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1.0 INTRODUCTION

This document s one of a serles of Technology Reference Notebooks
developed for the Renewable Energy Resources Field Testing (REFT) Project
sponsored by USAID and the Gov orament of Egypt. The series includes individual

notebooks on the following energy technologies

o Active and Passive Solar o Photovoltaics
o Biomass 0 Solar Thermal
o Geothermal o Wind

The objective of this series is to provide the most current information on
renewable energy technologies in an ecasily updated and easily retrievable
format.

This particular document is the Wind Energy Technology Reference
Notebook. Operating principles, component descriptions, design considerations,
installation and performance criteria, and applications of wind energy conver-
sion systems (WECS) are addressed. Also included are special considerations
of the Egyvptian environment, extensive literature on commercially available
products from major manufacturers fnvolved in wind, and a Wind Projects Site
Visit Book, providing {nformation on specific projects that have been installed

worldwide.



2.0 OPERATING PRINCIPLES AND DEFINITIONS

The purpose of this chapter is to introduce the reader to the
concepts and terminology involved with wind energy conversion. The reader
will be exposed to the physical principles governing wind energy conversion,
the nature of wind resources, and the operating principles of the various
types of wind systems.

2.1 PHYSTCAL-TECHNICAL BASIS FOR POWER FROM THE WIND

Wind energy conversion systems (WECS) convert the kinetic energy of
wind to usable mechanical encrgy. According to the laws of physics, the energy
of motion (kinetic ecnergy) of 4 pirticle increases with the square of its velocity.
Wind, in effect, is a larpe nuaber of individually moving particles (masses) of
air, and hence, the kinetic energy in a slven amount of wind varies proportionally
with the square of the averape wind velocity.,

WECS convert the kinctic energy available in the wind to mechanical
energy by reducing the momentus ot the particles of moving air. The momentum
reduction realized by the movine air particles results in an increase in the
momentum of the WECS's turbine blades - {.e. conscervation of momentum.  This
Inereased momentum is converted to useful mechanical energy through a wind
machine hub and output shafr.

As mentloned above, kinetie energy 1s measured in units of mass and
velocity squared. Since the miss—flow-rate of wind is also proportional to
velocity, the final power flux is proportional to the wind velocity cubed. The
general formula for wind power is:

P=1/2(pAV3) Eq. 2.1
where P is the power available, f2 1¢ the density of the air (which varies but is
approximately 1.2 kg/m3 at sea level), A Ls the cross-sectional area of the alr

flow under ccisideration and V {35 the freestream veloctity.,
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Exhibit 2.1

AVAILABLE WIND POWER AS A
FUNCTION OF WINDSPEED
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An ideal efficiency of 59.3 percent has been
assumed for a rotor with frontal area of

100 square feet.



The variation of wind power with wind speed is presented in Exhibit
2.1. At a wind speed of 13 mph (3.8 m/s) approximately 10 watts of power are
contained in each square foot (.09a") of wind area (where arca is taken perpen-
dicular to the wiad direction). fiis o represents the theoretical power available.
The laws of nature limit the power transmission of ideal propellers to 59.3
percent (see Apvendix B for details). Because of losses associated with real
propellers, gearing and generator., the power that can actually be obtained from
1 square foot (.09 m2) of this 13 wph (5.8 m/s) wind is 3 to 3.5 wittts.
2.2 WIND RESOURCE

ne result from uneven

The wind resources required to operate a wind mach
solar heating of the carth's atmosphere.  This uneven heating causes large
pressure gradients across short distances. Winds result when large air masses
move to alleviate such atmospheric pressure differnnces. For example, during the
day an ocecan will heat up more slowiy than the ad jacent land, since the water has
a higher heat capacity than the land. The heatod alr over land expands, becomes
lighter and rises. The cooler, teavier air over the water moves in to replace
it. In this way, local breezes on a shoreline are created (sce Exhibit 2.2a).
During the night, these local seashore breezes reverse themselves since the land,
and the air above it, cools more rapidly than the water. The conl air blows
scaward to replace the warm air th..: rises from the surface of the water (Exhibit
2.2a). Similar local breeczes oceur on mountainsides during the day as heated
air rises along the warm (south-facing) slopes heatad by the sun (Exhibit 2.2b).
During the night, the relatively cool heavy air on the slopes flows down into the
valleys.

These local brecres are reinforced by large-scale winds caused by
the greater heating of the ecarth's surface near the equator than near che poles.

t

Inertial effects caused by tha earth's roration result in filobal wind circulation

patterns known as the “trade winds," prevailing westerlies,"” and "polar easterlies.”
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Exhibit 2.2

HOW SEA-LAND AND MOUNTAIN-VALLEY
BREEZES ARE CAUSED
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Winds at virtually all sites have some remarkably uniform characteristics.
At any given site, there will be a length o1 time when there is absolutely no
wind. Fer another length of time, the wind will blow at an average speed, and
for another period - perhaps only o few ninites over a entiro year - the wind
will blow at {ts maximum speed.

Wind records indicate that wind direection and speed are constantly
varying. Local winds are influcnced by pressure and temperature differences
across a few miles of land. These local atmospheric influences in cambination
with those of hills, trees, and other topographical features, cause wind to shift
direetions frequently. At any particular site, however, one general wind direction
will usually prevail.

The wind speed at a site increases drumuLicnlly with height. This
effect is called wind shear, a term derived from the shearing or sliding ceffect
of fast-moving air molecules slipping over the slower ones. Friction hetween
faster and slower air leads to lower wind spueds and much less wind energy
available near the ground. Equaticns have been developed which allow the
calculation of wind specds at varying heights based on surface condition.
Different surfaces have different effects on surface winds, which in turn
affect winds at higher elevations as a result of avrodynamic friction forces.

The equacion is:
VB/VA = (hB/hA)“ Eq. 2.2
where Va=the windspeed measured at helght hy,
Vp=the windspeed estimated at heighe hy,
a =the surface friction cocfficient (sce Exhibit 2.3).
This equation is most commonly rererred to as the 1/7th power law, where the
exponcat (a) takes on the valune of /7. The 1/7th power law equation is used

more often than its general form (e 2.2) since most wind turbines are installed

on moderately rough surfaces (i.e., surface friction coefficient = 1/7).



Exhibit 2.3

VALUES OF GURFACE FRICTIGN COEFFICIENT (A} FOR DIFFERENT
ROUGHNISS AT GROUND LEVEL

Terrain Tvpe | a
Smooth (=ea, sand, suow) iU.lO—O.lB
Moderately rough (short gprass, grass crops, t0.13-0.20
rural areas) !

Rough (woods, suburhs) l0.20-0.27
Very rough (urbun arcas, tall buildings) ;0.27—0.40
I

2.3 WIND SYSTEM OPERATING PRINCLPLES

Energy extracted from the wind is initially energy in the form of

rotary, oscillatory or trauslational mechanical energy. This mechanical mntion

can be used to do work diractly, such as grind grain or pump water in a stand-alone

application, or it can be converted to »lectrical power for both stand-alone and
grid-connected applications.

Unlite WECS for mechanical applications, which require orly a gearbox
and a shaft to transmit power to the required load, wind machines generating
electricity require additional equipment to generate, condition and store energy
(Exhibit 2.4).

Wind machines may be classified by the manner in which they transfer

kinetic energy from the wind to WECS blades. The first type uses drag forces

while the second operates as a resull of 117t forces. Lift forces act perpendicalar

to the local wind direction, while drag forces act parallel to it.

In a drag-type machine, kinctic energy is converted to mechanicel
energy in a vertical rotating shaft. As shown in Exhibit 2.5 one vane (blade)
is pushed along by the wind while the opposite vane moves against the wind around
a circular path. The drag force on the latter vane must be overcome by the iorce

on the first vane for continuous rotation.

to
!
o
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Exhibit 2.4
POSSIBLE WIND ENERGY SYSTEM CONFIGURATIONS
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Exhibit 2.5
SIMPLE DRAG-TYPE WIND MACHINE

Wind pressure on the high-drag, concave surface
turns the rotor about its vertical axis.
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Lift-type machines use aerodynamic forces generated by wind flowing
over an airfoil shapced roror. When wind flows past a blade, 1ift forces are
generated perpendicular o the wind while a small drag penalty results that is
parallel to the wind. Fortunatelwv, the lift faorce is usually 10 to 50 times
as strong as drag on the airfoil and the resultant aerodynamic force causes the
blades to rotate (Exhibit 2.68). A surface operating on dray principles is
constrained by aerodynamic rrictiaon forces and cannot rotate taster than the
wind speed. A lift-type surrace, however, Is not constrained as such. Thus,
for a given wind speed a lifting surface will rotate faster than the wind speed
and, hence, produce a higher output torque than a comparable drag-type
machine.

Most modern wind michines operate on the 1lift principle.

2.4 TYPES OF WIND ENERGY COLLECTORS
Many types of wind encrgy collectors have been devised for WECS.

Almost any physical configuration which produces an asymetric forze in the wind
can be made to rotate, translate, or oscillate, and power can be extracted.
Machines using rotors as wind encrpy collectors may be classified in terms of th
orfentation of their axis of rotaition relative to the windstream, i.e.:

horizontal-axis rotor -- for which the axis of rotation is parallel

to the direction of the windstream; and

vertical-axis rotors -~ for which the axis of rotation is perpendicular

to both the surface of the earth and the windstream.

2.4.1 Horizontal-Axis Rotors

Horizontal-axis rotors are normally designed to maximize 1ift forces,
although some machines have been desipgned which operate on drag principles.

In order to obtain maximum power output from a horizontal-axis wind machine,

2-9



Exhibit 2.6
LIFTING TYPE MACHINES AND AERODYNAMIC FORCES
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t is essential to have the plane of rotation of the hlades perpendicular

[

to the wind direction. Since wind direction at any site is constantly changing,
some type of control mechanism is vregquired so that the wind machines can track
the changing direction of the winds. Small wind machines usually use a tail
vane to accomplish this, while larger systems require a complicated servo
operated system. This control wecbanism is -eforred to as "yaw” control.

In addition to a turbine wrientation control system, horizental-axis
rotors require controls to limit turbine propeller rotational speed in high
winds. These control svstems econcist of feathering of the blades, or flaps
rotating with the blades, as well o devices that turn the propeller sideways to
the wind. Such high-speed cut ou! controls are required to prevent turbine
damage or catastrophic railure.

Some horizontal-axis machines are designed with blades that rotate in
front of the rower, with respect to the wind direction, and are called "up-wind"
machines. Rotors that are designed with rhe blades cotating in back of the tower
are called "down-wind” machines.

Exhibit 2.7 preseats a iaxonomy of conventional horizontal-axis machines

as well as some experimental concepts.

