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 a2 loss of revenues. Conceivably, this objection could
be overcome through the adoption of special rate siructures--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 t¢ ensure that the connection 1is safe
and +ill not jeopardize its own faciltles 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 & wholesale rate (if reimbursed
at alil) 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 general 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 the utility) and service might also be interruptible (i.e.,
¢capable of being shut off at the utility's option). Fourth, at
least some utilities now prohibil 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, there is a
question as to the amcunt of the credit to be given the WECS
owner's bill, assuming that the utility does permit such a sale to
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{t. 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 term 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 c¢laim, 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 promise, 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 include: 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 huyer. 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 Uniforam Commercial Code, which has been adopted ty all
atates 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 1s subjeect to
the same measure of liavility as that of the manufacturer. Lia-
bility will depend or whether anyone in the chain of control has
the duty to discover oefects in the product.

Liabi.itiez 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 &s 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 presencs 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

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




It §s not certain if a WECS would be con=idered to be
engaged in commercial activity if excess power is sald to a
utility snd credit obtalined against the ¢ost of power that ¢
bought. Written clarification of this poin*t in such airaum-
stances vouid assure the owner of necessary coverage, Antennas
and masts are not covered against damage from wini, 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.

Some 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. The insurar-.
company, of course, will require that the structure coanform to 41}
applicable local, state, and federal ordinances and regulations.

Typically, a homeowner's insurance policy provides caverags
only for outsiders performing minor amounts of yard work and no*:
Jobs that would be covered by workmen's compensation. In this
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 process, 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 l-1 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
fllustration would dc Justice to the process of making realistie
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:

% Yater 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 -~ 700 kWh
per acre-fool 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 Hémz

May - 315 W/m

June -~ 328 W/m?

July - 254 W/m?
August - 200 W/m?
September - 165 W/m?

This data represents two of the planning chart evaluation
steps (Fig. 1-1): 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 congcerns.

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

# Yind systems (water pumpers) are commonh 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 1-1 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/m?), 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
tequirements will increase through June, then begin to decreasz
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:



® Energy reauirements were expressed in kWh, not watts
or kilowatts

® The wind power numbers are based on LU0 perccent eff, i
conversion, not 59,131 prrcent - the thinretical waximuv
wind power availabhle.

With regard to the ensrgy source, since power coefficiencs
or efficiency of complete systems (values liks 25 Lo 40 percen:
include the 57.3 percent thaoretical maximun (re-read Chapter 2,
if necessary), it is possible to merely multiply the system
efficiency by the average wind power (25° W/r? ia thi= cas2) .
get the actual potentisl wind wnich will be naranessed. We oul,
need to estimata a power coefficiant for our wind electirlc system.

Looking at the tanle of component efficienciss at the enu o>
Chapter 5, one vould guess that Lhe best wind turdine generztor
will be in the 10-kW size range. If 30 percent 1s sclected as 3
estimated efficiency value, actual wind power available would He
76.5 W/m? (0.3C x 255).

To convert the energy requirement from kWh into kW, the
number of hours involved must be calculated. Letv uz aszume, o7
simplicity, that the growing season equals six thirty-day montiks.
Then, total hours would be 4320 (24 hours per day x 30 days per
month x & months).

Further, we need seven acre-feet of water per acre per
growing season at 700 kWh per acre-foot. Total energy requireo
would be 4900 kWh per acre per season (700 kWh x 7 acre-feet).

From this, enérgy demand (4900 kWh) car be con‘erted ‘nto .
average power demand (kW): 4900 kWh = 4320 hcurs = 1.13 «¥.
(Remember, this value is kW per acre.) 1f it is plarned to har-
vest five acres of alfalfa, 5.65 kW (5 acres % 1.13 kW) total
average power capability would be needed from the wind generator.
At 76.5 watts per square meter, the wind turbine’s size can be
calculated as follows:

5650 : 76.5 = 75.9 square meters fron.ai area

This could translate to a Darrieus rotor (similar to Figure
5-28) of dimensions 8.5 meters (28 feet) in diameter by 8.5 meters
tall, or a propeller-type machine (similar to Figure 5.6, atout
9.6 meters (31.9 feet) in diameter, Review the formulas shown in
Chapter 5, (Wind Turbine Performance) to calculate the areas &nd
dimensions.

The required size of the wind machine has bdeen calculate!
based on the average wind power condition. We now naed to
calculate such a machine’'s maximum power geileration capability in
order to move into the next block of Figure 1-1 ("Select system
components™) which leads to cost analysis.
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Checking our wind. data, maximum power available will be 98.4
W/m? (328 W/m? x 30 percent efficiency). Then 98.% W/m< x
73.9 m‘s 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 l0-meter-diameter, 8-kW machine manufactured by
Brand X to be the nearest to our requirement. It sells for
$12,000, including a 90-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, etc. The cost will only increase, but
let us see.

A total of 24,500 kWh (4900 kWh per acre x 5 acres) are
regquired 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} oa 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
reguired $9€0 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 motey for the complete system; that is, 8 percent of
whose total value will equal $1225. This would be $15,312.

If olanninug a professional wind system were as simple as
this illustration indicates, one would be tempted to take the
$15,312 figurc 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 turdine
is 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 will use an accountant to assess the



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

To complete the planning of this system, one would follow
the blocks of Figure 1-1, 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 aften hear the question "Which should I
do - buy a water pumper windmill or an electric machine? 1 want
to pump my well on wind power!" By now, you probably realize that
there is no easy answer. Actually, 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. How 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 crawn from the results
of a complete site analysis. Put another way: "Where is the
water well?" and "Where is the best windsite?" Answer 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 {(am increase, that is, over 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¥a 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. Trade-
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 a2 site where
water is known to be somewhat deeper. In such a situation an
intelligent assessment cannot be made without some numbers and a
iist of objectives and requirements. Here's a sample of such a

ist.

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

* 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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% Site ‘A {good water, less wind}: windspeed average
7 mph, well depth = 60 feet

® 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. These horsepower requirements
are pump output. Assuming the pump to be 70 percent efficient,
the following pump power input requirements can be derived:

Site A: 0.1 hp + 0.7
Site B: 0.5 hp : 0.7

0.14 hp
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 T46 watits per hp
Site B: 0.71 hp x 746 watts per hp

104. Y4 watts
529.7 watts

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

Power = X x e x DRA X DRT x A x V?

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,
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 K" 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:
C.14 - 0.00000681 x 0.25 x A x T 27 » 7, to
& = 239.7 square feet, which equals a W:imcwaeel o L, .
feet diameter

Site B: power at the pump = 0.71 np:
0.71 = C.00000631 x 0.25 » A x li x 2V » 1%, =¢
A = 313.3 square feet, which equals a windwheel of 20
feet diameter

You might be inclired to» think that au 18 or 20-Toot dis-
meter, high-solidity water pump windmill will pe a bit on the
expensive side. If one could find a used machina of the size
needed (in good operating condition at a Largaln prlcel, 3s3tem
design would, at least for the trade-off study, end here, But
one must also consider the cost evaluation.

There might be a case for setting up a wind mathine at 3ite
B, which powers a pump at Site A. This, of course, depends on a
parameter not yet introducec¢ into our comparsgoz: dlstane
between sites. If the two sites are not far aparv, the analvei
could end here. But suppose Site A and Site B are 3 gquarter-uailie
apart (1320 feet).

Reviewing Chapter 5, we see that candidate methois for
transferring power from Site B to Site A& inciude: a mechanical
power shaft, hydraulic fluid flow, compressed air, and hydrogen
gas (although you would have to pump water to Site F, convert i=
to hydrogen at 3ite B to be used at site 4 to power a pump Dy
fuel cell electricity). Hydraulic fluid pamping end couwpy eiosd
air look very promising since fluid pumps are weli matched to
windwheels, and aerospace applications are constantiy improving
hydraulic and pneumatic systems, For this example, let us assumes
that a manufacturer of a wind turbine generator has coffered a
system of high-voltage (iow line loss) transmission similar tc
Figure 5-30. If the long wire run is conducted at 400 voltis, and
we assume a peak power transmission of 500 watis, tuen our peak
amperage is 1.3 amps (500 watts + 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) is
acceptable., To calculate wire size, the folicwing 2alcuiaticu
must be made:

Circular area s:ize = 35 x 1.3 aaps x 1320 ft,
(aluminum wire)

:8 volts = 7507 circular mills
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 scope of data in this book, we c¢can expecet
another five percent 10ss from the transformers., To be safe, let
us assume a total of ten percent line loss. Then, to c¢alculate
total average power requiredq:

104, 4 watts x 1.10 = 114.8B watts

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

114.8 watts = 0.00508 x 0.25 x 4 x 11 x 11 x 11

s0:
A= 67.9 ft.2

This equals a wind turbine Jjust under 10 feet in diameter. A
machine with a ten-foot diameter rotor, in this example, mounted
on Site B can replace a 20-foot machine at Site B or an 18-foot
machine at Site A (if the water is being pumped at Site A4).

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 reguires 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.



ADDITIONAL REFERENCES ON WIND ENERGY

PERIODICALS

1. Wind Power Digest, $6/yr. for 4 issues, Jester Press,
548468 CR 31, Bristol, IN 46507

2. AWEA Newsletter, $25/yr. (includes membership) American
Wind Energy Association, ¢/0 Secretary, AWEA, S4468 CR
31, Bristol, IN L6507

3. Windustries, $10/yr. for 4 issues ($15 institutions),
Great Plains Windustries, Inc.., P.0. Box 126, Lawrence,
KS 66044

4. RAIN: Journal of Appropriate Technology, $10/yr for 10
issues, RAIN, 2270 N.W. Irving, Portland, OR 97210

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

6. Power from the Wind, by Palmer C. Putnam ($9.95) Van
Nostrand - Reinhold Co., 300 Pike St., Cincinmati, 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.0. 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.0O. 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.)

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 Imglicabions of Wind Energy Conversion
Systems, George Washington University, Washington, D.C.,
September, 1977. Available from the National Technical
Information Service. (Report No. NSF/RA-770203.)
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ac

airfoil
amp-hours
amperes
or amps

anemcmeter

asynchronous
generator

current

"cut-in speed

cut-out speed

de

diode

drag

effﬁciency (e)

energy

T
-
o
[ €]
A
-
=X
(o

alternating electric current (Chan., 5)

a curved surface designed tc create tift ==
flows o.er its surface (L1ayn. 2)

see amns, calculated by miltizlying 2
by number of hours it flows (Cnap. 9)

a measurc cf eleztric cur-=nt “lcw “Thap. &)
(

an instriment for measuring jind =peed

an electric generator designed to p-oduce an
alternating z2urrent thot 1xi-a0: ~3 “xi3%%ng
power source (e.g., utility maini) so the tw.
sources can be combined L2 power cie load (2 .
your home). The generator doces 10l have to o

at a precice rpm Lo TEnaALd al curract fF=QU*uF'
or phase; see also synchronou3 generator (Cho
5)

flow of electricity through wires {(Thap. 5°

wind speed at which wind turbine begins to proc-
duce power (Chap. 3,5)

wind speed at which wind turbine is shut down teo
prevent high wind damage (Chap. S5). Also furling
sSpeed.

direct electric current; does rot alternate
direction of electric flow as does ac (Chap. ¢

see also rectify, an electiric device wnich
changes ac to dc (Chap. 5)

a force which "slows down" the motion of wind
turbine blades, or actually causes motion anc

power to be produced by drag type wind machiues
{Chap. 2,5)

a number arrived at by disiding the power oLt iut
of a device by the power input to that devic:»
(usually the larger of the two numbers); usu-
ally expressed as a perccntagc valus; see alsc
power coefficient; (Chap. 2,5)

a measuvre of the amount of work that can de, or
has been done; expressed in kilowatt-hours (kWh:
or horsepower-hours {hphr} (Chap. 2,3,4,5)



energy density

energy rose

fantail

furling speed

gear ratio

gin pole

head

head loss

hor sepower (hp)

hor sepower-hour
(hphr)

inverter

kilowatt (kW)

kilowatt-hour
{kWh)

lift

GLOSSARY {(Continued)

a8 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
ocggrs at the site (Chap. 3 and example in Fig.
3=

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-cut speed.

a ratio of speeds (rpm) between the rotor
power shaft and the pump, generator, or other
device power shaft; applies both 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
own frequency and voltage references; see also
syrichronous 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 hcrsepower-
hour (Chap. 4,5)

the force which "pulls™ a wind turbine blade
along, as opposed to drag (Chap. 2,5)
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megawatt

meteorologicai

station

panemone

power

pover
carefficlent

rated power

rated speed

rectify

resistor

return time

rotor

rotor
efficiency

rotor power
coefficient

run of the wind

GLOSSARY (Continued)

che miliion watts

location where the weather is recarded (“hap. 3)

a name for drag-type vertical sxis wind machiras;
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 efficlency (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
a2 wind speed lower than chis; an industry stan-
dard for rated speed does not exist at this time
(Chap. 5)

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

an electric device which "resists" 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 anemometer (Chap. 3)
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shelter belt

sine wave

solidity

square wave

synchronous
generator

synchronous
inverter

torque

turbulence

voltage

watt

watt-hour

watt per square

meter
WECS

windmill

wind power

GLOSSARY (Continued)

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

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

ratio of rotor blade surface area to frontal {or
swept) area of the entire windwheel (Chap. 5)

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

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

also called "line commutated inverter™ inverts dec
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)

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

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

the electrical pressure which causes current [low
(amps) (Chap. 5)

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

unit of electric energy, see also kilowatt-~hour

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

wind energy conversion system

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

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

wind rose

wind speed
profile

wind turbine,
wind system or
wind machine

wind turbine
generator

windwheel

work -

GLOSSARY (Continued)

now the wind power chang.s <iLh hie.ghn adov - ¢
surface of the ground or watet ((nap. 35). t-.
cal plots of wind power nrafile- for fiat
terrain with differenc Lypes . piant atd t - ee
cover are presented in Figure 3-14%; the wi-
power profile i3 progerticasal v the cube i v
wind speed profile (see wind_spesc piofijis)

a plct showing the average {(uzuaily a menthi-
yearls averager wind sp.et fiom eack dircci.e:
(usualiy 16 directions are used) ana perceni sin
time the wind blows from each dircotion {(Jhag.
3, see Figure 3-5)

how the wind speed changes with height aouve t* .
surface of the ground or water (Chap. *V; tupi-
cal plots of wind speed nrcfliics for “iat
terrain with different types of plar: 2nd tr:
cover are presented in feference (0, a2t wa.
sample wind speed profiles over ridges

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

a wind system which produces electrical power;
abbreviated WIG

sSame as rator

force lined up with the direction of movement
times the distance moved: for erample, by lift-
ing a i-pound weight up 1 foot, 7 foot-pouno of
work is perforged. A 2-pound weight lifted up 2
feet requires 2 x 2 = 6 foct-pounds of work




APPENDIX 1
WIND 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
teen extracied from the report Wind Power Climatology in the
United States by Jack Reed of Sandia Laboratories, Albuquerque,
New Mexico (June 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 liocal 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.:

0-3 4.7 B8-12 13-18 19.24 25231 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).