2.4.2 Vertical-Axis Rotors

Vertical-axis machines have an advantage over horizontal-axis rotors
in that they do not have to be turned into the wind as the direction of the
windstream varies, i.e. they nced no yaw control system. Various types of
vertical-axis devices have been developed that use Jdrapy forces to turn rotors
of different shapes. These include systems using plates or cups as the drag
device, as weil as tne Savounius S-shaped cross-section roters. The latter

usually provides some lift force bur is still predominantly a drag device.

Darrieus-type rotors are lift devices characterized bv curved blades with
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Exhibit 2.7
TAXONOMY OF HORIZONTAL-AXIS WIND TURBINES
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airfoill cross-sections. They have relatively lew starting torgques and, as a
result, require an external power source for start-up. Since they are lift
devices, they have reiatively high power outputs In comparison to comparably
slzed drag-type vertical-axis michines.

Exhibit 2.8 presents & Lazonomy of conventional vertical-axis wind

turbines as well as some proposcd caicepts,

2.5 SYSTEM COMPONENTS

2.5.1 Turbine Asscmbly

The purpose of the turbine assembly is to capture and convert wind
energy to useable mechanical or electrical enerygy. The capture function, as
mentioned, is accomplished by means of aerodinamic 11t or drag farces acting on
a set of blades attached to a hub (horizontal-axis) or central rotating tower
(vertical-axis). After the kinetic energy has been captured and converted to
rotating mechanical shaft power, a drive train is required to synchronize the
rotation of the output shaft, as well as transmit torque, to a load. The drive
train usually includes a gear hos o- speed dncreaser, couplings, diagnostic
sensors, and a braking/control systen. Typical loads ave devices producing
useful mechanical work, or generarcrs producing clectricity.

A wiad machine used for electricity production includes all of
the above items, as well as a generator and associated controls. In horizontal-axis
machines the rotor, shaft, cear box, generator and controls are housed on top
of a support tower in the nacelle (Lahibit 2.9). In a vertical-axis machine the
gearbox, gererators and controls ar. located on the ground, below the turbine and
the central shaft (Exhibit 2.10).

Generators used in WECS are one of three standard types: a synchronous
generator, commenly referred to as an alternator; an induction generator; or a

do generator.  Fach of these will b explained ir more detail in Chapter 3.
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TAXONOMY OF VERTICAL-AXIS WIND TURBINES
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Exhibit 2.9 ,
HORIZONTAI-AXIS TURBINE NACELLE
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Exhibit 2.10
VERTICAL-AXIS TURBINE ARRANGEMENT
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2.5.2 Tower Conditioning and Safety Control For Electrical WECS

Wind mwachines gencrating clectriclty require additional equipment
to control and repulate power output.  This is acconplished through a Jdevice
called a converter. The modern converter is a solid state apparatus without
moving parts, which converts alvernating curreat (ac) to direct current (dec),
de to ac, or ac to ac at another voltage and frequency.  The converter is
usually referrved to as a rectificr when used only for ac to de conversion, or
as an inverter when used for de to e conversion. The converter or inverter
pertforms an important function in matehing a variable frequency or de source to
the load requirements, and by regulating power flow. The term “synchronous
inverter” {s applied to converters which synchronize WECS output frequency with
the frequency of the load in prid-connceted applications.

When a WECS is interconnected with the local utility grid, additioanal
controls are required to isolate the WHCS output. Special civeuitry is required
to cause wind machine shut down, or shunt power to ground, in situations where
a section of the utility grid being fed by the WECS is shut of f for emergency
or maintenance purposes. Such contiols prevent the WECS from feeding electricity
into the grid and causing unacceptabie hacards.

2.5.3 Fnergy Storage

Wind power is an intermittent energy source. For stand-alone appli-
cations, where the tiuwe of encrgy production does not coincide with the time of
energy demand, a storage system should be employed. Of the many possible energy
storage systems available, many have thoe disadvantage of high initial costs
and energy storape capability mismateh (many can store much more energy than is
required and are only economical on a large scale). Puamped hydroelectric,
compressed air, thermal or hydroscu storage, super conducting magnets, and
flywheel storape fall into this catepgory.  Chemical storage of electrical encrgy

via batteries proves to be the mnst erfecrive method of storing energy in con-
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junction with WECS. 1In this sense, batteries act as a load to the WECS system
and as a source to other loads. However, battery storage is expensive and can
therefore be used only in limited quantiry.

2
Z

w

A Towers

In order to capture the winds with higher ener,y availability, wind
machines should be installed on o tower, above any obstructions such as buildings
and trecs.  Towers are made in Lwo hasic configurations: guv-wire supported and
free-standing. In addition to being suy-wired or free-standing, towers are made
as single column struciures, such as poles and pipes, or as a lattice framework
of pipes or boards. Nominal tower height most frequently used with WECS arc

60, 30, and 100 ft. (18.3, 24,4, and 30.5 meters).



3.0 DESCRIPTION OF WECS TECHNOLOGY

3.1 MECHANICAL OUTPUT WIND MACHINES

Mechanical power can be used for a number of activities, from grinding
grain to pumping watcr. llowever, the only widely used mechanical application
for windmills is water pumpiny. There are three basic categories of mechanical
windpumps commercially available, cach af which ts explained in detail below:

A) Traditional multi-hladed farm pumps

B) Modern, light-weight farm windpumps

C) Low cost windpumps
In addition, electric wind pumping systems are included in this section. Although
they are primarily clectricity producing wind mills connected to motor=pump sub-

systems, they are coverced here since thedir purpose is pumping water.

3.1.1 Traditional Multi-Bluded Farm Windpumps

This basic type of desiyn was developed during the period from 1880
to about 1939 and has since chanped litile (Exhibit 3.1). These machines
either transfer rotary motion of 'he windmill rotor to a pump, or convert the
rotary motion to reciprocating before transferring it. Smaller sized machines
(i.e. rotors of 5m (16 ft) or lesyy, are gencecally "back geared”; i.e. they are
geared down so that the pump speed is less than the rotor specd.

Larger machines tend to be direct-driven by a crank, because the rator
speed 1s naturally low enough to suit most pumps.  Construction is {rom galvanized
rolled-steel sections bolted together, with the transmission built up from large
castings or rorgings and nil-bath fubricared. Machines of this kind are inherently
very heavy, and therefore material-intensive (in all except the smallest sizes),
and complicated to :ssemble, but they are also very reliable, robust ond need

very little maintenance (usually annual change of lubricant).



xXhibit 3.1
TRADITIONAL MULTI-BLADED FARM WINDPUMPS
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3.1.2 Modern Light-Weight Faras Windpnmps

These involve a similar design concept to the traditicnal farm wind-
pump, but using nodern manufacturing techniques that permit use of such features
as welded modular sub-assemblics, construction tube rather than rolled sections,
rolling element bearings (i.c. ball or roller bearings) and grease lubrication,

Larger machines, i.e. of over Sm (16 ft) rotor diamecer, are very
similar conceptually to traditional large farm windmills, but are much lighter
and simpler to assemble and creccc. They are generally composed of prefabricated
welded sections with a much Tightor transmission unit at the top of a tower.
Nevertheless they have comparable, and potentially better performance than the
traditional designs. The relative structural siaplicity resulting from modular
welded construction is clearly evident from Exhibit 3.2, as is the aerodynamically
“cleaner” rotor of the modern desicn, which sheuld give it a better performance.

A number of smaller dircct-drive welded steel windpumps are also
available: these are generally ght and simple to manufacture and assemble, but
are act suitable for such heavy duties as the back-geared traditional smaller faram
windpumps as they tond to run at rather high speed and have less punmp rod pull,
The smaller direct=drive units arc penerally manufactured in Europe (particularly
France) where winds are relatively good, pumping heads are relatively small and
the output requirement is modest (i.o. to [ill a cattle trough).

3.1.3 Low Cost Windpumps

All manufacturers aim to produce a low cost vindpump, but it is possible
to reduce the costs dramaticallv if the windpump is built "on-site" on a self-help
basis, using as far as possible chean locally available materials.

Many thousands of windpumps built on this basis were used in the USA
1n the latc nineteenth century and in China. Today, several thousand "self built”
machines are in use by farmers in Crete, Peru and Thailand. Most of these machines
are made of wood or basic steel strucrural components: cloth or wooden sails are

3-3



it 3.2
MODERN WINDPUMP DESIGN
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often used to capture the wind. The efficiency is quite poor (half that of a

farm windpump) and relatively I'roquent oiling and ad justment is neoaded.

3.1.4 Wind-Electric Pumpine Svotems

In addition to the threo mechanical watoer pumping categories outlined
above, there are comnercially aviuilable wind-clectric purping systems. These
systems are described in this section since they are packaged water pumping
systems; i.c., their final output i mechanical shaft power from a motor.

Any wind generator can be made to power an electric motor pump suh-
system. In practice the correct matching of components is essential. For
someona not in the business, this would be very difficult. Some manufacturers
of wind generators offer a comple. e wind electrie pumping system as part of
their services.

Wir+ electric pumpers tend to be higher technology than mechanical
windpumps and data on their operational performance are very limired. Therefore
their reliability and system lije are as yet unproven. However, they have
numerous advantages, the main one being that the wind turbine can be located
remote from the water source, for exaaple on a hill top, nvercoming the condition
where the location of the wind resource is not the same as the water source.

Wind-electric systems arec potantially more efficient than wind-mechanical
systems. They also are more flexi.le in of fering the possibility of multi-purpose
use such as charging batteries witl creess power generated.  Wind-electrie
systems are likely to be particularlv competitive with mechanical systems where
large outputs of water are required gt low to medium pumping heads, particularly
when the application i{s to pump surrace water to higher ground.

3.1.5 Opcrational Characteristics of Mechanical Water Pumping SystLems

Most multi-bladed windmills are designed for pumping water by direct
mechanical connection to positive displacement pumps.  These systoems are tvpically

rated in terms of their stroke per unit time or their delivery rate of water
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for a given cylinder size and well depth. Pumping rates of approximately 160
gallons/hr (.17 litres/scc) from depths of 580 ft (177 meters) in 15 mph (6.7
m/s) winds can be achieved.  The “rate x depth”™ factor is approximately a
constant decreasing slipghtly with ineressing depth due to pipe friction effects
on the water flow. Because of the multi-bladed rotors used lor this type of
system, the windmill will pump water at low wind speeds if the eylinder size is
appropriate for the well depth., The windmill pumping system is a positive
displacemer> action and must have an open discharge at all times. The windmill
should not be used for pumpiang into pressurized tanks.

Windmills can be used with or without water storage depending on the
application. I{ storage is required, witer can be pumped into an elevated stor-
age tank for later distribution. Water storace ls alwavs recommended in order
to take maximum advantage of the windb sporadic nature.

Typical mechanical waterpumpers do not pump from offset locations and
should be installed directly over the well or water supply. Tor good energy
conversion, the rotor should be located at least 15 fr (4.6m) above obstructions
such as buildings and trees and be in an area with a free flow of air from all
directions for about 400 {r (122 m).

3.1.6 System Costs

Typical system costs for the range of available mechanical windpumpers
is shown in Exhibit 3.3. Prescuted arc ranges of machine costs, additional costs
{towers, mechanical linkages puaps, foundation and installation), and total svstem
costs for standard size machines. The wide cost ranges shown result from
different country labor rates as well as the varying degrees of technical

sophistication and structural complexity of the many available systems.



Exhlibit 3.3

RANGES COF SYSTEM COSTS FOR MECHANICAL WIND PUMPERS (1982 3)

Rotor
Diameter Machine Cost Other Costs* Total System
Type (Mcters) (£§_jh_lzni) (US §, FOB) Cost (EE_EL_EQE)
6 ft 1.83 370-860 300-1, 300 670-2,160
8 ft 2.44 510-1,250 300-1, 300 8l10-2,550
10 ft 3.05 760-2,200 300-1,400 1,060-3,600
12 ft 3.66 1,020-3,700 500-1,800 1,520-4,500
14 f¢t 4,27 1,250-5,970 1,300-2,180 2,550-8,150
16 ft 4.88 3,750-8,210 2,000-2,800 5,750-10,010

Reference: Wind Technology Assessment study, Intermediate Technologies Power
Led, Reading, Berks.  RG7 3PG, UK, World Bank Project GLO/80/003,
February, 1983,

* Other costs include tower, mechanical linkages, pump, foundation and install-
ation.



3.2 ELECTRICAL OUTPUT MACHINES

3.2.1 Small Wind Energy Systems fecr Electrical Output

Small wind energy systems vary in size from a few watts up to 100 kW,
Rotor sizes for these systems range from 10 ft (3 m) dlameter for 1 kW machines
to 125 ft (39 m) diameter for the larger machines. Currently, there are manu-
facturers producing both horfzontal and vertical axis machines In thig category,

Small wind generators can produce either ac or de power and can
be used as stand alone systems or Interconnected with a utllity network. The
propeller type machines have low torque and high rotational speeds and operate
best In moderate to high wind speeds. Power transmission for this type 1s
nearly always in the form of gears, although pulley belts, crankshafts and
direct-drive systems have also been used.
3.2.1.1 Performance Characteristlcs

Wind electric systems: cxtract power from the wind according to a
exponential curve. Below a “"cut-in" speed (the wind speed at which the turbine
rotor begins spinning) no power {s generated. Above this speed, the power
produced 1s theoretically proportional to the cube of the windspeed. This
equation holds until the "rated speed” (sometimes referred to as reference
wind speed) of the machine is reached, when the power output (the turbine's
rated or reference power) remalns constant for increasing windspeed. At some
higher windspeed the machine will shut down to eliminate the possibility of
damage, f{.e., cut-out or shut down wind speed (Exhibit 3.4). A high rated
speed {mplies a system which extracts encrgy from the powerful but relatively
Infrequent high windspeeds. The resultant output conslsts of bursts of high
power at irregular intervals. 1f a low rated windspeed is chosen, then the
rated output of the machine {s lower but energy le extracted rfrom the more
frequent low wind speed bands giving a steadler power output and possibly a

greater total output over a given time period.
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Exhibit 3.4
WIND TURBINE PERFORMANCE CURVE
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Exhibit 3.5

RANGES OF SYSTEM CUSTS FOR SHMALL WECS (1982 $)

RATED OUTPUT TOTAL SYSTEM
(kW) COST (FOB, USA $)
.5 1,000-3, 100
1.0 2,300-5,000
2.0 5,300-7,000
6.0 9,000-15,000
10.0 12,000-20,000
20.0 15,000~25,000
25.0 26,000-30,000
30.0 21,000-47,000
50.0 26,000-35,000
60.0 35,000-40,000
100.0 70,000~120,000

Reference: Wind Technology Asscessment Study, Intermediate Technology Power
L.d., Reading Books. RG7 3PG UK, World Bank Project GLO/80/003,
February, 1983.
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range. The largest vertical axis machine available is a 500 ww Darrieus. The
larger (over 1 MW) machines are all borizontal axis machines. Cut-in wind speeds
are higher than those of the emallan machines (Cunder 100 kW) and are usuallyw
between 12 and 14 aph (5.4 awd 0, s WOs)e o This is true tor the vertical axie
machines as well.  The rated wind speed Tor these machines is also higher than
those of the smaller machines (under 100 kW) and are usually between 25 and 30
mph (11.2 and 13.4 m/s). Horizontal-axis machines are generally of the propeller
type with two or three airfojl blades,

System performance of Lhese michines has been impressive. While
failures have occurred in conponents of several systems, overall performance hag

-

equalled or exceeded most manuficturer's expectations. Power coefficients of
0.4 have been achieved (compared to a theoretical maximum of 0,59), Capacity
of (ratic of actual power produced to rated pow:r) 30-40 percent have been
achieved, and availability ig projected to be at least 90 percent.

Much is still being learacd about the operation and maintenance of
such large machines. Improvements In system and component design are expected

as a result of several years of operating experience.

3.2.2.2 System Costs

Capital costs of machines in this size range vary greatly because of
the large size difference, the different levels of technology and management
skills of the manufacturer and because the machines are only prototypes. With
the prescnt desiuns, the dominant cost fartor for this size category is the
production volume and ordor size. Exhibic 3.6 presents cost projections for large
WECS. As scen in the exhibit, the multi-megavatt machines are considerably wmore
expensive at present because thero Are only g few pProtortype models in operation.
Significant cost reductions will be realized as a result of mass production and

technological advances in Systam conpanents.
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3.3 SYSTEM COMPONENTS

3.3.1 Wind Turbine Rotor

Major performance viariations in wind machines generally will involve
blade design. The diagrams and dizcussion that follow apply to boch horizontal-
axis and vertical-axis machines,

Gne poralar blade materianl is wood, either laminated or solid, with
or without fiber glass coatings (Hxhibit 3.7). Uncoated wooden blades usuallw
have a copper or other metal leadiny edge cover for protection against erosion
by sand, rain, and other envircamental factors.

The extruded hollow alumioum blade first was installed on a WECS in
the early 1950's. This blade construction is being used again, especially for
the Darricus machines.

Built-up fiberglass blades with honcycomb 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

w

ervice life in WECS anrlications as well as in many aecrospace applications.

It is important to understand the various methods of rotor speed
control. Blades are designed to withstand a certain centrifugal force and a
certain wind .oad. The centritusal force tends to exert a pull on the blades,
whereas wind loads tend to bend the blades (Exhibit 3.8). A control is needed
to prevent over-stressing the blades in high winds. Obviously, one could design
a wind turbine strong enough to withstand the nighest possible wind, but this
would be an expensive installation compared to a more fragile unit having a good
control system.

Two primary ncthods exist for controiling a wind turbine: 1) tilting
the windwheel out of excessive winds and 2) changing the blade angles (feathering)
to lewer thelr loads. Exhibit 3.9 illustrates these two methods.

Exhibit 3.10 illustrates a simple mechanical mechanism used to control
!
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Exhibhit 3.7
DIFFERENT BLADE CONSTRUCTION METHODS
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SOURCE: PARK, Jack and Schwind, Dick.Wind Power for Farms, Homes, and Small Industry.
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Exhibit 3.8
LOADS ON A WIND TURBINE BLADE
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Exhibit 3.9

TWO METHODS OF WIND TURBINE CONTROL
BY TILTING THE ROTOR
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Exhibit 3.10
BLADE FEATHERING CONTROL
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blade angle (sometimes called blade pitch angle) for feathering the blades.

Notice that the leading odye of the blade in its normal position is at an angle
sultable to cause blade motion in the direcclon indicated. As blade rpm {ncreases,
centrifugal forces on the flvw-ight cause the welight, which 1s connected to the
blade, to move around the blade center pivet shaft and cause the blade to pitch
toward the feathered posftion. The reathered position pulls the leading edge of
the blade into the wind to reduce or eliminate {ts driving force.

The Darricus rotor (Exhibit 3.11), which is commercially available in
the "egg beater” shape (this shape has been piven the name troposkein), can be
controlled using any one of two miin acthods:

1. A unique aerodvaamic characteristic of the Darrieus

rotor pernlts the blades to stally that is, quir lifting or
pulling, which slows them down.

2. Drag spollers mounted either on the blades or the support

structure can be mechanlcally or electronically actuated
to clow the speed.

Darrieus rotors designed with stralght blades (Exnibic 3.11) use
variable blade pitch, 1n additlon to these methods, to ccntrol rotational
speed.

Turbine blade characterilstlics which are important in selecting a
turbine are briefly discussed below.

Turbine hlade Egllﬂiﬂi is the ratio of turbine blade(s) surface area
to rotor swept arca. The more turbine blades connected to a hub, the larger the

turblne blade solidicty.

Tip speced ratio 1s the speed at which the windwheel perimeter is moving

divided by the windspeovd. If the wind is blowing at, say, 20 mph (9 m/s), and a
windwheel s turning so that the outer tip of the blade {s travelling at 20 mph
(9 m/s) around a circular path, its tip speed vatio equals 1.0,

Exhibit 3.12 shows how the relative torque of various wind machines

decreases with increasing tip speed ratlo. As shown, bigh torque rotors require a

i-19



EXluOit 3. 1 1
DARRIEUS ROTOR DESIGHS

DARRIEUS ROTOR WITH STRAIGHT BLADE




Exhibit 3. 12
RELATIVE STARTING TORQUE
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SOURCE: PARK, Jack and Schwind, Dick, Wind Power for Farms, Homes, and Small industry.
Nielsen Engineering & Roscarrh inc., Mountain View, CA., Department of
Energy Contract E(04- 3)-1270, September, 1978,
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Exhibit 3.13
SOLIDITY OF SEVERAL WIND MACHINES
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Energy Contract E(C4 -3)-1270, September, 1978.
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Induction generacors have advantages over alternators in simplicity
of control and start-up, and in some situations, in their ability to re-establish
normal operation after electrical and wechanical transioents. Also, induction
generators automatically cease yencrating when the load is removed (unless
capacitors are connected), thus reducing the possibility of hnhzardous voltages
being produced by an isolated gencrator.

Generation of dc usually involves pgereration 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 de gencrators until recently. A method more commonly
used now, because of improvements in diode technology, is to rectify the ac output
of the alternator ta dc.

Generators and alternators are selected or designed by WECS manufac-
turers according to their own criteria, which includes cost, weight, performance,
and availability. Thus, in the selection of a suitable wind turbine, units
with specially made generators, as well as units with truck, automotive, and
industrial alternators are found. There can be a problem regarding availability
of spare parts for custom, as well as industrial equipment. 1In some cases, the
WECS manufacturer designs his own generator as a means of improving overall

system performance.