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 commen 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 Office).

3. International station number

4. Latitude in degrees and minutes (3439 = 34° 39' N)

5. Longitude in degrees and minutes (8646 = 86° 46" W)

6. Average wind speed in knots (multiply by 1.15 to convert
to mph, V ..

7- Tuwelve average monthly wind power values in watts per

8. sguare 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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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA®

location Sta, Bo,
Runtsville 856
Foley 93826
cadsden 75258
Birmingham APT 13876

Tuscalodsa, Vn D Grafl APT %3806

Selma, Craig AFB 138350
Montgomary 13895
Mortgomery, Maxwell AFP 13021

Ft. Rucker, Calrns AAP Jaso

Evergresn 1388%
Nobile, Brookley AFB 13838
Annette IS 25306
letechikan 952
Cralg 25311
Petersburg 60
sitka %1
Junesu APT 25309
Hainas 555

lat
3439

1358
1358
3334
3314
221
J21a
3223
lle
3128
Jois
5502
5571
3529
5649
5703
5822
59

Long
8646

8605
8605
8645
8737
2659
8624
8611
854)
8702
8604

13134

1139

13309

13257

13520

13433

13526

Ave,
Speed
knots

6.6
8.0
5.8
7.3
3.1
5.7
6.1
4.0
4.7
5.3
T.3
9.5
5.8
.9
3,7
3.8
7.5
0.0

* See previous page for an expianation of column headings.

£
a0

113
B4
127
79
74
T4
36
40
66
103
320
59
105
6
109
119
218

3
109
182
104
157
v
86
90
67
S0
69
104
264
53
139
40
2%
134

202

.
118

53
114
156
2]
21
a3
69
55
mw
128
216
42
187
37
k1
123
202

Wind Power, Watts per Sguare Meter

A
a7

174
99
13
69
L1
68
51
41
57
119
199
52
132
41
42
127
1408

N
48

142
43
80
n
42
39
28
2]
29
94

110
47
a2
32
27
95
kL

C 4
»

106
M
64
21
4
as
25
16
18
58
97
a7
95
23
22
70
6l

.
29

73
25
49
15
29
h 1 )
20
12
17
43
"
k. |
71
22
22
60
o4

A
k) |

11
21
g
21
20
26
15
12
17
41
7
44
35
22
14
67
54

s
13

109
40
63

128
43
113
24

108
72

k.
50

2%
45
1)
%6
31
6
26
19
24
51
297
67
166
19
44
170
160

78
ll6
62
log
5%
48
Sl
3s
29
k2
72
3
7%
174
a2
46
157
238

1]

er
115

106
69

62
45
s
5l
B89
19
7%
165
21
93
159
139

199
57
128
1
n
11%
146




MONTHLY AVERAGE WIND POMER IN THE UNITED STATES AND SOUTHERN CANADA (Coptinued)

Ave. Wind Power. Watts psr Square Mater
lecation Sts. o, Iat leng gtﬁ 2 2 B A 8 2 2 A 8 @ E B A
Yakutat APP 2533 $931 1laeo 7.0 177 144 114 100 90 71 56 &4 9% 18F 1e) 169 114
Misdleton IS AFE 25403 5927 1461% 11.9 625 397 468 355 238 14 96 1)4 243 19 S82 408 116
Covdova, Hils 13 aPr 26410 6430 14330 4.4 48 48 42 4 ”n 9 1 17 32 S3 47 48 36
valdesx 26442 6107 148516 4.3 T2 . 718 41 36 16 13 T 7 4% 100 .72 3 |
Anchorage IAP 26451 6l1l0 15001 5,9 61 95 48 61 100 76 61 82 48 S8 39 %0 61

Anchorage, Mercrili rid 26409 €113 14950 4.9 ST 66 39 27 41 40 23 12 W 3¢ 3% »
Anchorage, Bimendorif AFE 26401 6113 14948 4,4 48 &0 SO 41 40 I3 24 22 3¢ W 46 13 3

¥
====;=;;;==:=;;:;;;E

: Ronal APT 2652) 64034 13113 6.6 9 1W0% 94 &6 61 &3 M 54 53 983 85 B H
- sorthway APT 26412 6257 14156 3.9 16 21 W 444 40 42 M N 27 a2 18 16 28
" Gulkana 26425 6209 14527 $.8 45 @88- 65 105 11! 98 @63 100 93 1 48 40 Bl

Big Dwita 254198 6400 14344 8.2 447 311 139 141 148 85 68 102 163 209 300 I3} 25
Pairbanks IAP 6411 6443 14752 4.2 10 1 23 37 30 44 I3 1% e 2¢ i} 10 27
Pairbanks, Ladd ATB 16403 6451 14723 1.5 10 12 M4 1@ 3 3 23 9 M % 12 9 2)

Pt. Yukon APT 2641) 6634 143516 3.7 3 41 €4 61 9! B: 8 6 M 52 1 1 64

Esnana APY 26433 6430 14909 3.7 60 44 43 A5 46 M 2T W 3 AT &5 i 42

Manley ®ot £3=ings 567 6500 1509 4.6 76 34 B4 W03 S3 B 33 47 €3 06 62 52 62

) Tanans 976 6310 135206 6.6 X 85 0 33 36 533 47 9 30 64 36 02 7)

Ruby 508 $4¢4 13526 6.5 36 133 139 a4 40 SiI 46 47 ¢& 76 W19 M 70

Galena APT 26301 G444 15656 5.4 58 &% £ 17 51 5} i 6% €Y 5% 39 A% 59

AKX melisg a8 K430 Yessn T L I R R AN TR L SR S TS S ¢
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Lecation
Unalakleet APT
Moses Point APT
Golovin

Rome APFT
Northeast Cape APS
Tin City AFS
Kotzebue

Capa Lisbhurna AFS
Indian Mountain APS
Bettles ~PT
Wiseman

Umiat

voint Barrow
Barier IS
Sparrevohn AFS
KeGrath

Tataline AFS

Flat

Anfak

Bethal APT

Sta, No.
26627
26620
502
26617
26632
26634
26616
26631
26538
2653)
979
26537
27502
26401
26534
26510
26536
6
26516
26615

Lat

6353
6412
6433
6430
6319
6534
5652
6851
6600
6655
6726
6922
7118
7008
6106
6258
6253
6229
6135

5047

Long
16040
16203
16302
16526
15858
16755
16230

16608

15342
15131
15013
15208
1%647
14338
15534
15337
15357
15805

15932

16148

Ave,
Spead

knots

10.5
10.6
9.6
9.7
11.0
15.0
11.2
10.5
5.4
6.3
3.1
6.0
10.%
11.3
4.7
4.2
4.4
8.1
5.6
9.9

£
520

129
108
320
468
763
458
432
115
28
20
113
215
s12
69
13
25
206
51
229

[ 4
$02
363
229
08
263
919
a10
268
113
44
26
771
194
468
73
27
Y
266
%9
258

L]
336
275
246
228
145
a1l
3o
s

88

$7

16

43
162
379
108

19

205
63
224

Wind Power, Watts per Square Meter

A
191

279
250
22%
kb
659
294
266
58
62
15
17
167
2719
76
37
”
150
59
166

M
112

149
142
153
239
427
161
227
37
66
24
a0
169
116
47
39
Ja
116
49
125

A
9%
129
1172
119
137
271
187
210
»”
62
15
23
143
145
K}
as
27
100
»
108

.
116

181
179
117
210
260
212
03
3
44
23
62
145
123

27

[}

7
110

A

146 17%

233
264
162
240
N
234
216
k1
k]
14
5)
08
208
41
k1]
29
108
34
137

8

217
271
189
283
52
229
266
$2
4)
12
57
211
297
54
n
»
143
41
140

L.
234
222
2589
230
462
522
270
432

L

43

11

51
230
470

6]

24

33
168

49
150

8
39%

256
69
26)
612
722
97
444
93
4)
6
121
206
4186
74
15
24
18%
47

18%

ey
728
k11
313
104
47
16
T8
183
425
a2
12
21
184
42
21}

A

314
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MONTHLY AVERAGE WIND POWER YN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Location

Cape ..omanzof AFS
Cape Nawvenham AFS
Fodiak FWC

King Salmon APT
Port Heiden APY
Port Nollor

Cold Bay APT
Dutch Rarbor M8
Driftwood Bay

" Umnak IS, Cape .\FB

Mikolaki
Mak
Anchitka IS
Attu 18
Shemya APT
S5t. Paul I3

* Grand Canyon

Winslow APT
Plagstaff, Pulliam RPT
Maine

_Sta, Mo, lat Leng
26613) 6147 16602
25623 5839 16204
25501 5744 15231
25501 S841 15639
25508 5657 135817
25623 5600 16011
2.624 5512 18243
25611 5353 1682
25515 5358 16631
25602 5323 16754
25626 5255 16847
23704 $153 17638
45702 5123 1791%
4570% 5250 17311
45713 $243 17406
25713 5707 11016

378 3557 11209
23154 3501 11044
3103 3500 ;1140
178 3509 11157

Ave.
Spesd
knots
11.7

9.8

9.2

12.9
8.8
14.6
96
a.0
1.3
14.0
12.2
18.0
11.2
15.7
15.0
6.2
7.3
6.4
‘8.9

[ A
692

400
328
250
576
158
736
k 1 5
204
651
530
426
1764
553
897
738

k)
104

7
132

4
699
71
271
260
564
166
M3
76
203
688
560

1517
Sa2
932
867

43
104
70
106

|
493
13
258
238
433
m
599
295
154
5717
532
528
1418
S08
are
684
49
232

218

Wind Power, Watts Per Square Meter

A
4%
288
198
1e0
361
195
s8c
223
148
514
566
453

1062
403
641
s18

71
169

95
253

N
246
168
124
182
289
135
504
135
115
454
417
366
653
23%
4083
53

66
161

93

240 224 111

g
124
119

a7
138
273

al
465
125

72
asl
al
221
448
162
266
207

53
141

a6

A
110

1ol
52
92

225

108

428
69
88

163

239

218

408

135

235

178
s
9)
490

A
154

142
7
139
k1) 8
144
307
105
77
24%
283
250
457
129
2685
282
b3}
17
1

68 1l1&

s
234

165
120
156
456
164
462
169

71
466
361
k%)

9
308

212
210
180
~5l
212
606
90
120
603
634
502

740 1053

30
432
399
57
6]
52

366
h1i) |
€93
58
k2|
36

178 139

N
320
200
04
230
419
260
632
419
161
606
732
441

1155
414
717
691

44

63

69

158

ave,
Ie0
241
199
191
4%
172
573
2313
m
497
482
404
1625
le8
633
547
£9
m
69
151



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

smr:"i Wind Power, Watts Per Square Meter

te Location Sia, Ho, lat Jong Lﬁ.ﬂ 4 E M A 2 & I A $§ o 8 Ave,
Ashfork 171 3514 11231 7.5 W11 116 154 201 142 136 B2 60 65 100 01 A2 BT |
Kingman gl 3i51s 1135?' -8.9 126 1% 172 203 153 166 126 9% 102 124 115 17 138
Prescott S27184 3439 11226 4.5 54 95 117 144 138 124 15 S6 &7 S7 S50 44 @S
Yuma APT 23195 3240 11436 6.8 58 62 68 Fxi 71 69 93 77 4% 40 55 51 42
Phosnix 21183 3326 11201 4.8 16 28 s o 37 k 1. 45 31 29 24 22 17 29
Phoenix, Luke AFD 23111 33132 11222 4.6 21 n 41 52 49 4] 49 39 23 21 20 18 k2 )
Chandler, williams AF: 23104 331e 11149 4,1 17 21 28 s 34 kX | 41 ¥ 26 22 18 16 ) 26
Tucaon APT 23160 3207 11056 7.3 71 59 69 90 az 73 75 S& 62 78 a2 72 14
Tuceon 22180 3207 11056 Tl Tl 59 69 o0 az 73 75 94 32 T8 a2 *2 T4
Tucaon, Devis-Monthan AFR 21109 3210 110%) 5.7 48 48 37 63 56 &0 3t 1 42 40 41 4% 49
Ft. Hauvchuea 3124 3134 11020 5.7 4% sa a4 % ao 66 39 27 kL ) 30 k| 41 53
Douglas $302¢ 3128 10937 6.4 ®94 4 166 14) 120 86 6L 46 47 [ %] 62 5 a?r
Walnut Ridge APT 93991 3608 2056 §.0 93 8l 103 104 L] L 27 22 28 43 64 75 62
Blytheville AFB 13014 3558 2957 6.4 83 106 108 11} 66 A = 25 36 39 &7 71 65
Pr., Smith APT 13964 3520 9422 7.4 % 8 116 104 ay &7 51 4% S0 w3 111 15 73
tictle Rock 13963 3444 9214 7.6 a2 1 105 9% 70 56 46 16 48 50 M n 70

Jacksonville, Ltl, Rk, AF3 23930 3455 9209 5.8 61 67 &35 0 47 M 20 24 20 29 45 49 48
Pine Bluff, orider rld 93988 210 9136 6.5 102 8% 1102 @87 51 3 N 9 I3 45 T1 W 64
Texarkana, Webb Pld 13577 3327 9400 7.7 92 108 128 115 77 69 4 49 52 61 14 @& 80
Reedles APT 23179 3446 11437 6.7 108 115 128 112 108 90 &7 67 58 70 113 124 97

9=§§E§BBB§§§§§§EBKEEE
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MONTHLY AVERAGE WIND FOWER IN THE umm S'.I'A'I'EB AND SOUTHERN CANADR (Continued)

tocation
81 Cantre MAAS
Thermal

Impes ial Beh,, .Raam Fld

gan piego, North IS
San Diego

Miramar WAS

San Clemsnte I3 NAS
San Richolas I8
Camp Pendlaton

_Oceanside

Laguna Baach

ELl Tors MCAS
Sants Ana HCAP
Los Alimitos WAS
Long Baach APl
Loa Angeics IaP

.ontario

Riversids, March AR

2ta. Ne, lat lLors

23199
3ee
93118
%312
23188
93107
23117
93116
se
109
198
93101
3114
33106
23129
23174
93180
23119

san Bernardine, SNorton AFR 33112

victorville, Gsorge AFY

23131

3249
3338
b F3
3283
244
J2s2
kk 1) Y
s
k) b |
338
312
a0
32
a6
3349
3356
304
115
3406
435

11541
11610
11707
11712
11710
11707
11835
11948
11724
117121
11747
11744
11730
11807
11899
11824
11737
11715
11ns
1ir23

Ave, .