3.3.3 Wind System Towers

It is essential to support your wind system, 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 Exhibit 3.15: weipht, which
compresses the tower downward, and drag, which tries to bend the tower downwind.

Towers are made in two basic configurations: guy-wire supported, and



Exhibit 3.15
TOWER LOADS
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cantilever or unsupported (sometimes called freestanding) (Exhibit J3.16). Alsa,
glven these two basic structural support conflgurations, towers are made with
telephone poles, pipes, or other single column structures (Exhibit 3.17) as
well as lattice frameworks of pipe or wooden boards.

Regardless of which tower design is selected, the overrlding consideration
is the selection of a tower that can support the wind turbine in the highest wind
possible at a particular site. The load that causes many towers to fail is a
combination of wind turbine and tower drag.

3.3.4 Energy Storage

There are three potentially attractive forms of energy storage which
can be employed with a WECS system. These are batteries, pumped hydro and
flywheel. At present, battery storage appears the most economical. Presented
below is a description of each storage option.
3.3.4.1 Battery Storage

Batteries are storage devices that store dc electric energy in the
form of a chemical potential, and release dc electric energy when needed via a
chemical reaction.

The basic building block of a battery is a cell. Battery cells can be
connected Iin series or parallel to form battery banks. The voltages of cells in
series are additive, while the curreunt through each is the same. In parallel
cells, the voltage across each is the same, whlle the currents are additive.

Cells are composed of three basic components: (1) the negative electrode

that supplies electrons to the external circult as it 1is oxldized during the
discharge reaction; {2) the positive electrode which accepts electrons from the
external clrcuit when {1t I8 reduced during dlscharge; and (3) the electrolyte

that completes the circult by furnishing the fons (l.e., electrically charged
atoms) needed for conductance between the two electrodes.

Batteries are normally classified as either primary or secondary.

§-27



Exhibit 3.16
TWO TYPES OF TOWERS
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Exhibit 3.17
FREE-STANDING PIPE TOWER
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Primary batteries use active chemicals. After they are discharged, they can only
be reused 1f new chemicals are added (e.g. fuel cells). Secnandary batteries are
designed to be used repeatedly by recharging. Charging and discharging crour
through a change in the direction ot current. The two most common secondary

batteries for WECS applications arc lead-acld and nickel-cadmium. Tead-acid

batteries are the more frequently used, primarily due to thelr lower cost.
Lead-acid batteries are sometimes referred to by the type of electrode
used (for example, lead-antimony, purce lead, or lead-calcium). Nickel-cadmium

cells are constructed In two types, each having slightly different operating
characteristics -- sintered plate and pocket plate construction.

Batteries are rated as having a certaln storage capacity, that is,
the amount of energy they can store. There is a limlt to the amount of usable
battery capacity, which {s less than the rated capacity. Discharging the
battery beyond this limit can result in permanent damage to the battery. This
limit is referred to as the allowable depth of discharge. As temperatures
decrease, the allowable depth of discharge also decreases.
3.3.4.2 Pumped Hydro Storage

It may be that one wishes to simply store enough water for domestic
uses. On the other hand, it may be that one prefers an electric system where wind
power pumps water up a hill to a small lake. The lake then supplies this stored
water to operate a small hydroelectric system which can recover the potential
energy available in the lake, as {llustrated in Exhibit 3.18.

The decision to use pumped water storage must be based on avallability
of land and such factors as: would the required amount of land be better used for
gomething else; cost (bulldozing a lake can be expensive); and the end use of the
pumped water.
3.3.4.3 Flywheels

Flywheels are devices which store energy in the form of rotational
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mechanical energy. 01d flywheel designs consisted of large, heavy-rimmed wheels,
while contemporary flywheels are spoke-rimned wheels made from lightweight
materials.

Recent literature discusses an improved flywheel energy storape device,
the super flywheel. The super flywheel is different from the traditional spoked-
rim flywheel, which propelled min: cars and elevators. The older gYTros wWere
large, heavy-rimmed wheels, like o tractor rire filled with water, while super
flywheels are thin and tapered and spin at a high rpm (Exhibit 3.19).

Various design studics illustrate that a small advanced flvwheel
energy storage unit should be cost-competitive with an equivalent battery system
in the future, and will most probably weigh less.  Thus, this storage unit should

see great potential in future WECS applications.

3.3.5 Power Conditioning Systen
3.3.5.1 Controllers and Regpulators

WECS producing ac power normally contain all of the equipment to
control and regulate output in the turbine assembly. DC wind generators, on
the other hand, require external svstems to control and regulate power output.

Regulators are used to limit WECS output in order to prevent battery
overcharge and malntain constant voltage to the loads. Regulators can be
characterized by their method of puwer dissipation~-series or shunt.

Shunt-type regulators use zener diodes, transistors, contactors or
solid-state relayvs to shunt excess current to ground. Series-type regulators
use transistors, contactors or solid-state relay elements tn swisch off or
reduce the flow of current from the WECS to the battery. Series regulators
consume power at all times, whereas shunt reguiaicrs digsipate only that power
not required by the loads. Shunting power to ground is not recommended with a
WECS. Tt is much more economical to use a series regulator to control current

flow to the batteries and a "dummy load” when the batteries are fully charged,
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the series regulatory can transfior excess energy to a dummy load -- such as an
ice maker, air compressor, cte. -- to perform useful work, instead of wasting
the energy by shunting to grouad.

The simplest type of regulator involves a passive method of controlling
the regulation function, using a4 zener diode. Zoner diodes can accommodate
power and voltage from a few watts to 50 watts and up to 200 wvelts. Passive
control results in a relativelv wide voltage cutefi band. For larger systems
and/or more accurate regulation, it is necessary to use active control systuems.

Regulators with active control systems are more comnonly referred to
as controllers. They are more sophisticated, providing for more precise voltage
regulation, proportional curreat control, and often for the adjustment of voltage
control to compensate for chanyes in battery temperature.
3.3.5.2 Inverters

An iInverter is used to convert de power to ac power such that it can
interact with a utility grid or ac loads. The precision of this conversion
dictates the cost of the equipment.  The precision required by the system ig
determined by the loads.

The primary indication of the quality of the output is its wave form.
Perfect ac is in the form of a sine wave. Inverters can be purchased that
producc square wave, near—sine wave and sine wave ac. The selection of one Lype
of another depends on the loads. For resistive elements and some motors, simple
square Qave ic is acceptable. For precision equipment, however, sine-wave or
near-sine wave ac Is necessarvy. 1n cases where the user wants to link to a
utility grid, only sine-wave quality ac is acceptable. Because the prices
associated with the inverters that produce these wave forms vary significantly,
it is important for purchasers to recognize the minimum acceptable quality of
power for their loads.

Another important characteristic of an inverter is its efficiency.
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Efficiency varies somewhat with the type of inverter. Inverters can he classified
into two major types--solid-state and rotary. Solid-state inverters have higher
efficiencies—--in the range of 70-95 percent. Rotary inverters have efficiencies
of less than 85 percent. lHowever, despive the lower eifificiencies, rotary inverters
can be more effective {n motor stirt-ups. In general, inverter effici{ency
decreases with decreasing load.

Hanufacturers often of fur speciallzed cir.uits and switehes for their
inverters. For example, some offer clireults designed for motor stavi-ups. Others
offer automatic on/off switches which eliminate power consumption when not In use.

There are three basic types of faverters: Ine-commutated, self-
commutated and stand-alone. In a Iae~commutated inverter, switches are trigeored
by the timing on the utility lines. The switches of a self~commutating Inverter
are triggered by an internal clock in the Inverter. Sclf-commutated {averters
are more cupensive due to the additional clrcultry; hewever, some are capable of
operating in a stand-alane mnde. Stand-alone lnverters can operate only in stand-
alone mode,
3.3.5.3 DC~to-DC Converters

A dc-to-dc converter Is used to step dc voltage up or down. For
example, 1f the WECS produces 240 volts dec but one of the attached loads require
48 volts dc, then a de-to-dc converter is necessary. In general, a WECS usead
to power a single dc electrical load can be designed such that a de-to-de
converter {s not necessary. In such cases, the use of the converter is discouraged

since 1t adds to system cost and Jetracts rrom effictiency.

3.3.6 Instrumentation and Coatrols

Identification of fnstruments and controls for a WECS must be examined
in the context of the purpose of the {nstrumentation. That is to say, s the
instrumontation being used to operate, monitor or evaluate the design of a WECS?

For example, an unattended systoem designed for cathodic protection does not
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connected) application, accurate load determination is not essential, since the
wind generators are supplying as mach clectricity to the grid as is economically
viable.

4.2.,2 Required Reliabilicy

It is important to know how critical it is that loads be supplied
with pewer at a given time. For crampla, a teleconmunications system may have to
operdate twenty-four hours a day =- no excuses. In this case, a WECS and a large
storage system (to supply the load during a series of windless days) and possibly
even a backup system may be considercd. On the other hand, maybe battery storage
or backup may not be nceded in an 2lectric pumping svstem where it is sufficient
to pump only during times when it is windy (the pumped water can be stored in g
tank).

If several loads are powered by a given WECS, load priorities should
be set. In the case where WECS output on a given day i5 low and/or the batteries
are at a low state-of-charge, loads stould be disconnccted in the order of
reverse priority. This load=shedding can be done manually by an operator or
automatically if designed for in the power conditioning system.

4.2.3 Load Estimation

4.2.3.1 Mechanical Applications

Estimation of mechanical load may be as simple as reading the data
plate on the device you expect to drive mechanically, and can be as complex as
calculating the power required to pump water through pipes. 1In addition, fric-
tion losses associated with fluid flow in pipes must be estimated for pumping
applications.

Since water pumping is the most common mechanical WECS application,
a few things are worth mentioning. There are a number of practical system desipns,
as shown in Exhibit 4.4 (including electriec wind pumpers), each of which has

advantages and disadvantages. These advantagee and disadvantages are detailed in
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Exhibit 4.4
WATER PUMPING OPTIONS
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Exhibit 4.5. Some water pumping applications may benefit by choonsing

one option over another. For other applications there may be only one choice.
Whatever the application, however, the system designer should weliph the relative
advantages and disadvantages of the various system designs (Exhibit 4.5) and
compare with the application requirements.

Appendix C presents a detailed step=by=-step procedure for estimated
loads for mechanical water pumping applications., Desipgn curves are provided or
estimating pumping power requirement s cad pipe friction losses.
4.2.3.2 Stand-Alone Electrical Applications

In order to design a WECS for stand-alone electric applications,
accurate information on connected clectrical loads must be obtained. In order
to arrive at such information, threc things must be determined:

1) What electrical devices will be connectod to the WECS, and
what are their power requirements?

2) How long will cach dovice operate, suy, in hours per month?

3) At what time of day does each device operate?

In most situations, a given electrical load has a certain kilowatt or wart rating
which can be obtained from the namenlate.  This figure is the power requirement
for that particular piece of equipment. To obtain eneryy requirements, multiply
the power rating by the approximate number of hours of operation. Exhibit 4.6
details the methodology required for estimating electrical loads.

The steps outlined in Exhibit 4.6 must be performed for each piece of
electrical equipment connected to the wind generator. Steps 1 through 4 in the
flow chart are falrly straipht-forward, but will only give the lead on the WEGS
when all connected equipment is operating, {.¢., a worst case scenario. Sizing
a WECS to mert this worst case scenirio is both inefficient and impractical. To
accurately determine the load profile which the WECS should be designed for, one

must estimate the time of day which each picce of electrical equipment will

4-7






Exhibit 4.6
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collected include wind speed, dircction and duration at each speed.

The process of siting wind rurbines may be divided into two broad
steps: site selection, and site c¢valuation. Site selection is the process of
locating windy sites while site ev.:luition {s the process of determining the
potential wind resources at this site.

4.3.1 Site Selection

The main meteorological problem in WECS siting 1s the variability of

the wind resource. The variation in magnitude of the wind from one place to
anocther wakes site selection difficullt. The variation of wind with time at
a particular location complicates site evaluation. Wind characteristics such

as average wind speed, turbulence fntensity, and seasonal and diurnal variations
can be signifiranclv different over scemingly short distances. This means rhat
there is only limited value in direct application of existing wind data collected
at histerical stations --stations that were probably established without wind
energy applications in mind, such as alrports or thermal power plants.

Since the wind resource variability is so great and the cost of onsite
measurements can be large, there fs great interest in techniques for estimating
the wind energy potential of an area or gite without having to initiate wind
measurements everywhere. Numerous techniques for doing this exist or have been
proposed. These techniques can be applied over large land areas to identify
smaller high wind potential areas or they can be used to estimate wind behavior
at a particular site. Among these techniques are:

© analysis of existing aud supplementary wind data

0 topographic indicators

0 ecological indicators

o0 geographical indicators

Each of these techniques is explained in detial in Appendix E.
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4.3.2 Site Evaluation

If accurate wind resource data is not available for
the chosen site, on-site wind measurement s required. Two steps are needed to
assess the energy petential at a glven site; 1) data collection, and 2) data
analysis.
4.3.2.1 Data Collection

The type of wind sensor one should select depends upon the problen.
Wind measuring instruments commonly used for site evaluation are;

o Cup Anemometers

o Wind Vanes

0 Propeller Ancmometers;

o Tethered Ralloon Instrument Systems

o Kites and Kite Ancmometers

The cup anemometer is the most popular for wind surveys. 1t measures
wind velocity but not direction. To measure direction, a wind vane 1is required.
Both pleces of data can be obtained with the third sensor, the propeller anemometer.
Accurate data can only be obtained with these sensors f they are mounted on a
pole high enough and far enough away from buildings and trees to have a clear
sweep of the land. 1Ideally they should be mounted at the same height as the turbine,
and not less than 25 to 50 feet (7.6 to 15.2 meters) above ground.

If mounting the sensor at a reasonable height 1s a problem, tethered
balloon systems can be employed. Additionally, 1f a number of measurements are
to be taken at various sites, moving pole mounted sensors can be a problem. By
using sensors attached to a tethered balloon the above problems can be alleviated.

Kites can serve as wind indicators in two ways. First, they can

provide a visual indication of the wind direction and of the steadiness of wind at






Exhibit 4.7
EXAMPLE WIND DURATION CURVE
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Exhibit 4.9
WONTHLY VARIATION OF WINDSPEED AT A HYPOTHETICAL SITE
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where HOURS = the number of hours the wind blows at velocity V
during the specified PERIOD

PERIOD = period of interest in hours (hours per year, hours per
month, or hours per day)

V = measured averay windspeed
T = 3.416

e = 2,718

k=4 x (V/g)®

The graph shown in Exhibit 4.10 glves the percent of time the wind
is blowing at each wind speed {(horizontal axis) for various ave.age wind speads.
Appendix F presents Exhibit 4.10 i3 4 tabalar form, with the PERIOD being 1 year
(8,760 hours). By knowing the averane windspeed it is ecasy to determine the
number of hours the wind is blowing av different speeds throughout the vear.

although Appendix F preseats the Rayleigh distribution with total
anuual hours as the period, the table can be of greater benefit by converting the
figures to a percent-of-time basis by dividing all numbers by 8,760 hours per
year. This will a.low the determination of daily and wonthly (or any other period
of interest) wind distribution and available energy curves hy knowing the mean
wind speeds in the period of interest.

Rayleigh calculations should only be used if actual wind distribution
data is not available. Ar average wind speeds below 10 mph (4.5 m/s), the
Rayleigh distribution has low reliability; it should not be used at all at sites

with mean wind speeds below 8 mph (3.6 m/s).

4.4 COMPONENT SELECTION

Once load requircments (for a stand-alone application) and wind resource
characteristics have been determined, a preliminary system design can be devaloped.
Wind energy conversion Systems are primarily characterized by the intermittent

nature of the wind, and by tne fact that their output varies with both the swept



Exhibit 4.10

RAYLEIGH DISTRIBUTION VERSUS WINDSPEED FOR SITES
WITH WINDSPEEDS BETWEEN 8 AND 16 MPH
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area of their rotors and the cube of the wind veloclty. Sizing of wind systems

for a particular application is complicated due to the interrelationships among
energy output, wind speed, system efficlencies, and rotor size. The problem of
calculating WECS energy production is further compounded by the variety of possible
rotor designs, system control schemes, and wind regimes.

Furthermore, there are limitations on the size and power output of WECS
because of limitations on strength of waterials, which in turn limit the size of
blades, bearings, tower height, and other critical system components. As a
result, if a larger capacity 1s neceded for a particular application than can be
supplied by commercially available WECS, a number of wind machines will have to
be interconnected or a backup system must be used.

In general, WECS applications can be categorized in terms of type and
amount of output power required (taking into account power conditioning system
efficiencies, if applicable) and the requirements of the user for an uninterruptable
supply of power. 1In many applications the power supply can be interrupted for
short periods of time without disrupting the process utilizing the power, e.g.
grid-connected, grinding grain or other materials, and pumping water to a holding

tank.

If an uninterrupted source of power 1s required for stand-alone
applications, diurnal storage, as well as a back up power source, may be required.

4.4.1 Turbine Selection

In selecting a turbine for a particular application, tradeoffs must be
made among; 1) meeting all of the counnected load with the wind turbine vs.
providing a portion with wind power and the remainder with a back-up generator;
2) daily, monthly and annual energy production and storage requirements vs.
load requirements; 3) WECS avallabllity vs. efficiency; and 4) turbine cut-in,
cut-out and rated wind speed vs. wind frequency distribution at site.

To size a WECS to meet peak loads is an inefficient design since a lot
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of capacity would be wasted most of the time. Rather, a WECS system consisting
of a diesel generator back-up would be more economical. 1If a very low mean wind
speed characterizes the site then a turbine with low cut-in and rated wind speed
should be selected to maximize energy production. 1If, on the other hand, a site
has very high average wind speeds, cut-in velocity is not a ma jor concera.

Rather a turbine with a fairly high rated windspeed and cut out velocity should
be selected to maximize energy production. If turbine availabllity is critvical,
a turbine with a low cut-in wind speced and a rated wind speed lower than the sice
average should be selected. 1In addition, the system designer must decide whether
the turbine and storage system should be sized to meet daily, monthly or annual
energy requirements.

The above examples outline some of the considerations required to meet
a particular load, in addition to satisfylng any user demands. In short, the
selection of a turbine which will perform as required is very difficult and
sometimes impossible (in which case some of the operational constraints must be
reformulated or removed). In all applications, however, a designer should use
all energy produced from a WECS, f.e., power thne load, charge a battery storage
“yeiem (wind generators), or power a "dummy load"” (ice making, water pumplng,
:te.). The term dummy load is uscd since the "additional load” i{s not part of
the original load for which the system was designed, bu: rather something which
consumes excess power/energy in a useful manner if no battery storage is used.

In no wind generator application should excess power/energy be shunted to ground.
It is much more economical and practical to power a dummy load.

By comparing load requirement and resource availability (both eneryy
and power) for daily, monthly and annual perlods, one can begin to see the require-
ments for storage capacity and back-up generation (Exhibit 4.11). Such curves
should be constructed and examined for an average, minimum and maximum resource

availability day in each month to determine relative sized for wind machine and
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storage. It should be noted that wind energy and power availability will initially
have to be calculated on a "per squarce foot of swept rotor arca"” basis, and
converted to an absolute value hy choosing a rotor diameter large enough to

provide the power and energy required by the load.

The wind resource availability curves only give an indication of the
match between resource profiles and load profiles. Since they do not take into
account system performances cocfficicnts (Cp), they only give an indication of
when, during the day or year, storage capacity or baci-up power is required
(Exhibit 4.11 a and c¢). 1If the load curve and the resource availability curve
have the same profile than storage is probably not required, i.e., the wind
availability is well matched to load requirements (Exhibit 4.11 b and d).

Wind turbine energy production, is a function of turbinc rated power,
rated wind speed, rotor diameter, performance coefficient, cut—in and cutout
windspeeds, as well as resource avallability. Ultimately, the system designer
should maximize WECS cnergy production for a given ap;lication. Energy production
from a WECS is easily calculated, knowing turbine characteristic and wind speed
data at a site., By combining wind speed duration data with the manufacturers'
turbine performance characteristics onc can determine the wind machine energy
production at each windspeed. The sum of thesc energy outputs over the spectrum
of wind speeds at the site is the total energy production for a particular WECS.
If only data on mean wind speed is aviilable for the site, one can assume the
Rayleigh distribution to determine a «ind duration curve. In order to select a
turbine vhat performs as required, a designer must repeat the above procedure
until a product is found which meets load requirements. Such a process is very
time consuming.

Turbiue rotor diameter is the design paramcter which has the greatest
effect on wind machinz power and cnergy output.  Wind turbine power and energy

outpiut vary directly with rotor size. Therefore, selecting a wind machine with a

,
I
%]
[



large encugh rotor can be difficuilt and time consuming, especially if one has to
repeatedly analyze performance ol commercially available machines on a “one-at-a
time" basis.