Speesd
knots

7.7
9.1
5.9
5.3
S.4
4.4
6.3
2.9
5.2
6.0
$.0
4.8
1.5
4.8
4.9
Se9

4.4

s s 8238~

23
53
152

29
k1
43
43

27
40
%
15
43
b |

4
126

79
5t
41
33
24
12
199
b} 1
122
30
3
43
39
40
57
117
43
43
134

- |
1371

103
54
56
40
28
a9

29%
45

100
44
313
47
47
45
69

109
40
3

170

Wind Power, Watts Per Square Meter

A
208

149
54
56
”
3o
97

os
61
a2
37
b b4
46
14
18
0

1168
44
7

i@t

h1
228

191
52
49
47
26
67

M8
53
67
0
26
37
i1
13
63

118
19
25

161

J
189
153
45
4
40
19
48

244

L4
80
125
3s
% &)
30
16
3

161

A
L)

114
k¥
32
29
17
Iz

166

-}
19

11%
30
k1
27
18
33

164

9
06

92
k) |
n
25
19
32
140

16
4)
ko)
22
20
34
180
28

22
3%
s
36
29
3a
46
29
e

[~ L]

.
%
63
42
32
21
24
69

159
29

116
32
43
4
37
26
as

127
32
29

ve,

127
111
43
k1]
k31
22
55
209
38
87
34
20
37
34
35
48
103
41
20
118



state location

cA

B O

CA
CA

CA
Ch
CA

CA

I R U

MONTHLY

sta. Ro,
Daggett 23161
China Lake, Inyokern SAF 93104
Muroc, Edwards APD 23114
ralmdzle 81
Palmdale APYT 23182
Savgus a3
van Huys 231130
Oxnard AFB 23136
Point Fugu EAS 91111
Santa Mar'-~ 232713
Vandenberg, Cooke AFB 93214
Pt. Arguello 93215
San Louis Obispo 9320€
Eatezo 395
Paso Robles, Sn La -Cbispe 93209
Jolon 93218
Monteray JAP 23245
Ft. Ord, rritesche AAPF 93217
Taft, cardner Fld. 23126
Bakerstfieléd, Meadows Fld, 23152

jat Jong

3452
3541
3455
3438
438
3423
34123
Jan
3407
3454
3444
3440
514
526
is40
3500
2625
3641
3507
3528

11647
11741
11754
11806
11805
11832
11830
11905
11907
12027
12034
12038
12039
12052
12038
12114
12152
12146
11919
11903

Ave.

Speed
knots

9.6
7.1
7.9

10.2
8.8
6.3

4.6
4.4
5.8
6.5
6.1
7.2
6.9
4.3
5.5
2.0
3.0
5.7
4.4
5.4

g
94

121

20
163
121
105
105

63

100

E
1m

156
118
205
146
128

a2

79
ap
67
103
69
66
39

3
i1
le
e k|

N
ns

238
187
226
233
an
66
49
mn
114

136
134
69
s7
10
45
46
20
46

A N 3 I A
290 355 236 177 1%9
249 223 186 124 126
206 236 230 155 1
267 215 328 254 200
234 234 229 173 141

9% 9% 108 101 88

50 43 21 22 i¢

46 43 26 20 1S

7@ 51 3 208 26

94 93 93 &3 57

97 118 67 34 1
13% 133 79 .58 34
127 146 173 105 120

7% &0 S0 22 0

7% 105 127 106 B8)

6 11 11 8 e

48- S1 45 35 M

6l &7 63 &6 59

29 45 46 21 22

5 69 6% 47 43

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

Wind Power, Watts Per Square
3

143
113

131
a2
59

23
41
18
3

i
121 107
124 103
8 a2
158 13¢
104 113
% 10%
22 90
3t 50
B I9s
&6 "9
51 58
o |
129 o9
47 44
42. N
°4 6
21 20
s 25
16 19
25 24

b
74
93
a3
109
112
90
69
16
€2
9
58

23
17
3o

)}
24
17
28

Ave,
187
15%
141
225
163
B9
49
41
113
82
5
os
1ns
53
64

as
Ly
26
41




MONTHLY AVERAGE WT#D PUWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

tate [ocation

cA Bakersfisld, Kinter Fl&.
cA Lawmoors MAS

cA Fresno, HAammer Fld.

CA  Bishop Ar?

g g gLesse s’

Merced, Castle APB
Livermoxe

San Jose RKIT
sSunnyvale, Moffett Pid.
San Prascisco IAD

Farallon ¥4
Alameda PUC

dakland

San Rzfesl, Hemiiton AFB
rairileld, Travis AR
Peint Arona

Sacragsato

Sacramento, Mathar AFB

Sza, Jo. Jat jong

22102
23110
93193
23257
2310)
196
23293
23248
2320
495
23239
23230
13211
202
£99
23233
23206

Sacraseato, McCiclian AFR 22203

Auburn
Blus Canyon APT
Donner Summit

190
23225
23i26

asio
3520
2646
nn
2
3142
2
3725
717
3740
3740
34

Jels
3855
3831
3034

857
1)
s

11911
11957
11943
11022
1224
12147
12155
12204
12223
11300
12210
12212
12231
12156
12342
12130
12110
12124
12104
12042
12022

Ave.,
Ehote 2
5.0 %
4.0 b 4
5.5 24
7.5 74
6.0 6
7.9 109
6.4 51
S.4 47
9.5 96
9.6 3
T.4 92
6.0 52
4.8 51
10.7 114
i3.0 401
7.8 148
6.6 117
6.5 107
8.4 106
0.4 237
12.1 1100

4
n

3o
28
106
66
108
47
50
129
406
94
15
52
153
a%e
14%
108
102
148
212

s
8
a8
42
161
12
115
61
4
1683
287
122
Kk
54
176
sl
126
a9
96
109
168

Wind Power, Watts Pay Sguare Meter

A
49

40
48
145
T4
124
61
59
228
193
125
92
52
232
488
ile
69
3
76
106

619 129 269

B
61
45
60
123
69
138
a6
65
268
188
12%
101
50
347
500
116
63
83
77
92
266

g
n
47
62
100
78
180
84
73
280
2n9

124

50
486
614
128

69

a0

64

£

226

L
38

k.
42
a0
59
113

62
236
100

99

74

kL
L)
38

92

56

62

65

57

11

A
25
29
13
)}
52
143
42
54
211
91
87
63
39
401
313
a3
43
56
63
64

168

i
22

25
F
e85
44
107
46

17
83
65
57
k 1)

Jia2

a1l
64
Ja
49
64
65

154

2
21
27
23
101
a4
8%
34
5
141
106
65
50
34
182
b1
kL]
46
67
37
110

E
19

ia
17
B9
i1
€4
45
k¥
80
204
69
40
12
106
320
61
59
3
69
130

B
25

19
20
80
42
Tl
47
56
91
215

ai
sl

51
91
467
123
o8
o4
67
168

439 %1% 645

Ave,
3

3

103
$9
122
54
s1
176
212
2
n
as
270
a21
98
72
79
aj
122

46)
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State Location

CA
ChA
CA
CA

CA
CA
Ch
CA

<o
0
<o
<o
co
co
co
co
co
co
o

c?

MONTHLY AVERAGE WIND POWER IN THE UNITED STATES

Beale APR

Willians

Ft. Bragg

Eureka, Arkata APT

Mt, Shasta

Redding

Montague

Montagua, Siskiyoun Co APT
La Juntza

Alamosa APT

Jusblo, Kemorial APT

Colo Springs, Paterson PFld
Ft. Carson, Butts AP
Denver

benver, Lowry AfB

Aurura Co, Buckley Fld,
Akron, Mashington Co APT
Rifls Co, cGarfisld Co. r?T
Crailg

Hartford, Pradley Pld.

23216
498
590

24283
595
59z
197

242%9

23967

23081

93058

230357

94615

23062

23012

23036

24015

23069

24046

1474C

3908
3906
3927
4059
4116
4034
4144
4146
3803
2
a7
Joag
3841
oss
3943
3942
4010
3932
4031

4156

12126
12209
12349
12406
12216
12224
12231
12230
10331
10552
10431
10443
10446
10452
10454
10445
1031
10744
10733

7241

Ave,
Speed

£3a. No. lat  lepg  koots

$.1
8.2
9
6.0
11.9
79
548
3.3
8.3
7.4
7.7
9.0
7.3
n.0
8.1
6.7
11.7
4.1
1.7

1.’

(=]

75
161
78
~)
456
T
65
106
113
92
101
142
a5
117
115

216
17
87

1S 127 142

59
172
as
93
535

130
108
136
110
122
163

93
139

80
n3
2
63

AND SOUTHERN CANADA {Continued)

n

64
179

82
109
249

120
123
222
195
189
217
145
192
131

79
303

3

10

A
L1
112

192
309

8l
122
113
204
254
231
212
218
183
163
12%
359

69

o7

129

|
49

12¢
46
113
343
a8
13
18
168
214
168
189
127
132
112
79
276
51
80

LA
52

120
44
a7

297
B9

131
63

164

167

129

153

131

126

100
67

239
39
58

1%

i 2
78 &4
25 26
6 42
177 162
6% &2
125 106
59 s
94 24
Bs
108 84
99 86
63 M
94 8
9 87
54 52
226 184
26 23
50 32
54 53

4
78
as
3%
iQ2
48

45
85
es
82
103
&8
8s
102
E3 §
243
3
34
-3 §

Wind Power, Watea Per Sguare Mate
I A BoQger

9
1035
33
50
214
&8
75
64
78
91
3 8
106
112
ae
a8
51
212
2%
61

74

=

43
112
50
61
295
72
7
a
139
77
9
138
74
lle
126
57
252
23

93

115
4
104
1268
87
138
121
59
280
15
5t
100

134
127
121
142
107
126
109

42
n
62

21
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MONTHLY AVERAGE WIND POWER TN THE UNTTED STATES AND SOUTHERN CANADA (Continued)

stats location 2ta, No, 1at
cr New Haven, Tweed APFT 14758 4116
cr bridgeport APY 4702 4110
DE  Dover Arm ) 13707  3%08
pE Delaware Preakwatsr 404 840
o Wiimington, New Castls AP 13781 J94C
bC Washington, Andrews AFD 1370% J848
17 washinten, Bolliing AFB 137i0 3850
DeC Mashington Wational 13743 3851
De Washington, Dulles IAP 93738 857
rL Koy West NAS 12850 2435
7.  memestesd APB 12026 2529
rL ntani i20)9 2340
FL -~ boca Raton 12003 261212
rL dest Palm Baach 12665 2041
FL L. Mysrs 12935 263S
rL Ft. Myers, Hondricke Fid. 12802 2638
FL  Tampa 12062 27s8
¥ .I'IIPI. dncdlll AFD 12010 2751
FL Avon Park Rangs RAF 12804 2738
¥ orlando, Berndon APT 12841 1033

8132
142
0232

a1L*0
a0

7.2
7.8
8.6
6.7
9.5
6.4
7.8
8,2
2.2
7.0
7.
7.5
5.9
5.4
8.2

120
228
142

104 .

158
6L
8?
80

123
3

8%
73

30

129
111
68
100
95
51

110

Wind Powar, Watte Per Square Meter

1

120

158
85
283
105
7

95

122
72
ao
1039
106
104
4
76
S9

29

4 4
35 82
14 95
€9. 43
196 161
8S 66
51 39
56 45
82 62
a2 »
9% 18
s1 3
59 58
e S1
5 70
79 1]
o is
7 an
%1 pL]
j i) k15
"l (3]

A
60

101
49
190
59
)
40
44
41
71
s

-
78

139
73
270
61
45
31
67
40
133
&6
90
Mg

80

%
T6
S
&7
51

e

2
89

192
e
40}

" 84

62
T3
as
42
113

3
114

214
99
i
1lia
1
119
103
66
139
60
78
lug
1%

20

-
&

62

43

4]

[
106
251
104
110
126
109
112
107

18
147

3
106
102
101

50

EO

40

9%

‘Ave,

968
186
o6
3a3
109
90
101
105
8
13
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Location
orlando, MCCoy AFB

Titusville

Cocoa DBeach, Patrick AFB
Cape Kennedy APS
Daytona Beach APT

Sta. No.
12815
109
12862
12068
12034

Jacksonville, Cecil FLD NAS03832

Jacksonville NAS

Mayport NAAS

Tallahassee

Mariannd

Panama City, Tynozll AFB
crestvlews

Valparaisc, Eglin AFB
Valparéise, Duke Fld
Valparaiso, Hurlburt Flé
Milton, Whiting F1d NAAS

931837

3853
23805
13851
13846
13004
13850

3044

Jas2
93841

Peansacdlia, Saufiey P18 WAS 23815

- pdnsacola, Ellyson P1d

340

Pansacola, Forest Sherman rd)8ss

valdoata, Moody AFa

13857

Lat

2027
2831
2814
2829
2911
Jora
3Jol4
3023
3023
3os0
3004
3047
3029
3039
3025
3042
3026
3032
jo21
3058

8118
8047
8036
8033
2103
8157
al4l.
8125
8422
8511
8535
8631
8631
8632
D641
arol
o111
ar2
8719
8312

Ave,
knots
5.9
6.7
8.8
7.4
8.9
$.2
6.9
7.2
5.8
6.9
6.7
5.6
6.2
1.0
3.5
7.1
6.8
7.0
8.0
4.0

61
57
127
82
112
43
61
82
51
92
79
&8
66
104

107
8

110
40

76
72
149
107
141
65
a0
105
59
104
101
77
kL
123
62
114
109
104
119
51

71
72
144
103
146
56
ar
92
76
115
120
85
70
105
55
125
110
116
113
54

Wind Power, Watts Per Square Meter

A
61
se
134
90
142
30
70

66

97
57
71
115
-3 §
93
94
112
106
4)

M
46

44
115
71
12%°
k b
58
67
41
63
62
n

78
6
62
57

79
29

A
41

42
a0
55
94
3l
60
67
28
418
47
22
48
46
1
44
42
62
73
28

g
29

43
52
41
91
21
40
40
24
43
42
16
40
3
2]
36
a7
40
56
2)

A
24

k ¥
62
»
o35
12
Jo
39
a8
36
”
16
37
Ja
21
3z
35
44
57
19

]
43

47
130
82
113
a9
76
g
39
55
65
K}
53
40
34
65
79
65
73
X}

2
48

56
191
94
161
39
77

43
61
55
e
46
40
3
37
63
37
71
32

a6

50
143
7%
108
EY]
62
74
51
71
64
60
55
o4
39
84
a1
74

29

D
1
56

127
76

116
39
64

- 68

51
84
75
63
.59
as
45
92
99
al
29
s
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CAMADA (Continued)

Ave. Wind Power, Watts Pexr Square Mater
. e me  tae g  Sbeed e s
gtata location Bta, Po, jat Jong Enots 4 Ef B » H 4 Jd4 A & 9 E p . Ave,
GA  Moultrie 13835 3108 832 66 73 89 B84 719 45 32 3¢ W0 47 0 S9 7S sa
GA  Albany, Turner AFB 13815 3135 2407 5.3 S50 68 73 S5 33 27 23 19 33 27 36 41 4}
GA  Brunswick, Glynco WAS 93836 3115 8128 5.5 39 54 S3 52 40 3 28 25 3B 39 IS 3 30
GA  Pt., Stewart, Wright Aar 3975 3153 81 3.7 20 30 32 23 22 14 12 0 4 1 15 N 2¢
GA  Savannsh 3822 3200 @112 7.5 60 108 98 @87 56 49 46 45 61 62 63 72 69
GA  Savannah, Hunter AFS 13924 3201 808 S.8 59 76 86 70 44 40 34 31 36 13 48 A7 51
GA  Macon 13836 3242 0339 8,0 2 112 103 117 69 859 S6 44 61 S6 €8 73 I
GA  Warner Robbins AR 13860 3238 8336 4.9 54 76 15 S5 35 26 22 18 27 31 42 44 a1
GA  Pt. Banning 13829 3221 6500 3.9 45 64 71 51 28 21 13 13 21 22 32 3% 33
GA  Winder 12 3400 8342 7.6 9% 113 93 91 S§7 SO0 51 44 43 19 92 92 78
GA  Moairsville 110 3455 6456 6.2 @7 9% 109 74 S6 42 36 33 33 4% 100 I 64
GA  Augusta, Bush Fid 3820 3322 WB158 5.9 68 83 87 B3 43 41 I 32 43 I 45 49 53
GA  Atlanta 13874 3333 B426 8.5 170 169 18% ?51 84 67 56 46 73 80 109 127 106
GA  marietta, Dobdins AFM 13864 3355 B4d2 5.8 B9 99 105 96 52 3@ 34 30 40 30 &6 72 66
HI Honolula IAP 22521 2120 15053 9.8 118 131 164 163 153 172 189 154 141 128 133 144 153
HI  Barbers Polnt NAS 22514 2119 15804 8,3 106 99 104 102 93 97T 100 102 7 76 95 104 95
HI  Vahimwa, Wheslsr APB 22509 2129 15802 $S.9 48 4% 61 59 B0 0 72 65 43 40 I 43  S4
BI  Waialus, Mokoleie Fid 22507 2135 15812 7.7 $9 52 97 141 115 13 151 158 113 984 89 108 109
RI  Xansohe Bay MCAS 22519 2127 15747 10,0 131 144,157 156 140 137 343 143 116 113 135 168 14}
BRI  Darking Sands e 22501 2203 15947 $.6 112 62 42 40 33 2¢ 20 22 21 38 43 63 4%
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State locatlion
Ht Molokal, Homestsad P14
[} 4 Kahulul HAS
"I Ailo
PI Hilo, Lysan Fld
ID Strevell
10 Pocatelle
10 Idaho Palls
10 Burley APT
ID Twin Palls
1D ing Hitl
10 Mountain Homs AP
4+ Bolse APT
1t chicago nidway
IL Glenview WNAS
IL Chicago, Ohare
1L Chicago, Ohare IAP
IL Watasrman
L Rockford '
1L Noline
§ 47 Bradtord

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

§ta, Mo, Iat Lomg

22502

2109
2034
1943
1943
4201
4255
4321
4232
4228
4259
4303
4334
147
4205
4159
4159
4145
4212
4127
4113

15706
15626
15504
15504
1131}
1123
11204
11346
11429
11513
113352
11613
8743
8750
a754
6754
8845
8906
?omn
Ay

Ave,
Bpeed
knots

12.3
1.1
7.7
7.8
9.7
¥
9.7
8.0
8.7
e.s
7.3
7.8
9.0
0.4
9,7
9.5
2.1
B8
09
10,2

S
110

203
az
a2

273

k34§

226

185

158

220

102
129

220
189
23
112
121
210

E
195

204
a6
28

2338

224

18s

162

101

222

136

112

145

164

242

199

269

107

151

amn

]
249

240
77
77

169

230

m

245

232

357

154

127

151

203

268

227

222

135

215

264

Wind Power, Watts Per Square Meter

A
291

276
71
71

173

209

295

199

237

k1 |

172

119

144

206

272

229

269

200
290

M
250
s

63

63
isl
1623
24)
156
155
330
144

95
115
13
197
174
134
126
153
203

4
2

366
67
67

148

159

214

116

139

216

121
79
70
83

140

1lia

100
as
23

129

g
361

NS
8]
63

12

113

132
i3

169
92
&4
X

99
a3

6l
63

a
2

m
67
67

120
87

13
se
74

147
7
36
52
52
a9
71

10
54
a8

-1
266
203

59

59
127
102
166

72

212
a0
60
74
72

li0

113
7
82
9l

Q2
269
219

56

56
128
10)
164

89
114
158
105

16

95
108
162
129

92
i1
123

L

M
247

52

52
188
148
178
114
131
165

a9

149
143
258
20
210
126
185
b))

)
238
200

74

74
209
176
172
150
172
185

81

95
134
137
213
176
175
121
14}
193

Ave,
-266
276
67
67
168
160
200
133
147
2
110
9l
112
129
193
162
166
107
130
196
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES ARD SOUTHERN CANADA (Continued)

§tate jlocation Sta, No, fat
iL Rantoul, Chanute AFB 14806 4010
IL effingham 436 390%
iL Springfield, Capitol APT 93822 3950
IL Quincy, Baldwin P14 93989 19%
4.4 Bellevillas Scott AFB 13802 3813
IL Marion, Williamson Co APT 3865 I74S
) £ Evansville 93617 3608
o Terre Haute, Holman Fld e68 3927
) 4§ Indianapolie 93819 3944
() Colurbus, Dakzlar AFB 13803 3916
™ Milroy 125 3%28
IN Centarvilis i30 3IM9
I Marion APT ©4852 4029
4 | Feru, Grideom AFP 954833 4039
I Lafeyetts 530 4025
bt | Port Wayne 14827 400
N Belmer 5315 4132
iy . Goahen 132  &Aua2
N South Bend e 1142
™ MCCool i36 4133

Ave,
note
8.5
.3
10.6
9.9
7.2
7.6
8.1
8.2
7.1
7.0
£.5
9.0
6.4
7.7
10,3
e.3
2.6
8,9

2.8
io 7

i E

150
170
213
20%
129
159
129
160
174

97
243
19
211
123
290
149
256
229
2423

204

164
10
253
229
140
186
139
151
198
106
270
237
254
137
1
167
241
209
)
97

|
193

251
3os
275
162
230
165
03
247
1:a
230
209
279
159
290
2310
263
208
283

1

Wind Power, Watts Per Square Meter

A

A

210 143 91

217
295
220
143
243
154
102
205
117
209
182
255
168
16
205
242
221
256

116
212
137

- H
136

98
10%
147

71
116
101
160
129
175
154
141
124
155

95
131
98
61
88
69
74
96
50
115
az
116
69
142
10}
100
104

128

299 183 149

3
50

7
92
7
36
59
46
43
68
36
73
64
64
40
81
73
79
75
92

82

.
47

&8
a2
61
Kk
45
38
33
59
32
&7
57
50
3f
38
&6
78
73
92

b

-1
66

a9
119

L4
87
95
152
136
K
93
7
79
lo8
58

161

B
145

217
261
M
109
187
118
130
176

91
189
176
252
L5} 1
296
214
242
12
229

£} B

1]
121

144
242
194

96

28
117
1)
151

an
163
il
lg6
113
22
171
215
148
156
23

Ave,
an
136
198
161
96
119
100
115
143
74
148
134
170
100
215
246
161
146
188

223
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Wind Power, Watts Per Square Meter

Ave,

State Location Mmmﬁgizaanggagganm
IA  Dubuque APT 94908 4224 9042 9.4 208 209 239 317 241 150 112 135 170 198 312° 231 2X
IA  Burlington 14931 4046 90107 9.5 147 160 257 164 94 B85 32 44 72 97 200 144 12
IA  Iowa City APT 14937 4138 9133 8.6 175 195 231 229 118 82 71 61 61 100 205 159  lde
IA  Cedar Rapids 14990 4153 9142 9.2 160 171 23 249 157 97 S3 49 59 102 138 131 13
IA  Ottumea 14948 4106 9226 9.1 209 24) 2%7 239 169 140 118 112 156 169 174 168 17¢
IA  Montezuma 145 4135 9228 11.0 270 330 330 390 256 203 103 117 150 158 271 223 237
IN  Des Moines 14933 4132 9339 9.9 192 193 251 289 180 126 S1 Bl 109 142 219 178 16
IA  Ft. Dodge APT 94933 4233 9411 10.3 253 260 331 334 258 14 77 74 104 181 185 189 198
IA  Atlantie 140 4122 9503 11.3 296 23S0 363 457 295 256 136 123 155 190 264 270 256
IA  Sloux City 14943 4228 962) 9.7 180 172 247 283 206 143 89 B2 114 135 212 1720 169
K5  Ft, Leavenworth 13921 3922 9455 €.3 73 e4 116 111 73 ST 31 33 50 52 78 66 69
KS  Olathe NAS 13909 3850 9453 9.2 143 157 211 187 139 117 69 69 91 102 152 136 135
K5  Topeks 13996 3904 9518 9.0 138 147 237 229 170 159 107 112 136 137 159 163 187
XS  Topeka, Forbes APS 13920 3857 9540 8.6 117 134 186 185 132 115 69 79 ©8 95 125 104 120
XS  Ft. Riley 13047 3903 9645 8.0 112 122 22¢ 233 171 130 66 102 139 138 125 106 139
KS  Cassoday 152 3802 9630 13.0 370 436 S50 550 350 310 231 257 203 284 371 311 3N
Ks  Wichita 3928 3739, 9728 12.0 243 273 344 337 262 276 168 177 203 221 249 237 25)
KS  wichita, McConnell ArB 3923 37137 9116 10.9 222 234 336 317 252 237 151 136 176 188 200 207 222
XS  Rutchinson 93905 3756 9754 10.7 287 335 372 375 330 2381 215 195 309 280 308 269 305
XS  sSalina, Schilling Arp 13922 3848 9738 9.1 134 160 230 221 176 150 100 112 148 135 147 111 155

S —— i N S A
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Jocation

Bill City AFT 93990
Dodge City APT 13988
Garden City APY 23064
Cortin jal4
Laxington $3820
Warsaw 23
Louisvills, Standiford P18 93821
re. onox 13807%
Bowling Green, City Co APT 93008
re. Campdell 13806
Paducah 3816
Nev Orleans 12916

Bevw Orisane, Callepnder NMAS 12958

Baton Rougs 13970
Lake Charles, Chenauit AMB 13%il
Polk MAP ka3
Alexandria, England AFB 1394
Monroe, Selman Flid 13942
Shreveport 13957

Shraveport, Sarkedale AFS 13944

2959
2949
3Jon
013
2103
iy
3231
kr7. )
ErE

2930
2930
10043
8408
8436
8454

a5sa
8626
arao

9013
9001
109
9310
911
9233
9203
9349
9M0

)

122
201
227

71
161
123

15
108

131

78
109
129

47
105

5)
45

128
&9

E

199
360
326

54
158
132

12t
ils
o8
106
137
55
106
156
69
7
104
e

Wind Power, Watts Per Square Meter

B
37

441
451

65
156
137
104
126
136
107
122
144

S0
102
204

78

108
145

83

A
262
450
450
58
169
123

111
112
a9
106
il4
35
95
i
68
52
90
131

12

210
360
415
26
103
63
53
64
65
31
59
16
25
72
125
47
7
61
@2
40

' A

226
368
456
15
75
57
32
46
1
32
44
52
14
52
9
37
20
46
71
36

A

152
259
217
16
61
49
26
30
39
27
3s
44
10
40
38
23
i5
3
57
27

A

123
245
272
12
41
3%
27
25
3z
25
a3
41
10
36
57
15
13
%
35

7

3

153
296
309
16
72
40
29
39
46
29
40
81
26
5o
67
31
17
46
s8
35

L]