Exhibit 4.12 presents curyves relating rated power output, rated wind
speed (VR), and annual energy production to rotor diameier. These curves can
shorten the turbine selcction process by eleminating from further consideration
those machines with rotor diameters not large enough to meat power and cnargy
requirements. The curves were derived for a turbine with Cp of .25 at Vg, 4
ratio of cut-out to rated wind speed of 1.7, at a site with a mean wind speed (V)
of 1C mph (4.5 m/s). The curve assumes a Rayleigh wind speed distribution with
8760 hours (1 ycar) as the period. As an example (top graph), a turbine with a
“p of .25 at Vg = 20 mph, Vcut-out/ Vrated = 1.7, V.= 10 mph (4.5 ﬁ/s), and a
roror diameter of 30 ft 79,1 m) will produce approximately 15,000 kWh per year.
if tiie WECS load requirements arc approximately 15,000 kwh per year, then a
turbine with a rotor diameter close to 30 fr (9.1 m) is neceded. Curves similar
to Exhibit 4.12 allow a WECS desisner to compare the annual energy production for
a number of different turbines quickly and easily. The annual energy production
figures can be prorated to glve energy production for any daily or monthly period,
if required. Exhibit 4.12 can be used as a design tool to eliminate many turbines
from further consideration, but a more detailed economic anlaysis should be
performed, using manufacturers’ specifications, before making a final decision
on turbine selection.

Appendix G presents similar curves for various turbines characteristics
and mean wind speeds. Curves are presented for Cp's of .25, .30, and .35 and V's
of 10, 12, 14, 16, and 18 mph (4.5, 5.4, 6.3, 7.2, and 8.0 m/s), since these are
most common. In addition, all plots assume a cut-in velocity below 18 mph (8 m/s).
Cut-in velocities less than this have negligible effects, except in areas with

extremely low mean wind speeds. Also, plots in Appendix G assume Veut-cut/Vrated
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Exhibit 4. 12

CURVES RELATING TURBINE POWER OUTPUT, ROTOR
DIAMETER AND ANNUAL ENERGY PRODUCTICN
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= 1.7, since this is most often the cane with commerically available WECS.

It is important to stress that those plets allow only an estimation of
energy production capability {rom 1 given roror size. Several qualifications
must be made. As noted previousiy, the power carve shape with constant output
from VR to Veut=out 18 not always the case with wind systems, as numerous factors
contribute to reducing the output at wind speeds above VR First, use of this
idealized curve would tend to overestinito annual energy production. Second,
values for vcut—out relative to Ve #iving ratios other rhan 1.7 will change the
results by a degree dependent on rhe vilue of V/Vi. Third as Exhibit 4.12 was
developed only to provide a rouph estimate of average wind turbine output,
calealated enery v production usisn: dara read from the plot will similarly be only
approximate, and should be used only in preliminary turbine selection. Nevertheless,
such plots allow reasonable estimates of performance for a piven rotor size,
probahly towards the highk side owing to the favorable ghape of the power curve
used. Finally, the reader is reminded that the plots presented are for system Cp
values of 0.25, 0.30, and 0.35 ar Vpe For other valucs additional plots must be
prepared, or plots in Appendix G must be interpolated.

Individuals needing to judge adequacy of particular wind systems for
specific applications usually have data on the power curve, rated output, wind
speed, and rotor diameter to work from. The curves presented here would be used
in the following manner to rough—-check the machine size against power/energy
needs.  For the known rotor diamcter and rated wind speed, the expected power is
read from the appropriate VR curve. - This should be checked on plots made using
all three values of CP’ and the rated power so determined should be close to the
machirne's listed rated output. An estimate of system Cp at Vg results from that
associated with the plot giving the best Pp agreement. Next, the seot of plots

corresponding V of the proposed site are used to arrive at an estimate of the
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annual energy production for the given rotor size. The information arrived at by
this process can bc used to screen possible WECS candidates for those reascnably
capable of meeting the user's performance criteria.

Accurate calculations of performance require knowing details of machine
design, performance, and wind regime characteristics. However, such data are not
always readily available. A significant increase in performance prediction
accuracy can be realized if good powe:r curve data are available for combining
with the Rayleigh wind distribution. The resulting annual energy production
value would then be as good as one counld reasonably expect to obtain.

“ind turbines are relatively cfficient energy converters when properily
loaded. Optimum acrodynamic efficiencies of .3 to <45 are not uncommon. After
conversion of turbline shaft power to userul output power, optimum overall system
power ccecefficients of .2 to .4 are common. Howaver, long-term average svstem
efficiencies are usually much lTower, commonly only half of peak system eificiency
in electric systems and one~fifth to one-tenth of peak system efficiency in water
pumping mills. Even in a well-designed WECS, three factors reduce average eifici-
ency below peak efficiency:

1) Maximum power must be governed in high winds to prevent destruction
of system <.uponents and, particularly, to avoid overloading the
generator, pump, c¢te., that converts turbine shaft powar to useful
output power.

2) Most shaft power conversion devices lose efficiency outside a
limited operating power ranpe correrponding to a limited windspeed

H ) I b
range.

3) For most turbine-shaft pover conversion devices, the variation of
shaft torque with rotation speed does not match rthe turbine's
optimum square-law characteristics, so that turbine rotation speed
is optimum relative to windspeed at only one windspeed.

WECS's are normally desiared to aperate only up to a design-maximum
turbine power and to sacrifice turbine ciflciency aL higher windspeeds to avoid
damage to the turbine, structure, and the shaft power conversion device -- mosr

y ' p

commonly a generator or pump. The efificient range of operation of the shart



power conversion device is usually limited and usually tied to 1its maximun powar-—
handling ability. Thus, a generator capable of handling very larpge power levels
ig usuall' less efficienr at a piven tov power level than a smaller generator at
the same low power level. Turbin.. civiciency is similarly limited to a restrictod
range of windspeeds for which shart load torque is approximately correet in
relation to the turbinc's optimun characteristics. As Exhibit 4.13 illustrates,
a WECS normally achicves a maximum svotem efficiency at one windspeod nﬁd drops
in efficiency on either side. At optimum cfficiency, the WECS power curve will
ve tangent to an optimum-efficiency cubic curve, foeo, power available in the
wind vs. wind speed, (top graph, Exhibit 4.13).  On the low-wind side of optimum,
efficiency goes to zero at cut-ia windspeed.  On the hipgh-wind side, efficiency
drops rapidly above the governing windspeed and eventually goes to zero at the
cut-out windspeed. TImproving elficicncy at high power levels entails increasing
the power-handling capucity of the shuft power conversion device, gearing for
optimum turbine loading at a higher wvindspeed, and ad justing the governing power
upwards to the new maximum rated power. This results in an increased governing
windspeed, but almost inevitably this process makes the turbine and the shaft
power conversion device less efficient in low winds. As a result, system cut-in
windspeed tends to increase in propori ton to the governing windspeed.

Designing a WECS with a given rurbine size for optimum average power
entails centering the range of optimum system efficiency with respect to the
curve of available energy in winds at an anticipated site (compare center and
bottom graphs, Exhibit 4.13). This requires a proper rated-capacity choice for
the shaft power conversion device, a proper gear ratio to achieve a favorable
turbine/load match in the correct winds, and a proper ~djustment of any governing,
mechanism.

Commerically available wind turblnes are characterized by their cut-
in, cut-out ard rated (reference) wiund speeds, as well as their rated power
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Exhibit 4.13
LIMITATIONS IN RANGE OF WECS PERFORMANCE
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output. As seen in Exhibit 4.14, tufbine reference power and windspeed are
greater than the optimum power point on the curve.
4.4.1.1 Generators

Most wind generators come complete with an ac or de generator. Yor
stand-alone applications, a cholce between ac or de power must be made. (Crid-
connected systems are always ac.) The cholce 1g dependent on the types of loads
being powered and availability of dec power aequipment.

Actually, thougii, 1t fs not all that difficult to decide. If your power
needs are small and you require ouly a limited number of electrical appliances as
in a small home, a dc system may ho appropriate. On the other hand, {f you are a
moderate, average, or heavy user of electricity your system should provide primarily
ac, with dc used, if at all, for small loads such as I{ghts and communication
equipment.

As a rule of thumb, load size determines whether ac or dc should be
generated. TIf the total load on the independent power system is frequently
expected to equal or exceed 1,000 watts, the system should be designed to provide
ac electricity to the major loads. But if the total load is rarely above 1,000
watts and dc equipment o’ the type required is available, the system should be
designed to provide dc wtlectriclty.

4.4.2 Storag&

4.4.2.1 Battery Storage

Depending on the match between the load and the wind resource, a
battery storage svstem may be required for electrical applications. The storage
system 1s eized based on differcnces between daily load requirements and wind
avallability.

Storage batteries are rated on the basis of their energy storage

capability (amp hour capacity or watt hour capacity), cycle life (the number of
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Exhibit 4.14
DETERMINATION OF REFERENCE WINDSPEED

Hustration for two very different WECS's: A cubic curve is
drawn tangent to turbine power curve at point of optimum
power coefficient. Intersection of this cubic with horizontal
line from maximum power point detormines reference
windspeed.
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Exhibit 4.15
BATTERY ARRANGEMENTS

(a) Scries Arrangement

(c) Series-Parallel Arrangement



For example, consider a 6-volt battery, rated at 200 amp-hrs. It is important to
know that the amp-hour rating is based on a certain discharge rate., Lf 200 amp-
hours were discharged over a period of 20 hours, the discharge rate would be 10
amps/hour (200/20 = 10 amps).  Greater discharge rates will result in a slightly
reduced amp-hour capacity. You can pet performance curves from battery manufacturers
that illustrate this fact. You cun convert the amp-honr and voltage ratings into
watt=hours by simply multiplving the two. Yor example, 6 volts x 200 amp-hours =
1200 watt hours, or 1.2 kWh. With this, you can determine the number of batteries
required for the given load requirements and resource availability.

Connecting batteries in series increases the voltage of the battery
bank while the amp-hour rating of the bank remains the same as that of the smallest
amp-hour rated battery in the bank {(Exhibit G.15a).

Connecting batreries in parallel increases the amp-hour rating of the
entire battery bank (simply add up the total amp-hours available from cach
battery), while the output voltage remains the same as that of an individual
battery (Exhibit 4.15b). All batteries in a system must have the same voltage
rating. An advantage to this arrvancement is that any number of batteries can be
taken away or added at any time to ad just your storage capacity to your needs.

Connecting batteries in a series-parallel arrangement, as shown in
Exhibit 4.15c allows the user to mateh current and volatage storage requirements
to most any load.

Many approaches have heen suggested for selecting a battery storage
system. Criteria svch as load voltaye requirements, maximum battery current
drain capacity and battery encryy density can be used, the choice of which depends
on the loads' critical requirements.

Battery characterics which must be examined when selecting a storuge

system are:
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1) Nominal and minimum voltage
2) Current drain and schedule of proposed operation
3) Desired service, a1 cupectoed temperature —= ampere~hour capacity

4) Limitation of size aad weight == consideration of premium for
small size with high output capacity

Storage sizing is dependent on user requirements. Most battery systems
are sized based on the number of windless days. However, the user may require a
seasonal energy storage svstem larg. enough to provide supplementary power during
the low wind resource season.