140
296
259
18
73
34
36
47
57
e
48
91
24
53
67
29
21
51
69
el

15]
34
16
LY
148
106
56
a8
29
60
an
128
n
79
133
5%
39
1n
los
53

131
38
204

a4
146
101

N
69
93
109
40
92
140
31
41
19
111
39

184
336
295

-4

13

o N w »
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HONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Co:ntinued}

Wind Power, Watts Per Sguare Meter

Location Sta, Mo, lat Long kmots § P ¥ A M J I A §E O N D v,
portland 14764 4339 7019 9.4 127 145 158 140 103 @0 197 61 83 101 112 120 107
Brunswick, BAS 14611 4353 6956 6.0 109 116 106 107 87 64 55 48 58 69 B0 97 62
Bangar, Dow AFB 14601 4448 6641 7.1 132 138 136 112 83 0 54 S9 63 82 100 1l 9
Presque Isle AFB 14604 4641 6003 2.8 15%L 167 151 161 123 @8 77 6% 97 115 110 134 129
Linestone, Loring AFD 14623 4657 675) 6.9 97 107 110 88 69 S5 48 45 60 68 73 9 74
Patuxent River WAS 13721 3817 7625 6.1 159 177 186 148 97 76 5% 9 83 02 138 139 119
Baltimore, Martin Pld 93744 3920 7625 €.9 107 111 119 95 53 44 37 39 & 46 57 64 6l
Baltimore, Friendship APT 93721 3911 7640 9.6 206 253 265 209 152 ‘11?2 96 49 110 117 179 188 164
Ft. Mead, Tipton AAY 93733 3905 7646 4.4 ST S8 69 65 37 19 14 ¢ 1 23 42 4 38
Aberdsen, Phillips AAF 13701 3928 7610 7.9 126 170 173 157 95 66 52 35 6% 95 121 118 109
Camp Detrick, Fredrick 13148 3926 7727 5.4 101 122 144 110 S1 33 2% 23 30 47 9% 15 12
Ft. Ritchie 93745 3944 7724 4.6 38 3 33 3 21 16 1 23 18 27 27 S22 28
Chicopes Palls, Wastover ARP 147¢3 4212 7232 7.1 122 142 131 133 9% 70 52 48 66 Bl 104 114 9%
Ft. Devons AAY 4779 4234 7136 S.4 45 40 66 ©4 44 31 29 32 3} 3 48 51 45
Bedford, Ranscesm P14 14702 4228 117 6.1 109 120 117 94 70 48 39 36 44 65 80 92 1%
Boston, Logan IAP 14739 4222 7102 11.6 314 321 34 268 195 150 120 108 131 131 230 277 27
Boston 14739 4222 7102 11.7 314 321 314 268 195 150 128 108 131 131 230 277 227
South Weysouth NAS 24790 4209 7056 7.6 125 125 146 136 84 S8 43 % 53 71 92 102 90
Falwouth, Otis AFB 14704 4139 7031 9.2 188 199 198 193 147 110 87 90 112 133 148 185 149
santucket 14756 4116 7003 11.6 304 346 298 277 190 140 204 113 169 214 251 298 22)

Bantocket Shoals 14658 4101 €930 16.7 1024 1025 977 838 632 551 592 S44 482 769 936 91y IS?
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES

location
Georges Shoals

Ht. Clemsna, Selfridge AFB 14804

Ypsilanti, willow Run
Jackson

Battle Creek, Kelogg APT
Grand Rapida

ransing

Plint. Bishop APT
saglnaw, Tri Citcy APT
Muskegon Co APT
Gladwin

crdillac APT

Traverse City

Oacoda, Wurtsmith AFS
Alpene, Collins Pid
Ballstor, Emmett Cc AT
savit Sce dMarie
Kinross, Kinchelcs AFS
Escanaha APT

Owinn, 3asyer AF2

Sta.Fo, lat
14657 4141
4236
14653 42)4
133 4216
14815 42]0
94860 4253
14836 4247
14826 4250
14845 4326
14040 4310
14828 4359
14837 441%
14950 4444
14808 4427
34945 4504
140841 4534
14847 4628
HMG24 4515
34852 4544
2483 4621

6147
8249
0332
8428
0514
853
8436
8344
8352
8514
8429
es26
es3s
0322
8334
8448
8422
8428
@705
87123

Ave,

17,1
8.2
9.5
oL
.9
a.7
10.8
9.6
9.7
2.8
5.9
9.4
3.3
7.6
7.3
®.9
e.3
7.6
7.8

i

E

1168 1173

157
169
196
161
120
273
233
218
156

67
210
229
117

76
iel
134

126

151
169
149
189
134
298
208
196
154

7

204
206
123

76
i%9
105
io5
164

34 1li6

AND SOUTHERN CANADA (Continued)

wind Power, Watts Per Square Meter

L.}
1038

150
244
192
205
180
356
246
223
140

92
239
49
121

92
192
119
106
148

A
a9

145
14
21%
1719
158
287
185
196
171

76
193
207
116
106
165
12%
120
1686

N
619
96
139
106
124
112
178
140
152
12}
63
172
147
91
88
154
113
106
191

109 116 1060

£
575

73
101
92
9%
"
112
10%
111

40
181
132

16

59
i1s

77

69
!.5:)

1

£
519

56
85
57
16
62
69
83
92
68
n
104
100
55
49
105
62
53
116
52

A
8

$3
7
69
63
54
74
71
74
70
24
89
31
58
46
a1
57
56

3

27

-]
473

71
104
7
106
8}
123
129
121
80

119
160
71
52
15
79
68
135
&35

Q
739

84
113}
99
99
87
146
140
128
155
a9
161
187

62
144
93
81
163
92

891 1156

V56
led
173
152
162
251
210
199
17}

61
208
50
109

67
175
118
109
232
102

144
173
147
180
135
69
223
1689
166

$3
202
215
in8

50
185
lo8

93
143

105

Ave,

783
115
147
127
137
113
203
167
158
i2¢

53
171
178

94

20
147

98

89
154
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Stats [Location
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HONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Ste, W0, Iat
Korquette 14028 4604
Caluirat 146858 4710
Houghton Co APT 24058 4710
Ironwood, Gogebic Co APT 94926 4632
Minnsapolis, St, Paul IAP 14922 4451
St. Cloud, whitnay APT 14926 4535
Alexandria 51 4552
Prainerd 94938 4624
Duluth LAP 14913 4650
Bemidjt APT 14958 4730
International Falla IAP 14918 4034
fAoseau 14955 4851
Thief River Falls 8243 4802
Blloxi; Kaesler Arm 13820 3024
Jackson 13927 3220
Greenville APT 13939 339
Meridian BAAS 3ges 1IN
Columbus Ars 131825 3338
Malden 13848 3636
st. Louls, Lasbert Fl4 13994 3845

27124
8830
8830
9008
231,
o411
9524
2408
2211
8436
9321
9545
2611
8oss
9314
2059
88l
8827
8959
2023

Ave,
Speed
76
8.5
e.5
a.s
9.4
6.9
10.7
6.9
io.?
7.3
8.4
6.5
8.7
6.8
6.2
6.6
3.8
4.7
8.3
1.9

2
79
116
116
164
127
Pl
221
90 .
219
104
95
kX
215
82
85
as
29
82
151

4
04

126
12¢
198
142

70

215.

922
229
120
103

1
207

79

92
io0

40

&0
117

116

Wind Power, Watts Per Square Meter

-}
118

136
13
167
152
102
262
m
249
111
110

50
194

a3

08
104

»

6l
162

A
12%
13%
13
290
211
129
290
167
299
244
178
58
305
el
78
90
25

48

. 152
143 13

H
117

106
106
280
166
9
24%
134
233
201
155
51
279
64
46
1
12
25
109

94

A
96

20
o0
174
133
7
202

147
135
103
s
199
49
3l
40

17
75
&0

g
73

8
78
1o
88
46
12
62
12%
117
82
16
135

A
70
66
66

139
86
8

161
58

111

120
B8
20

157
KH
25
kL

13
53
36

g
a9

74
97
200
112
55
182
107
154
1313
119
27
189
58
31
49

23
62
55

130

261
a7
196
13}
122
34
21
55
»
50
10
21
T4
60

a8
116
116
270
167
04
261
123
254
162
163
49
309
66
6)
6%
17
n
124
92

66

112
112
20}
123

59
196

89’

206
122
117
41
219
68
17
17
21
40
118
9%
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AVERAGE WIRD POWER IN THE UNITED STATES AND SOUTHERN CANADA (Cor.:taued)

state Location gta, o, [at
MO Bew Florence 147 3853
"o Kirkaville S40 4006
M0 Vichy, molla APY 13997 3808
MO  Ft. Leonard Wood, Formay AP 3938 174}
HO Springfiald 40 M4
no Butler 93995 als
no Knobnoster, Whiteman AFB 13930 3844
Ho Harshall 144 3906
| ] Grandview, Rchds-Gebaur APB 3929 3851
NO Kansas City APT 13968 3907
no Knoxville 42 3925
Mo Tarklio 14945 4027
»r clendive 240827 4708
WT  Niles City APT 24037 4626
T wolf point 4017 4806
Kxr Glasgow AFR 94010 4824
[ 4 Billings, Logan Fld 24033 4548
{3 Livingston 678 4540
[ s 4 Leviston APT 24036 4703
. 4 Havre 717 4034

126
9232
9146
9208
9315
9420
9334
9312
9435
9436
9400
9522
10448
10552
10535
10631
10832
11032
10927
10%40

Ave.
Speed

knots

10.1
16 .S
8.6
6.0
9.7
9.3
7.4
9.5
8.1
9.4
10 .1
8.2
7.7
8.6
8.1
8.6
16.0
13.5
8.6
8.7

)
198

250
153

67
183
212

03
105
115
210
121
13
123
117
133
230
118
198

148 106 155 141 123 11s

E
23
271
156
63
243
208
109
223
io1
126
211
137
41
137
112
131
210
819
185

Wind Power, Watts Per Sguare Meter

H
238

297
211

-1}
230
266
14é
263
156
165
284
258
145
120
143
128
18%
574
141

A
231

no
170

66
263
226
151
250
173
182
278
225
222
161
326
178
202
415
163

M
138

192
92
50

123

123
94

11s

113

145

144

192

217

134

240

198

165

327

135

g
105
137
T2
37
96
124
65
109
16
129
124
150
146
102
139
110
137
239
108

<
o5

111

22
70
14
40
82
55
105
84
e¥
125
87
126
162
110
233
a2

3

A
8s

103
45
21
m
65
45

$9
99
91
7L
137
38
171
101
99
253
95
14

8
111
118
68
26
97
el
61
89
4
113
98
as
139
104
245
138
128
321
114

86 120 132 12%

[~
112

158
16
so

~10

131
70
95
91

112

125

113

144

109

223

126

152

500

125

165
191
156
&7
170
160
81
138
110
122
151
94
122
116
124
125
237
1050
1513




MONTHLY AVERAGE WIND POWER IN THE URITED STATES AND SOUTHERN CANADA (Continued)

State Location

T 3555353835388 33317

Great Falls IAP

Sta, Wo, Lot Jlong

24143

Graat Palls, Malstrom AFB 24112

Helena APT
Whitehall

putte, Silvar Baw Co APT

Missoula

Omaha

Omaha, OFfutt AFS
orand Island APT
Overton

Horth Platte
Lincoln APB
Columbus

Rorfolk, Stefan APT
Pig springs

Sldney

Scottabluf{ APT
Alliance

Valentine, Miller FPl4

Boulder City

24144
4161
24138
24153
14942
14949
14935

154

562
14904
73084
14941

161

563
240268
24044
24032

382

4729
4713
4636
4552
4557
4653
4118
4107
4058
4044
4108
4051
4126
4159
4105
4108
4152
4203
4252

11122
11110
11200
11150
11230
11405
9554
9555
9819
9927
11042

9720

9726

10207
10302
10336
10248
10033

11450

m.
Speed

kots J

11.6
8.9
7.3

11.4
6.9
5.0

10.0
2.6

11.1

10.%

10.5%
9.4

100
9.7

11.7

10.5
2.0

10.6

10.0

7.6 10% 162 185 230 247

448
253
143
710

49
191
116
177
209
193
163
184
236
2710
2715
147
203
161

3
439

240

43
101

1
123
195
195
233
173
192
238
284
267
225
209
2

wind Power, Watts Per Square Meter

4
oo
1el
142
352
116
64
264
189
270
323
N4
259
316
308
430
369
271
274
267

A
281

176
134
274
158
75
280
196
312
a9
435
231
30
k] y)
450
395
254
ase
323

B
194

120

63
221
141

72
leé
139
251
276
ni
193
246
275
349
294
189
209
206

3
193
112
113
245
120
70
148
98
217
243
208
143
172
205
270
227
180
27
242

r A
136

e
a5
195
as
64
104
67
161
158
153
97
113
142
210
193
119
1e9
199

293 lee

A
143

80

8
197

11%
111
174
9
57
122
68
179
162
206
102
120
203
211
680
122
223
230
13

Q2
3o0
178
3
260
93
23
15@
93
180
202
246
119
184
281
"54
227
166
228
271
95

.|
456

21%
61
410

19
217
112
232
299
234
1713
150
61
297
241
254
238
338

15%

p
509

263

65
602

76

26
191
112
200
182
166
146
143
255
251
188
199
210
242

el

Ave,
.30
16¢

Ja«
104
5C
177
118
211
222
254
162
1ee
236
290
240
165
238
25)

¥

e
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MONTHLY AVERAGE WIND POWER IM THE UNITED STATES AND SOUTHERN CAMADA (Continued)

Iocasion

Las Yegas

Las Vegas, Nellis AFR
Todisn Springs AFP
Tonophh AP

Fallon MAAS

Mano

Teno, Stead AFD
Habolat

Lowelock

Winnemucca APY
puftalo Valley
Battle Mountain
BoOwIg

Blxo

Ventosa

Portsmouth, Pease AFB
Manchestar, Grenier Pld
Keaene

Atlantic City

Canden

Ave,

Spesd
Sta. Bo. JAt lena  knotp

KT
23112
23141
23153
93102
231038
23118
560
24172
24128
24181
24119
181
a2
70
4743
iine
94721
93730
103

305
»1s
M3
nn
39
30
3940
4003
4004
4054
4020
4037
4036

4052
4305
4256
4254
3927
3955

11510
11502
11541

11708

11843
11947
11932
11009
11833
11740
117121
11652
11631
11548
11440
7049

72

7216

7435

7504

8.7
5.7
5.3
8.7
4.7
5.2
5.9
6.7
6.4
1.2
6.4
7.3
6.2
6.2
6.0
6.6
6.7
4,8
9.1

i
103

e 283

”
79
€1
109
79

148
57
)

1%
%0

1.5
83

185

4
142
[}

8 8392

76
160
112
150

a6
207

Wind Powsr, Watts Per Square Mater

8 A

186
13?7
141
196

74
123
123
149
121
11?