An optimally sized battery storage system can best be achieved by
mecting critical loads and subordinating other characceristics. Thus, it is
essential to prioritize each picce of electrical equipment based on nominal and
minimal voltage, as well as maximum current requirements and operating schedule.
4.4.2.2 Water Storapge for Water Pumping Svstems

Water pumping systems cian maximize wind resourcoe utilizartion by using
a holding tank tn store water when the wind blows and there is no demand. To
calculate energy storage requirements you need to know the maximum number of davs
for which you must store water. These data come from vour wind site survey where
one month data on maximum number of wimdless days in a period (usuaily 7) can be
obtained. To obtain the storage requirements (gallons or liters) simply multiply
the daily water requirements (gal/day or liters/day) tlmes the number of windless
days.

4.4.3 vower Conditioning Svstem

Power conditioning equipment {s selected based on its rated output
power and current (and, hence, voltage). Components integrated into system
design should be rated at or above the system components to which they connect.
The static inverter is probably the most widely used power conditioning

subsystem in a WECS design. When selecting static inverters for stand-alone
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loop systems. This makz2s them difficult to troubleshoot. TInverters that are
designed to allow for modular replacement of components are ideally suited for

field installation.

The next thing to lock for in an inverter (s efficiency. That is, how
efficient {s it in converting dc clectricity to -c. There are two thitgs to
consider here. Ouae is idling losses, aul the second 15 efficiency under load.
The efficiency curve shown {r Exhibit 4.17 {llustrates thesc two items. Even in
an unloaded condition the inverter uscs electricity. This is called idlirg loss
or no-load loss. (As load is added, overall efficiency Improves.) Tdling losses
among inverters vary tremendously, for iunstance, from 50 watts to S00 watts op a
2 kllowatt inverter. Also, inverter efflciency in a loaded condition varies
greatly, fiom 60% to 90%Z. Comparce botl types of Inverter efficiencies among the
brands of iavertzrs you are consivering before you make a purchase.
4.4.4 Tower

Once a turbine has been selecved, the type of support structure can be
chosen. A tower should be select:d based on the following requirements:

1) Turbine must be easily attached to tower.

2) Turbine weight plus dynamic loading caused by high winds and
gusts must be supported.

3) Tower should be rodular for suipping ease. Modular towers must
be easily assa2mbled on cite.

Siace the tower's functien fs to suppert the wind machine weight in the
worst conditiens, the primary turhine selection critertia should be number 2 above.
The lcad _hat causes manv towers to fail (s a combination of wind turbine and
tower drag. A palr of skinny windinlll blades may not lcok like they could cause
much drag, but when extracting full power at rated speed they create nearly the

drag of a solid disk the diamecter of Lhe rotor.
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The ways 1in which towers typlcally fail are:

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

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

3) A bolt somewhere along the tower fails due to improper tightening,

resulting in a rower weak point that eventually fails.

4) Guy-wire braced towers often buckle from improper spacing of the
wires supporting the tower. T.ua such a situation, a tower that
requires, say, three s-ts of cables spaced evenly along the length
of the tower, guts only tuo scts, resulting in {ntercable spans
greater than desipn specitications.

5) Guy wires fail fran dmproper wire size, Impreper tension fasteners,

or damage.

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

Most WECS can be purchased with towers that have been tested by the
turbine manufacturer. 1If a tower other than that recommended by the turbine manu-
facturer must be selected, several things stould be considered. When selecting a
tower, YOU must know something about the tower structure and about the ground
surporting it. A detaiied soll analysis should be performed to determine proper
foundation design for a specific turhine installation.

Building codes will detail the basls for foundation design, and the
wind turbine/tower dealer or manufacturer should have drag data for the product
you select. A professional scructural engineer can perform any calculations
necessary to ensure that a particular tower Installation will support vour windmill.
The cost of professional services in the arca of tower selection and design
should be considered cheap insurance for a sound installation. Vibratory loads
induced by the wind or wind machine also should be considered and professional
advice may be required.

b.h.5 Backup Systems

The key question that arises in evaluating the need for and type of

backup system {s: 1is the occasional loss of power critical? If the loss 1s not
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critical, there is no need to add the complexity of a backup system; however, if
it is critical, a contingency plan is necessary.

The primary casses of power loss are as follows:

Design

- More load than expected

=~ Less wind than cxpected

- Maintenance shutdown

Hardware Failures

- End-use device failure

- Electronic failures (power conditioning)
- Turbine failures

- Battery failures {rare)

Natural

= Lightning
— Consecutive windless days
= Cold weather effect on batreries

4.4.5.1 Potential Backup Systems
The potential choices for backup are the following:

None (e.g., visit on demand, carry spare parts)
Manual (e.g., pumping, pedaling)
Engine/Generator

P-imary Battery

Emergency Wind-Rechargeable Battery

Emergency Fossil-Rechargeable Battery

Urility grid

© 0 0O o0 D00

The best backup is spare parts combined with responsive technical
expertise. Where remoteness or lack of infrastructure prevents this, manual
backups are a viable, low-cost alternative. Hand pumping can be used for village
water on ap emergency basis, although provisions must be made in the initial
design for hand pumping. Centrifugal pumps cannot be manually operated, but
positive~displacement pumps can. For small radio systems, pedal-powered generators
can be uvsed in emcrgencies.

For larger pumping operations or large-power operations, an engine can

be justified for the backup svstem. 1If an engine is rarely used, it should be
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started regularly to prevent probhlems. The maintenance costs associated with the
weekly operation must be factured into any economic analvsis.

Battery backups can be the most desirable. Primary batteries can be
used in some circumstances. Once discharged, they must be manually replaced, so
the maintenance costs could be high. 11 stand-by rechargeable batteries are used,
battery replacement can Le avoided. For example, lead-acid batteries could be
used that have their charge maintained by the WECS, but are not connected to the
main battery-storage system (which is used for non-emergency energy storage). The
advantage of the wind-recharged battery is that it can recover from an emergency
condition without scparate servicing by a mechanle. The batteries might also be
recharged by a portable generator. The portable generator would be especially
useful as a backup in the rare circumstance of extremely low wind conditions for
many days.

Utility backup 1s as reliable as the utility. In the U.S5., for example,
utility power is probably the most reliable source of energy; however, in developing
countries, utility grids are often unreliable and are therefore the reason for
using a wind system.

The advantages and disadvantages of the various beckup systems are
outlined in Exhibit 4.18.
4.4.5.2 Appropriateness of Various Backup Systems

The appropriateness of vevious backup systems depends on the application,
whether loss of power is critical, and whether the system 1s attended. Exhibit
4.19 indicates the appropriateness of backup system according to these considerations.
4.4.5.3 Integration of Backup into WECS

Once the type of backup has heen selected, 1t must be integrated with
the WECS. This can be done through means such as a manual transfer switch, a
remote manual transfer switch, or an automatic transfer switch.

A manual transfer switch is clean, divect, and involves no energy
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Exhibit-4.18

ADVANTAGES & DISADVANTAGES
OF VARIOUS BACKUP SYSTEMS

BACKUP SYSTEM

ADVANTAGES

DISADVANTAGES

None Simple Noncritical Applications Only
Manual Simple Require Attendance

Reliable
Engine High Power Frequently Won't Start

High Maintenance

Primary Battery

Can be Remote
Reiiable

One Time Use Only

Wind
Recharged
Battery

Can be Remote
Reliable

Cannot Recover without Wind

Fossil-fueled

Can be Remote

Fuel & Engine Transport

Recharged Reliable
Battery
Utility Grid Can be the Most Cannot be Remote

Reliable

Requires Sophisticated Power
Conditioning
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APPROPRIATENESS OF VARIOUS BACKUP SYSTEMS

UNATTENDID

ATTENDED

APPLICATION
CRITICAL NONCRITICAL CRITICAL NONCRITICAL

Radio Battery, Alarm None Battery, Pedal None

Lighting Battery, Alarm None Engine None

Pump Battery, Alarm None, Alarm Fngine None
Refrigerator Battery, Alarm None, Alarm izngine None, Alarm
TV Battery, Alarm None Battery, Pedal None
Cathodic Battery, Alarm None, Alarm Baitery, Alarm None, Alarm

Protection
Field Battery, Alarm None, Alarm Engine, Battery, None, Alarm

Instruments

Alarm

Grid-

Connected

None

None

None

None
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loss; however, it requires detection and then on-site correction.

A remote manual transfer switch can be used for remote sites--especially
those with a telemetry system that trransmits when the system 1s not performing
properly. A second communicaticn link can be supplied (i.e., two-way telemetry)
such that a person.at a central sration can radlo the site for the backup to come
on. This type of switching requires an activator and human monitoring, but there
are no ecnergy losses in the process.

Automatic switchover Is also possible. The sensing and controlling
function results in a continuous power drain through the power conditioning
system. It 1is possible to arrange the system so that power drain occurs only
during periods when the backup ls on, so the total energy loss would be less.

4.5 GRID-CONNECTED WECS

Sizing of a grid-connected WECS system is dependent on the local
utility requirements. Grid-connected applications (wind farms) are not sized
based on any particular load but, rather, on the following utility criteria:

1} The effect of a wind farm on a utility's operating reserve
requirements.

2) Utility capacity expansion plans.

A utility mcintains an operating reserve for several reasons. One is
to serve as a backup for the sudden loss of a generating source. Another is to
correct for any errors In the load forecast, used to commit units available for
a particular day. Stil! another reason to maintain an operating reserve is to
handle minute-to-minute fluctuaticns in load. Becsuse average wind speeds across
the WECS array may be quite variable, and change s?znificantly within short
periods of time, WECS power may also be quite variable. To accomodate this
variability may require addittonal operating reserves over and above those normally
required by the utilfty. Thus it is essentlal to detevmine the ziditional cperating

reserves the utility may require in orda.:r to accommodate expected fluctuations in
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wind system output.

As electric consumption continues to grow, utilities continue to face
the same protlem. This is one of adding enough new sources of generatigg to
enable them to meet these increasiny loads. & major objective of these generatlion
expansion programs 1s to provide energy to the consumer at the lowest possible
cost, consistent with established levels of reliability of supply. Bur not all
generation sources have the same cousts, or even the same cost structures. In
fact, over the range of alternative sources, the relationship between fixed and
variable costs varies substantially. Fixed costs are incurred by the mere
ownership of generation capaclty and remain fixed regardless of the amount of
energy produced with that capacity. Variable costs, on the other hand, are
specifically related to the production of energy and are, therefore, a function of
the amount of energy proijuced. As a rule, a generating unit with a low incremental
cost (1t may burn coal instead of ofil), and thus one economically attractive for
long hours of use, has a higher fixed cost than a unit with a high incremental
cost. The reason that that unit has a higher fixed cost is that it costs more to
get the greater efficiency necessary to use less expensive fuels. Once a utility
acquires a certain set of generating units, that set of units is loaded or set for
dispatch in such a way that units with the lowest incremental costs, suchk as a
coat-fired unit, are dispatched first. This step results {n a gain in overall
system economy and yields, for the utility, the lowest total cost of generation.
When a utility selects capacity to add to its current generation mix, it must
first identify the proper generation wix. This is one that will reliably satisfy
a projected load profile at the lowest total cost of generation. If we add wind
generation to the utility equipment mix, the utility system becomes more relishle,
as 1t will with the addition of any other generating source. As a result, the

addition of WECS to the mix makes it posslible for the utility to reduce its

projected requirements of conventional source capacity and still maintain its
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target reliability.