94
147
112
100
1718

99
134

69
207

g.0 132 131 1e?

229
1%
19
196

12

9
132
102

115

113
106
92
179
82
1317
74
166

e

A
s
12%
154
174
60
9
110
103
9%
105
102
132
99
99
166
73
a3
67
109

BE

2 &4 A =
209 1686 141 111
123 7 1% 61
109 64 46 S84
142 9 9 104
49 29 23 25
81 S 34 %2
) S A - )
1la <23 83} 66
113 &Y 72 56
9 &~ 0N 7
9T YT 62 W=7
113 85 70 61
86 79 68 613
a8 . T IS5
112 17+ 97 9%
30 30N 42
an » 5
L1 £ 34
il € €1 81
"3 LT R2

-]
122

63
26
113
]
52
64
57
&7
B
59
102
€2
13
Yy
-1

2

1n

]

B
67
6
63

109
n
4%
sl
47
43
55
$3
64
45
$2
L X
63
95
&y

144

1nn»

R
‘02
57
54

101
%
44
&9
48
47
L)
52
66
51
60
99
90

127
50

164
11

Ave,
150

28
80
133
44
74
s
79
o)
e6
76
98
76
76
109
60

53
129

16
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MONTHLY AVERAGE WIND POWER IN THE UNITED

Clayton

Tucumtari

Anton Chico

Clovis, Cannon AFB
Hobbe, Laa Co APT
Roswall APT

Roswell, Walker AFB
Rodeo

Las Cruces, White Sends
Alamogordo, Rolloman AFB
Albugquerque, Kirtland AF9
Otto

Santa Pe APT

Paraington ArY

gallap

23008
93034
23043
23009

272
23039
21002
23050

166
23049
23090
23081

4042
3627
s
so8
M)
32q
3324
3316
I1s6
nan
3251
3501
3505
537

sn

i

8.7
13.0
10.6

8.9

9.9
10.4

8.3

7.3 ~

9.4
6.1
5.6
7.6
9.6

10.3
7.1
6.2

1498
7%
195
100
43
el
278
218
53

115
m
200

74
133

491

136
F &y

126
48
365
2n
79
276
260
145
328
149
101
190
372

151
293

107
427
293
130
228
250
216
129
259
123

a5
160
7t
248
106
249

F >3]
132
204
215
172
135
191

68

12
134
264
217
101
217

I & %
10 20 40
4 41 as
23 23 130
41 %5 70
73 6 71

230 207 238

167 iS4 166
78 67 T4

126 93 111

138 109 118

100 B2 04
93 71 &S

166 13F 129
50 43 41
54 43 18

0L 72 69

116 102 94

138 113 135
% S5 50
92 82 75

279
207
1) 1
122
109
102
72
155
42
s
97
176
154
7%
114

-
w L0

i
- J

140
190
%0
206
143
160
166
126
a2
210
az
41
80
234
104
el

l‘
-
[ I Y- ]

"
w

120
110
95
106
140
180
108
172

173
99
40
74

220

194
42
4

I,'
<
[- I -,

(™ L

uh
-]

108
109
54

260 -

155
1as
190
153
48
203
89
57
112
243
20!
8l
143
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Ave.
M zuni 93046 3506 10848 0.4
™  El Morro 373 3501 10826 7.4
BM  Acomita 170 3503 10743 9.6
WY  westhampton, Suffolk Co AFBl4719 4951 7230 8.1
NY  Bempstead, Mitchell APE 14708 4044 7336 8.2
WY  Nov York, Xannedy IAP 94789 4039 M7 10.3
WY  Bew York, La Guardia 14732 4046 7354 10,9
MY  Mew York, Centrsl Park 94728 4047 7358 8.1
¥Y  Kew York WBO 34706 €043 7400  11.6
¥Y  Bear Mountain 100 4114 7400 125
8Y  Bevburgh, Stewart AFB 14714 4130 7406 7.8
¥Y  wew Heckensagk 106 4138 7353 6.0
BY  Poughksepsie, uchess Co APTI4757 4138 7353 6.1
W  colusbiaville 115 4220 7348 0.7
WY  Albany Co APT 14735 4245 7348 7.9
HY  Schaoctady 4782 4251 7357 7.4
3 4 Plattsbuzg AFR 4742 4439 W7 4.0
WY  Maesena, Richards APY 94725 4456 7451 .5
NY  Watertown AP? 24790 4400 7601  10.0
NY  Rome, Griffiss AFR 717 4314 1525 5.7

MONTHLY AVERAGE WIND POMER IN THME UNITED STATES AND SOUTHERK CAMADA (Coniinved)

4

127

76
150
146
194
242
00
114
436
416
164

83

60
105
148
156

€3
176
409

91

) 4

109
113

220
163
116

ki)
192
312
100

Wind Power, Watts Per Square Meter

B A

2
229
2013
154
211
260
282
117
g4
550
193

9)
106
226
113
160

76
217
373
109

220
210
223
133
189
204
21

99
259
444
176

Y

20
173
130
158

B2
193
298

%4

183
185
156
100
134
151
160

37
F)3 1
L33 1
108

50

52
1

95
123

70
150
153

66

4

138
136
14}
a2
115
119
123
43
173
183
16
42
43
104
80
i} 8
52
125
134
44

P o

38
95
96
69
99
122
105
38
146
1m
61

33
69
68
a2
42
108
119
30

A

34
66
a2
&7
[
106
110
37
107
163
52
k
28
69
63
67

101
99
26

3

a0
66
5
07
100
120
135
6l
143
271
64
40

97
81
84
4

111

171
3

]

104

92
109
110
129
140
174

63
209
289
101

63

46
130

&8
54
154
197
50

4
97
91

143

120

les

173

r3 8
[}

329

196

136
93
66

164

101

112
66

110

270
7

126

83
136
118
194
160
278

95
336
523
163

el
172
111
114
60
193
350
a2

-Ave,

¥ 4]
107
169
110
155
168
197
16
261
ise
124
63
60
138
108
112

60
158
236

3
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MONTHLY
location £ta, Mo, JLat
Utica, Onsida Co APT 94794 409
Syracusa, Hancock AFT 14771 4M»?
Binghampton, Bloome Co APT A725 2213
Elnira, Chemung Co APT 19748 42l0
Rochester 14768 4307
Beifalo $28 4356
pufialo 147933 4258
Biagara Fslls 4724 43108
punkizk 127 4220
wilminaetan 13148 tle
dackasnvilie, New Rlvr. NCAFONTIT 3423
Cherry Point MAS 13754 3454
Cape Hatteras 93729 3518
Goldsboro, Symr-Jhnsn APB 13713 3520
Pt. Bragg, Simmons NAF 93737 3508
Fayetteville, Pope-APB 13714 3512
Charlotte, Douglam APT 13881 3513
Asheville 13872 35%
Hickory APT 3810 3545
¥inston Salem 93807 3608

Ave.
Speed
knoty

a.l
8.4

9.0

[ -

= € e B W
- Ll - *

N w W W o

D
-

4.3
7.4
5.5
7.2
8.2

161
77
%9

141

101
”
69

Wwind Power,

110
89
149

118
20
19

159

[
B W @ N .
20 | | ] "] 1+ ]

3

2 £ 9

13&
n
32
25
57
24

:= o [ Y]
a ® @

[
Lk
1)

-
«f M =3
o = M

b
N

117
30
N
24
S0
17

AVERAGE WIND POMER IN THE IMITED STATES AND SOUTHERN CANADA (Continued)

T Square
A &
49 39
61 76
0 17
25 4
62 102
383 377
118 143
67 o2
127 174
w o8
1 4
57 84
135 180
23 30
24 27
21 2n
s3 70
16 18
49 49
54 97

106

106 111
123 138
155 160

W
w

Y ]
[
Q w
o &

[ 1]
N
wf
a
w
[~

1M 176
396 361
101 97
49 a6
67 14
166 168
a2 26
s3 4@
29 3o
0 682
7% 14
63 61
%8 117

111
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MONTHLY IIIVMGE WIND POMER IS THE UNITED STATES AND SOUTHERN CANADA (Continued)

33:3 : Wind Power, Watts Per Sauware Mater
1ocation fita, Po, lat long kwots J 2 M A MK I I A £ O B P Ave,
oreensboro 13723 3605 79857 6.7 67 90 94 94 47 31 3 29 35 41 €9 51 56
xaleigh 13722 3552 7647 6.7 89 8 206 113 S3 S1 49 37 45 41 64 61 64
Rocky Hount APP 13746 3558 748 42 72 74 97 86 49 61 51 43 45 50 ST 60 52
Elizabeth City 13765 3616 7611 7.4 0L 69 95 98 76 65 SO 58 6 71 63 63 4
argo, Hector APT 2491¢ 4534 9648 11,7 280 264 293 389 206 215 144 160
Grand Porks A¥B 94925 4758 9724 8.9 167 102 183 197 166 103 71 es
Pesbina 756 4957 9713 11,7 308 381 321 341 338 261 167 241
plsmarck APT 24011 4646 10045 9.5 147 149 186 250 217 174 118 112
Minot APB 94011 4625 10121 9.1 181 192 16€ 199 185 117 95 98
williston, Sloulin FI4 94014 4811 10338 8.2 €0 86 109 143 141 108 76 83
-Dickinson 24012 4647 10248  11.0 402 365 462 486 401 402 246 208
Youngstown APP 14652 4116 8040 9.2 187 177 218 178 115 @4 66 57
warren 21 417 5048 9.3 185 183 197 197 116 95 &7 59
Akron 14695 4055 8126 9.1 163 134 192 151 101 75 S5 S5
Perzy 128 4141 8107  10.7 296 296 290 277 136 1'S a2 90
Clevelard 14820 4124 9151 10,1 189 237 244 211 147 11} - 11 LV
vickery 20 4125 @255  10.7 284 31) 303 204 150 136 89 o8
“Toledo 96830 4136 6348 7.7 109 114 138 108 76 S1 239 7
Archbold 120 41 8419 3.8 182 17¢ 182 ie9 99 86 £7 ¢

Colunbus 142321 4090 8253 7.2 109 118 13 116 24 52 37 35
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

State Locstion

3322883338838 833882883

Colusbus, Lockbourne AFR

Aayesville
Cambr idge
Zanesville, Cambridge

Wilmington, Clinton Co AFB

Cincinnati

Dayton

Dayton, Wright AFB
Dayton, Patterson Fld
Muskogee

Tulsa IAf

Oklahoma City

Oklahoma City, Tinker AFB

Ardmore AFB, Autrey Fld
Ft., Ssfll

Altus AFB
Clinton~-Sherman AFB

Enid, vance AFD

uaynoka

Gage
ontario

Sta, No. lat
13812 3949
124 4047
122 4008
¢3p24 1957
13841 3926
93914 3904
93815 3954
13813 3947
13840 3949
13916 3540
13968 %12
13967 3524
13919 3525
13903 3418
13945 3439
13902 3439
1932 3520
13909 3620
356 3638
13975 618
99y M0l

8256
8218
8135
o154
8349
8440
8413
8406
8403
9522
9554
9736
0723
9701
9824
5916
9912
9754
9950
9946
117101

s:::i
Knote
6.8
10.0
6.2
7.7
7.8
8.4
9.0
1.6
7.4
e.s
9.5
12.2
1.4
8.7
9.2
0.0
9.6
9.0
12 .4
105

<

109
257
110
160
133
113
179
161
171
149
157
06
263
140
124

1°4
162
295
any

2

Wind Power, Watts Per Souare Meter

£ B A 8 2
127 135 120 71 %)

257 236 204 123 124
03 110 94 54 SO
142 188
148 166
135 150
192 207
188 226
la6 202
189 230
176 1%
36
310
204

158 87 &7
157 94 60
144 90 63
173
182
176
210
18s

108 13
122 83
08 73
132 %4
155 116
274 250
319 2318
123 113
192

333
277
165
218

412
203
272 247
180
262

109

182
126
15e
1

168
203
229
416 562 556 389 110
207 281 323 257 321

70 9% 14) 139 107

13 140

202 224

173 138

2 A
36 n
% 76
40 2
46 32
44 n
51 42
5% 46
s¢ S0
47 43
% S ) |
9 8%

165 153
114 1%5)
7" 12

104 91
71 64
a4 17
88 Bl

290 259

168 132
115 122

-}
43
104
a0
56
a8
61
69
71
61
a0
110
192
197
06
125
79
108
190
275
173
7%

L.
58

151
39
63

17
84
86
79
178
118
216
230
29
140
92
113
107
309
151
&9

§
9

2%8

30
136
117
126
170
162
160

‘114

145
248
243
132
164

91
139
136
o8

167
49

139
119
112
169
137
145

a9
149
265
248
114
165

a2
161
142
261

1ee
4%

125

- 128

120
139
141
26)
264
127
172
112
166
130
356
!

Bt
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sate

OR

OR
OoR

oR

OoR

oOR
OR
OR
aRr
oR
oR
OR

MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AKD SOUTHERN CANADA {Cantinued)

Location

Baker &as
La Grande 24148
Pendleton Fld 24155
Burns 24134

Klamath Falls, Kingsley Fld 94236

Redmond, Roberts Fld 24230
Cascada Locks 192
Crown fPolnt 194
Portland IAP 4229

Eugena, Mshlon Sweet Fld 24221

Horth Bend 691
Rosabury 690
Astoris, Clataop Co APY 94224
Salem, McHary Fid 24232
Howport 698
Wolf Creek a7
Sexton Swmit 90
Brookings 598
Medforad 597
Siskiyon Summit ) |

4450
4517
4541
4335
4209
4416
4539
4533
45236

4325
4314
4609
4453
4438
4241
4236
4203
4221
4205

5.9
4.8
5.6
131
9.6
6.8
T.6
8.4
4.2
7.2
7.1
a.%
2.5
11.6
6.4
4.9
8.8

J
44

320

46
84
56
651
146
13%
[ k]
16
22
125
160
1lo

4
32

%1
164

77
76
718
165
104
21
128
23
1n9
122
109
11
2813
131
44
115

Wind Power, Watts Per Square Meter

BE A
47 54
113 131
196 188
68 69
99 @86
63 61
3an 31
209 148
91 6l
110 94
108 107
2 2
98 82
1on 12
107 9§
15 16
243 1%
9% &8
53 S0
102 82

M
47

9
174
57
62

365
107

7%

27
69
56
127
19
23

57
129

g
40
66

180
60
44
26

3s1
50
as
T4

185
28
66
47

145
19

243
55
51

150

g
40
5%

134
49
13
29

8T

36
as
89
192
29
"
52
159
22
255
s

170

A
40

54
124
44
30
30
53
50
38
74
149
26
61
44
in
18
269
25
49
123

§
a9
60

134
46
36
38

344

113
a8
79
es
22
54
47
69
11

248
37
39

102

2
45

a2
98
50
53
1
451
304
131
56
52
16
10
L1
12

223
43
28
1]

]
Je
201
127
43
66
58
643
712
21
13
80
18
115
14
95

316
72
24
99

11

43

N2
134
40
76
45
750
650
111
7
94
19
111
137
129

ilo
92
40
82

Ave,
46
152
145
s1
-1}
47
465
Jna
15
81
113
23
84
as
113
14
276
63
46
109




HONTIILY AVERAGE WIND POWER IN THE UNITED S

[#] B |

Ave. Wind Power, Watts Per Square Meter

- neton cte Mo, Iat loma o e w A N T 3 A 8 o ® b s

Jocation 2x8. PO, IAE Enoes ¥ E B 4 B 4 <2 A 8 9 E 2  Ave,
Philadelphia 13739 395 7151S 8.5 12 133 170 133 9% 78 62 52 &1 84 S5 109 103
¥iller Grove MAS 14792 4012 7%08 6.8 111 136 148 114 74 46 38 30 43 S2 p8 90 51
Allentowm 14717 4039 7526 7.2 157 lar 227 124 77 73 3@ 2% S5 &1 108 1%5) 104
Scranton 14777 4120 17544 7.7 67 107 94 9% AD 62 47 17 S0 &4 A% A4 74
Middletown, Olmataad AFB 14711 4012 7646 5.% 97 124 113 96 S3 37 31 26 28 41 75 B2 (1
Harrisburg 14751 4013 7651 6.4 % 120 125 a8 53 41 27 24 31 42 69 68 7 66
parkplace 10 4051 7606 . 12.9 464 477 431 411 251 198 132 137 211 318 411 423 345
Sunhury, Selinsgrove 14770 4053 7646 S.4 72 85 115 73 W@ 29 19 18 22 312 56 58 50
Woodward 13 4055 7719 13.4 630 S64 596 550 330 257 157 163 257 403 551 S99 ‘411’
Bellefonte 113 4053 7143 6.9 13; 139 139 169 06} 68 44 46 60 9 128 126 103
Buckstown 114 1004 7050 9.4 261 308 2 241 13FL 83 73 62 63 179 235 M7 192
NcCannellsburg 119 23930 7601 7.2 168 148 163 150 92 72 49 42 63 97 1714 10 106
Altoona, Blaiyr Co APT 14736 4018 7619 7.9 155 180 241 164 95 79 S3 45 S56 62 124 143 118
Kylertowm 512 4100 7Tall 9.8 260 241 302 262 147 99 B85 77 98 146 202 247 200
ubols 4787 4111 7854 7.5 118 89 127 118 79 34 36 IS 41 49 77 109 78
pradford 4751 4148 7038 6.1 681 69 76 710 49 30 21 20 25 34 54 60 49
Brie IAP 148650 4205 8011 9.1 2734 191 208 147 92 77 67 62 94 111 176 216 139
Mercer £25 4118 Bol2 9.0 169 169 1% 176 109 80 65 S8 @80 107 170 163 120
Brookville 121 4109 7906 7.4 146 11% 119 132 75 60 42 45 46 15 111 104 89
rittobury APY 4823 4430 BO1Y 9.9 166 170 187 162 108 75 SS9 %S0 67 42 14¢ 150 120
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state Jocation

MONTHLY AVERAGE WIND PONER IH THE UNITED STATES AND SOUTHERN CANADA {Continued)

a. po, Jat
Groensburg 4718 4016
Quonset Point WAS 14788 4138
Providpnce 14768 4144
providence, Green APT 14765 4144
Besufort NCAAS 93831 3229
Charlaston 13880 3254
Myrtls Deach AFP 137117 3l
Florance 300 311
Sumter, Shuw AP 13849 3358
Bastover, NcIntire ARG 650 3355
Colwibia 13883 3387
Andarson 112 3430
Gresnvills, Donaldson AFR 13822 3446
Spartenbury 313 3455
Sioux PFalls, Foss Pl 14944 23X
Watertowm 149456 4455
Aberdesn AFPT 14929 4517
‘Huron 14936 442}
Pierzre APT 24925 442}
rapid Cicy 24090 4403

7933
712%
7126
7126

8002
7856
7943
8029

8107
8243
a2y
a1%7
9644
9709
9826
981)

10017
10304

Ave.

knots 3 E B

2.1
8.4
9.5

9.6
.7
7.%
6.1
7.6

S.4

4.9
6.2
7.7
6.3
8.2
9.5
10.1
11.2
10.2
9.0

239
164
173
173
44
9
49
95
49
7
65
99

216

126
164
189
189
70
124
63
99
57
68
74
107
7
122
156
224
234
169
208

207
163
129
192
652
130
10
114
64
54
20
99
a0
156
215
204
34l

229 .

A B

160
156
100
180
61
117
78
93
62
52
9%
13
9
129
266
332
413
285
M

94
121
140
140

a9

69

54

74

40

3

52

80

4“

95
190
251
290
214
202

4
75

84
117
117

a5

64

51

67

k) §

24

L ¥

60

le

66
129
233
244
165
14l

96 176 173 239 234 178 144

i A
72 61
6y To
%8 08
98 &8
0 2
54 82
49 44
52 4
26 24
26 14
42 MM
51 51
32
65 5.
94 91

129 123

173 137

13t 3.

124 129
123 139

-
60

23
100
100

as

63

44

50

a2
41
52
36
a0
121
185
240

149

163 .

Wind Power, Watts Per Sauars Napar

9
117

113
177
117
k }
59
10
74
36
27
30
73
17

B
1686

1335
150
150
42
n
39
73
Je
n
44
as
kL

e 3

b

174.

141

163

163

202
14
207
205

Ave,
141 .

123
144
144
4
8l
s2 .
72
a1
"
55
9
49
94
161
212
258
187
191

1
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MONTHLY AVERAGE WIND POWER IN THE UWITED STATES AND SOUTHERN CANADA (Continued)

Location

Stan, Ko.

Rapid city, Ellsworth AFB 24G06

HBot Spring»®

Bristol

Knoxville APY
Chattanooga
Chattanocogh
Monteagle

Saytna, Sewart AFB
Rashville, Barry Fld
Memph is WAS

Memphis IAP

940113

e
13891
13a82

324

126
13027
13897
23839
13893

Erownsville, Ric Grands IAP12919

farlington AFD
Kingsville MRAS
Corpus Christl
Corpus Christi WAS
Laredo AFD

Besville WAAS
Victoria, fostsr AYD
Aoastea

12904
12928
12924
12926
12907
12923
12912
12918

4409
4322
3630
3549
3502
3503
I51s

521
3503
2554
2614
2731
2746
2742
2m
282)
2051
2939

a9%9
26
9740
9749
9730
716

9740
%55
3517

6.2
7.9
10.7
8.8
8.5
10.4
11.3
10.0
1.3
7.9
104

A
308

76
1%
64
10

116

130
0o
124
11

el

134
in

) 4
256

117
10%
138
T0
1
a4
e3
114

137
229
178
130
229
232
122
10l
1
s

M
a2

155

2
156

76
106

a4

e?
132

23
148
201
12
162
260
272
153
124
198

240 232 186 139

Wind Power, Watts Per Square Meter

A
354

297
83
161
a)
a3
63
a2
117

12%
292
107
183
252
286
185
129
138

]
243
a19
33
a3
42
46
n
42
70
54
89
7
172
m
199
253
206
111
112

b A
191

163
40
65
n
44
19
29
67
»
57

211

160

157

177

225

223
es
97

4
164

94
b1
-k |
6
7
18
22
11
a5
45
185
132
142
158
189
216
mn
67
as

A E§ 2o
172 19 21
126 125 136
2 N
42 41 54
20 26 2
29 38 42
16 19 3N
20 22 3
33 44 7
24 29 3
42 Se 61
41 102 104
129 062 75
115 107 7
150 107 114
153 150 la4d
174 122 101
61 60 52
71 53 %8
74 101 11?7

N
320
179
51
99
49
67
60
]
a7
67
102
150
101
104
157
206
L)}
7
10}
183

p
294

125 °

59
100
52
L]
70
62

73
110
186
109

90
154
172

a2

12
12¢
159

A
2r
1t

»

;;0

. A 3B R M
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MONTHLY AVERAGE WIND POWER IN "HE UNITED STATES AND SOUTHERN CANADA (Ccacinued)

Wind Power, Watts Per Square Meter

Lecation Sta, Wo, lat long knots § E M A M I 4 A S O N R Ave,
Housten, Ellington AFB 12906 2937 9510 6.8 86 96 114 104 81 56 38 41 56 54 82 5 12
Galveston AAF 12905 2916 9451 11.0 262 261 2968 257 227 200 149 144 147 148 233 217 210
Pt. Arthur, Jeffereon gg, 12917 2957 9401 9. 153 186 184 190 15 95 64 54 I15 @5 121 134 128
Lufkin, Angelina Co APT 93987 3114 944S 6.1 65 72 76 70 45 30 27 22 26 38 56 63 49
saltillo 249 3312 9519 6,7 131 172 171 1685 100 66 72 58 71 84 102 104 112
San Antonio 12921 2932 9028 8.1 99 113 114 123 104 104 B8) 62 65 7J1 94 87 98
San Antonio, Randolph AFB 12911 2932 9817 7.3 94 105 115 109 94 82 €4 S8 61 S6 90 82 84
San Antonioc, Xelly AFR 12909 2923 9835 6.9 84 85 105 109 9 83 63 S3 52 53 72 63 77
San Antonio, Brooks APE 12931 2921 9827 9.9 141 144 185 189 187 166 136 108 95 107 135 103 142
Eondo AAP 12903 2920 9910 6.7 59 82 68 94 99 96 51 45 42 32 50 49 64
Rerrville 12061 2959 9905 7.1 86 95 134 129 117 92 97 48 52 63 T4 54  B6
Sen Marcos 12916 2953 9752 7.2 115 121 142 115 127 102 &4 &5 S6 78 108 105 98
Austin, Bergstrom AFB 13904 3012 9740 7.8 145 140 167 145 118 119 @ 73 S8 74 117 116 11S
Bryan 13905 3038 9628 7.0 85 104 108 103 @9 T4 49 48 38 47 73 89 76
Killeen, Port Hood AAP 3933 3108 9743 8.1 123 139 151 155 130 109 81 59 60 75 9 114 106
Ft Hood, Gray AAP 3902 3104 9750 2.2 163 179 198 208 162 153 12t 87 72 102 147 158 146
¥aco, Connally AFB 13928 3138 9704 7.7 117 111 135 128 101 9 72 61 56 68 104 101 95
Dallas NAS 93901 3244 9650 9,1 155 166 210 199 154 144 a7 62 as 93 1313 13} 137
Ft. Worth, Carswell AFD 13911 3246 9725 8.2 138 154 216 194 141 113 71 50 72 89 129 121 124

Mineral Wells APT 93985 3247 9804 8.2 120 146 203 201 162 154 103 719 78 88 111 110 )?°
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA {Continued)

State Location

g aaAaaaaag

Mineral Wells, Ft Walters
MAF

sSanto

Sherman, Perrin AfB

Cainsville

Wichita Falls

Abilene, Dyers AFB

San Angelo, Mathis Fld

san Angelo, Goodfellow APFD

Del Rio, Laughin AFD

Ccanadian

Dalhart APT

Amarillo, English rla

Childress

Lubbock, Reese AFD

pig Spring, Webh AFB

Nidland

Wink, ¥Winkler Co APY

Marfa APT

OGusdalupa Passe

El Paseo

ta, Ho
3943
155
13923
133
13956
13910
23033
23017
22001
162
93042
23047
23007
23021
23005
23023
23040
23022
163
23044

Lat

3250
3227
3343
3340
3359
3226
3122
124
2922
3500

asis
3426
e
3213
3156
N4y
3018
nso
3148

Long

9014

9640

9108

96829

2951

10030
10024
10045
10022
10233
10142
10017
10203
10131
10212
10312
10401
10448
10629

Ave,
knots
8.7
7.1
9.1
1.}
9.9
7.7
8.9
a.7
7.6
13.0
12.9
11.7
10,2
3.4
10.1
8.9
8.5
7.9
1%.8

J
117

92
12
244
160

91
117
108

7
3%0
370
229
152
15%
155

91

5
120
807

o.8 176

E
135

136
164
303
178
104
154
152
107
4l6
iy )|
279
194
211
197
143
148
182
a92
FLy)

Wind Power, Watts Per Square Meter

.
192

137
217
33e
244
145
195
151
114
570
476
as9
212
291
264
146
204
165
299
296

A

184
163
213
357
222
147
184
179
120
596
477
329
269
264
766
155
18l
192
912

a6e

299 222

J
13
ay
121
1e4
158
102
147
157
117
244
559
240
204
168
216
123
193
117
603
173

J
92

55
79
141
110
61
oG
as
o1
263
14
166
lle
89
120
g4
119
a4
412
131

A
n
55
73

134

231
278
13§
9
&7
101
16
e
65
342
1il

8
71

60
8l
158
107
58
90
31
59
1o
280
1680
117

112
as
T2
85

401

ic?

Q
82

55
106
161
114

66

20

57
an
228
200
126

9%
124

5
a4
35%
120

L
99

112
153
222
168

a
13
114

56
o
266
221
128
140

as
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MOWTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANMADA (Con”inuad)

iecation 258 MO,
El Pevo, Digge AFB 23019
St George 93198
Milford 475
Bryce Canyon AFT 23159
Hanksville 23170
Tooele, DupayrpPG 24103
parby, Wendover AFP 24111
Wendover 24193
Locomotivs Springs 187
Ogden, Hill AFD 24101
Balt Lake City 24127
Coalville 174
Montpelisr, Berze APT 94705
Buriingeon, Ethan Allen AR 14742
Borfolk MAS 13750
Oceana HAS 13769
Hampton, Langley AFD L3702
Pet. Eustin, Pelksr AAP 9373%
South Bostom 108
Danvilie AT L3728

Ak
nse

703
3e2s5
3142
3822
4011
4042

4143
4107

4054
4412
4428
3656
2650
3705
o8
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10624
11331
11300
11209
11043
11256
11402
11402
11255
11158
11158
11128
7234
7309
7618
TE01
7622
TE¥S
7855

1920

1F

5.0
5.1
10.2
6.4
4.6
4.8
5.3
5.4
9.3
0.0
7.7
3.9
7.2
7.7
8.9
7.6
8.3
5.5
5.0
6.1

Wind Power, Watts Per Square Meter
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MHONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Location

Roanoke

Richmond

Quantico MCAS
Ft.Relvoir, Davison AAP
Spokane IAP

Spokane, Fairchild AFa
Moses lLake, laraon AFB
Walla Walla

Pasco, Tri Ccity APT
forth Dailes

Yakima

Chshalis

Kelso, Castle Rock
North Read

ﬁoquiun. Bowerman APT
Moclips

Tatoosh 1S

Tacoma, FceChord AFD
Ft. Lewis, Gray AAF

Sesttle Tacoma
Seattle PNC

13741
13740
13772
93720
24157
24114
24110
24160
24163

168
24241

792
24223

791
94225

194

798
24207
24201
24233
24244

lat
mne
3730
830
el.D x|
4138
4738
4711
4606
4616
4537
4634
4640

4616
4658
4715
4023
4709
4705

427
4741

7958

7720

7719

7711

11732
11739
11919
11817
11907
12109
12032
12205
12254
12404
12356
12412
12444
12229
12238
12218
12216

Ave,
Speed
knots

7.1
6.7
6.0
3.8
7.2
7.2
6.2
6,7
6.8
8.0
6.4
5.4
6.9
13.0

7.6
12.3
4.6
3.9
9.5
5.6

I
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59
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42
92
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60
6?7

142
65
&0

109

129

m?

141
82
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S0
36
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68
63
60

111
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62

100

i
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53

107
521
112
a2
€03
48
28

210
61

in
79
75
60
106
134
%0
1i4

-
~J
fert

89
82
87
495
108
15

. 443

53
30

211
50

Wind Power, Watts Per Square Meter
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35
15
60
a?
20
65
212
279
71
44
46
357
66
k1
117
30
19

120
28

J

51
34
29
i2
5%
67
Sé
36
19¢
334

No
59
37

130
25
17

94
%

A

46
n
29
12
53
62
45
55
224
284
48
44
kL)
275
56
36
109
23
18

84
24

-2
46

39
a5
1)
58
74
61
51
229
166
52
41
52
215
)
41
195
25
17
104
28

L.
53
40
k1
19
63

84 .

55
47
186
93
a8
57
66
366
91
65
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735
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MONTHLY AVERAGE NIRD POMER TN THE UNITED STATES AND SOUTHERN CANADA (Co:1 . nued)

Iasation

Everstt, Paine AFD
Whidbey IS5 NAS
Bellingham APT
Charleston

Elkine, Randolph Co APT
Horgantown APT

Graen Bay

Graen Bay, Straubesl APT
Milweukes, Mitchell Fid
Madison, Treux Pld

. Janesvills, Rock Co APY

Lenge Dook

Camp Dougles, Velk Pld
La Croase APY

Eav Claire

Hager City

Cheyenne APT

. Laramie

Medicine Bow
Cherokes

Speed
sea. Mo, I8t Jomg  knoty

24102
24255
24217
13866
137129
13736
14890
14098
14839
14837
4054

143
94930
14520
14931

141
24018

164

165

by b |

4755
4821
4848
3822
3853
3939
4429
4429
4257
4308
4237
4312
4356
4352
4452
4436
410%
4118
4153
4143

12217
12340
12232
813
7951
7955
8808
2808
8754
@920
0902
9011
9016
9115
9129
9232
10449
10540
10611
10740

6.3
7.1
6.3
$.6
5.0
5.8
5.6
9.3
10.2
8.8
7.6
7.8
6.3
8.8
8.3
8.4
1.9
1n.s
12.7
14-0

4
T0

185

131

7
174
174
198
139
15¢
117

62

120~

151
433
498
773
652

4
67

158
132

61

90
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212
148
170
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76
11e
113
132
453

758
703

Wind Power, Watts Per Square Meter
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159
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137
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125
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259
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354

|
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160

89

435

n

64
192
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170
212
113

76
179
134
126
402
s
544

Sio

]
65
168
119
45
68
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151
151
200
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170
97
56
134
106
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463
379
726
577
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA (Continued)

Ave.

Speed

State Jecation Sta, No, Jat Lopg  kuots
wy pitter Cresk 172 4140 10833 12.7
WY  Rock Springs 574 4138 10915  10.6
wY Granger 177 4136 10938 2,6
wY xnight $73 4124 110%0 10.5
Wy Casper RAP 24005  425% 10617 11.4
WY  Riverton APT 24061 4303 log2? 5.4
wY Sheridan 24029 4446 10658 6.6
WY  Cody APT 24045 4431 10901 9.3
us Yarmouth : 14647 4330 6605 9.0
NS Greenuood | 14636 4439 6455 8.8
na Fraderickton 14648 4552 6612 7.7
Qu Mont Jolt 14639 4836 6812 11.2
o Bagotville 947193 4820 T100 9.3
U St. Hubert 4712 4531 7325 9.3
oN Ottowa 4706 4519 7540 8.2
OF Trenton 2715 4407 7732 2.9
o Muskoks 4704 4458 7918 7.0
oy Toronto 94791 431 7938 8.6
o London 94005 4302 B10% 9.2
on whart .. 0% 4445 0106 .5

£
an

503
309
270
443

71
292
230
278
153
356
206
224
123
203

32
198
239

234

r
550

476
203
s
417
52
71
303
173
240
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35
180
213
120
176
63
177
229
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Wind Power, Watts Per Square Meter
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A
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266
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342
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08
238
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44
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216
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100
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66
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A
22)
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67
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68
65
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8
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82
112

°
2684
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65
218
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14?
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122
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148

- |
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32¢
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b
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2688
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°8
297
181
03
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181
69
1717
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B
477

394
252
265
473
40
64
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24}
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148
117
100
151
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152
176
209
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Iocation
¥orth Bay
Sudbury
White River
Lakehead
Kenora
Winnipeg
Portage La Prairis
Rivers
Regina
Foose Jaw
Medicine Hat
Lathbridge
Penticton
Abbotsford
vancouver

Victoris

AVERAGE WIND POMER IN THE UNITED STATES AND SOUTHERN CANADA (Con.:is sed)

Sty Fo, Iat
4703 4622
94028 4637
94608 4836
94604 4822
14999 4949
14996 4954
954912 4954
25014 5001
25008 5026
25011 5023
2511 5001
94108 4936
94116 4928
24280 4901
24287 4911
24257 4839

7925

as17
8919
9422
9714
2816
10019
10440
10514
11043
11248
11936
12222
121310
12326

Ave.
o
8.5
1a.2
4.3
7.5
8.6
10.7
- 9.5
10.5
11.9
12.3
8.9
12.5
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5.8
6.9
6.9

S
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s
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216
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39%
164
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135
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84

4
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'
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4
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75
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Wind Power, Watts Per Square Meter
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APPENDIX 2
OWNING A WIND SYSTEM

Installing Your Wind Turbine and Tower

You should serfously 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
urndarstand 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 aleft a wind turbine withcut considering "his neighbors'
feelings; something like the problems which arose early in the
history of televisicn anntenas. This situation is a little like .
"] don't have one, so why should you?", or "that's an ugly
machine, can't you hide it over behind that tree?", or "that's a
very noisy propeller, isn't it?" 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 buiiding 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
8o 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 (o
install the equipment. For example, perhaps the tower cannot be
raised within the confines of the area, or there are too many tall
trees, 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 wecs installation.




with this sort of thing and insist on doing your own, get a
knowledgeable friend whose advice you trust to go over your [ 'n
and be there when doing the most criticnl inbs.

Tower Raising

To raise a tower, you can either assemble it on the groua.
and tilt it up (Fig. A2-2) or assemble it standing u.p (Fig. A2-?).
The first method requires assembly of all e¢omponent:s. g.y wir~-
and as much of the wind turbine equipment as pcssiblc on the
ground. The base of the tower is then fixed to a pivot to preven?
the tower from sliding along the ground and a rope i3 tied “v~--
the tower, over a gin pole (Fig. A2-2) to a car or winch. Movin
the car pulls the tower up. The gin pole ser+cz in the ini*i:1
stages to improve the angle at which the rope pulls on the tcwer.

In the case of the tower being pulled up by a rope tied to =
car bumper, it might be well to pull with the car backing np so
the driver maintains a clear view of the action, Also, an
effective, foolproof communications link must be established zac
maintained between the driver and the person who is directing the
operation. If not, towers pulled over center. bent, broken catles,
and a host of other c¢rises are likely to beset the tower crew.

Tower-raising techniques such as this a2re usually deseribed
in the owner's manual or installation instructions that ccme with
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 c~tahedron module tower
(Fig A2-3), can be erected in place. This is usvally done by
assembling the first few bays on the ground, standing tnese up,

then assembling the remaining bays while standing on 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. A~
5), completing the assembly aloft; or tilt the tower up with the
wind turbine already installed (Fig. 42-6). The first two methods
rate the title "traditional”™; the last, in many case3, is no:
possible or safe.

Personal experience will tell, but generaliy the amount ~f
enthusiasm one has for doing anything atop a tower decresces
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. .



A

A2-4

FIGURE A2-2: Tower reising with a “Gin Pole™.
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FIGURE A2-8: Tilting up wind system and tower using a Gin Pole.
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Tilting up a tower with the wind machine already installed
(Fig. A2-6), imposes additional loads on the tower. The com-
pressive load at the base pivot and the bending loads where the
rope 13 attached will be much greater. Most likely, you will r~ave
to provide extra bracing, but in any case you should consulit the
manufacturer about these loads or rely on a competenc instaliaii:n
crew.

Consider also that if anything goes wrong, you stand to los=2
the entire tower and wind machine. Risks go up vapicly as tousr
height and wind machine weight increase. This is not te say, how-
ever, that this method will not work; it does, but the individneal
installation will dictate the method. For sturdy towers of 20 -
40 feet, experience has shown that tilting the whcle works alcf-
can work.

For taller towers, you can expect to holst 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 1ift, 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. HRemember that you or another
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 2 Volkswagen that is harging
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 Murphy's laws says that
whatever can go wrong, will. While you may not detect a breeze ¢n
the ground, there may be enough wind aloft to create an unpleasantc
surprise about halfway into the installation process.

4. Perform installations when no wind is expected, and start
early. Installations always take longer than expected; bolting 2
wind turbine aloft after dark 1s to be avoided.

5. 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 <hat
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 7/16-inch 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 - 1ike a bolt -
you reduce the strength of the rope to B0 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
Jjob. :

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. 1In general, you sSelect 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 :ize = 35 x amps x feet of
length/volts line loss
For copper wire: Circular area size = 22 x amps % feet of

length/volts line loss

Circular area2 size is converted to wire gage size from the following
table:

(Circular

Wire Gage (AWG) Circular Area Size Mills)
T4 H, 017
12 6,530
10 10, 380
8 16,510
6 26,250
] 41,740
3 52,640
2 66,370
1 83,690
/0 105,500
2/0 133,100
3/0 167,800
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FIGURE A2-7: Typical line voltage loss aliowance.

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 1line
voltage drop.

Solution: from Figure A2-7, 1% = 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
eircuits. 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.

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 (1-1/2 inch diameter is adequate, 1-1/4 inch mini-
mum), or a 1/2~inch copper rod, are driven into the ground to =
minimum depth of 8 to 10 feet. Instead of rods, sheets of copp:r-
clad steel or galvanized iron about 3 by 3=-feet in dimension can
be buried about § feet deep horizontally and connected to each
other as well as to the tower, This forms an electrical "ground
plane.” Wwhen 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

4 wind system that generates electricity *to be stored in
batteries 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. 1In 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;

9
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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 flames or sparks in the same areca. OSpe-
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 (electroniec) 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 moni .
tor equipment may be installed in the same space as inverters and
batteries.

#Flectrical equipment, and especially large battery banks, shculd
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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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 to 2000 hours of operaticn. You likely would have the
car serviced every 5000 miles, or 100 hours, 3ales brochures for
small WECS, 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 o0il, 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

8% 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

% Number of different tools required to perform maintenance
tasks

% Availability and cost of spare parts

* Completeness of owner's manual/maintenance documentation

# Relative safety: c¢an machine be shut off, is there suffi-
cient blade clearance from maintenance personnel, and are
there exposed shafts, wires, and potential hazards?

& Ts 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
punps 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
on 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 1s a uasual
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.




AR2-14

Maintenance should be scheduled following any extreme wind or
hailstorm. These conditions warrant a brief inspection.

Electrical equipment such as batteries and inverters require
cleaning, water checks, and terminal inspection. Water pumps need
to he 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 impasct of wind
turbine rotors on TV reception. A4gain, 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
neise. 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 septiec tank or
water main, but it has been done.

The visual impact of a wind system is an ares 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
callective experience of the authors and from interviews with res-
pected wina energy technicians and consultants. While many of the
points raised here were written as warnings, the freguency 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.