Determining an optimal size for a wind farm is a very complicated
procedure. Models have been developed which perform such analyses, taking into
account the above criteria as well as utility financial parameters such as cost

of capital, tax rate structures, and insurance requirements.

4.6 ENVIRONMENTAL ISSUES

4.6.1 Design Considerations

WECS have been proven reliable under a wide variety of envirommental
conditions. They have operated successfully in snow-covered regions, deserts and
oceans. The temperature and humiuity in which a system operates does not
directly affect turbine output and reliability. However, battery capacity and
life, and electronic equipment performance are reduced in such ervironments.

Battery performance is . strong function of temperature. As temperature
decreases, battery capacity is substantially reduced. At high temperatures,
although capacity i{s near maximum, battery life decreases. Also, in particularly
low-humidity environments, batterv maintenance in terms of water addition will be
affected.

Electronic circuitry is most reliable at lower temperatures and low
humidity.

System experience has indicated that it is best to house batteries and
power conditioning equipment in an enclosed area to minimize exposure to extremes
in environmental conditions.

4.6.2 Ecological Effects

Impact on flora occur where the ground cover is disturbed during WECS
installation process. These impacts are similar to those caused by the construction
and maintenance of transmission line towers and are site-specific. For example,

land-clearing in mountainous terrain can produce significant impacts. Additional
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Exhibit 4.20

COSTS OF COMPLETE WIND ELECTRIC SYSTEMS IN THE 1970'S
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Exhibit 4.2 1
TYPICAL RELATIVE COSTS FOR SMALL WECS
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PLUMBING

TOWER
WATER
PUMPING
BATTERIES WINDMILL
PERIPHERAL
\EGUIPMENT
AN

4-51



provide normal or desired operation of the system. This would include:

l. Wind turbine
2. Tower, footing, guy wires, etec.
3. Batteries, power conditioning equipment
4.  Pumps
5. Storage sheds for bilteries or other equipment
6. Storage rtanks
7. Wires
8. Plumbing
9. All installation costs such as delivery, plumbing, electrical,
and building permits.
4.9.2 Expected System Life

Wind turbines have becen installed at the South Pole and performed for
more than 20 years. Wind turbines have been installed in mountainous regions and
have been destroyed, or damaged, in just a few months. Both locations are windy
and subject to severe weather conditions. In trying to analyze the expected life
of your system, you are confronted with several problems. No 20-year rating of
wind turbines by any consumer-oriented organization is available. It would be
nice to simply assume that the manufacturer's or dealer's statements (if any)
concerning expected life are valid tTor your site. To do so will require intuition
and an unemotional, scientific guess of the relative credibility of such statements.
Most manufacturers tend to shy away from making claims on the life of their units.

Wind system designers, however, tend to design their equipment 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.

4.9.3 Total Energy Yield

This value, expressed in kWh, or horsepower-hour (hp-hr) is the result
2f the energy resource study and site analysis outlined earlier in this chapter.
Total energy yield represents the work of your entire system planning process.

You will likely estimate or calculate energy requirements on a monthly

basis. Simply add these together for all the months of a year, and multiply the
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annual total by the expected life. This results in the total energy yield you

expect from your system.

4.9.4 Annual Hai“te“aﬂgeaﬂn@‘RSEQ{E_EQEEE

It is possible to purchase a maintenance contract from some WECS
dealers. Depending on the terms of such a contract it might be possible to use
the costs of the contract, plus a small contingency cost for replacement of
.broken parts, as the annual maintenance cost.

If a service contract is not an available option, maintenance and
repair costs can be estimated based on performance information provided by
equipment manufacturer, as well as other users of similar systems.

4.9.5 Other Annual Costs and Savings

Listed below are other costs assoclated with the purchase of WECS.
All factors may not be applicable for every situation.

1) Bank Interest on money borrowed to purchase a WECS, or interest
lost on capital used to purchase WECS.

2) Cost for insuring the WECS
3) Property tax

4.9.6 Expected Resale Value

The resale price of old machines has risen rapidly in recent years.
Greatly increased demand, coupled with the availability of old machines at
reasonable cost has contributed to the resale value trend. Introduction of new
wind turbines from more manufacturers could sof;en 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.
4.10 SPECIFICATIONS IN THE RFP

Within the technical section of RFP, certain information must be
provided by the purchaser such that the responder can design the system as well

as submit a responsive bid. These two steps chat the responder must perform



require different levels of input as discussed in the sections that follow.

4.10.1 Input to System Design

The more detail that is provided by purchasers, the better the responder
will understand the nature of the request and thus the closer thae system can be
designed to the purchascr's expectations (technical and financial). Any doubts
In the designer's mind will result in an vievated bid.

First of all, adequate background about the desired system should he
glven:

o What is the purpose of the system (e.g., demonstration, training,
R&D, commercial)?

0 Where is the svstenm poing to bhe installed (e.g., distance to technical
expertise, accessibility)?

Information on the equipment desired, the climate and available resources, and
maintzinability should be included as indicated below.
Equipment Detail

0 Preferences on equipment supplied (e.g., generator (ac vs. de),
sealed versus vented batteries)

o Technical specifications for existing/required loads

o Indication of demand (¢.., requirad hours or operations, elec-
tric load profiles, amount of water pumped to what head)

0 Required reliability of cach load (consequences of system downtime)
0 Specifications for instrumentation desired (e.g., telemetry)

0 Specifications for systen protection and safety equipment (e.g.,
enclosures, alarms)

o Upper and lower system size limits
0 Rated wind speed

o Minimum cut-in wind speed

o Cut-out wind speed

0 Required availability

0 Control system requirements

o Design tolerances



Resource and Climate Data
0 Wind and, in the case of water pumping, water resource 4 “a
o Frequency of extreme, unique, or performance~-limiting conditions
(e.g., dust storms, high winds, hail, fog, ecarthquakes, wind
turbulence)
o Consecutive number of windless days
Maintainability
o Available maintenance for the system (e.g., none; regularly scheduled
visits by what skill level of person; trained system operator of
what skill level)
o Available enclosures (e.g., battery room of what size)
Whenever possible, diagrams, maps and site layouts should be provided.
Any known dimensions or distances should be identified. An important note to
remember, however, is that while detailed specifications are encouraged, they may

not allow for a creative bid.

4.10.2 Input to Development of Bid

The items discussed in the previous section addressed that information
required by the bidder to design the system; however, additional items must be
specified by the purchaser in order for the bidder to submit an uninflated quote.

They are as follows:

o Clear indiciation of what the responder is expected to provide (and
thus include in the bid) and what the purchaser will provide.

0 Joints of responsibility in the transfer of equipment (e.g., Does
the bidder just have to ship equipment to a given port, and then

the purchaser is responsible for transfer to the site?)

o Proof of performance (What is the limit of the contractor's
responsibility for technical performance?)

o Required ecquipmeunt warranty

0 Turnkey system, orv in conjunction with in-country organization
or local people

o Labor support (Provided by the purchaser? If no, what arc¢ approx-
imate local labor ratecg?)



Type of manuals, i{f any, to be provided with the system (e.g.,
startup and testing, operation and maintenance, in what language)

Spare parts (Are they to be included with the system?)
Continued technical support (To be provided by the contractor?)

Local availability of materials (e.g., cement, water, lumber, iron)
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5.0 SYSTEM IMPLEMENTATION AND OPERATION

5.1 INSTALLATION REQUIREMENTS

5.1.1 Factory Assembly

For all field installations, it is advisable that as much system
assembly as possible be performed at the factory. Nacelles, regulators, iaver-
ters, controls, instrument board and so forth can be assemblad and inspected
prior to shipment to the installatlion site. Modular turbine towers can be
easily assembled on-site, provided adequate instructions, tools and expertise

are available.

5.1.2 On-Site Installation

Installation requirements at the site can be categorized as either

construction or electrical. Construction tasks are as follows:

° Prepare the site by removing all brush, performing minor leveling,
and providing drainage

° Construct buildings and euclosures for instrumentation, controls,
switchgear, batteries, and loads, as required

o

Construct foundation and erect tower based on manufacturers
specifications

Trench and lay control lines from turbine and loads to the contrel
panel

Physically install turbine, loads and power conditioning system
Electrical tasks include:

Wire the turbine generators

Wire the loads

Connect power conditioning subsystem, instrumentation and protection
circuits

5.1.2.1 Ins‘alling Wind Turbine and Tower
To install a tower, you can either assemble it on the ground and tilt
it up or assemble it standing up. The first method requires assembly of all

components, guy wires, and as much of the wind turbine equipment as pessible on



the ground. The base of the towar is then fixed to a pivot to prevent the tower

from sliding along the ground and a rope is tied {rom the tower, over a gin pole
(Exhibit. 5.1) to a car, truck or winch. Moving the car/truek pulls the tower
up. The gin pole serves in the {nitial stages to Improve the angle at which

the rope pulls on the tower.

In the case of the tower being pulled up by a rope tled to a car/-
truck bumper, it might be well to pull with the car/truck backing up so0 the
driver maintains a clear view of the action. Also, an effective, foolnroof
communications link must be established and maintained between the driver and
the person who is directing the aperation. If not, towers pulled over center,
bent, broken cables, and a host of ather crises are likely to beset the tower
crew,

Tower-ralsing techuniques such as this are usually desceribed in the
owner's manual o1 installation instructions that come with the tower. Since
each tower has a different load rating and different 'nstallation raquirements,
it is not possible to discuss the details of tower raising.

Many towers, such as a {ree-standing octahedron module tower can be
erected {n place. This is usually done by assembling the first few bays on the
ground, standing these up, then assembling the remafining bays while standing
on each successive lower bay.

To raise a wind machine, vou can: holst a completely assembled
machine up an already erected tower; holst a partially assembled machine up an
already erected tower (Exhibit 5.2), completing the assembly aloft; or tilt the
tower up, with the wind machine already installed. The flrst two methods rate
the citle "traditional™; the last, {n manv cases, {s not possible or safe.
Tilting up a tower with the wind machine already installed (Exhiblt 5.3),
imposes additional loads on the tower. The compress{ve load at the base pivot

and the bending loads where the rope is attached will bo much preater, with the



Exhibit 5.1
TOWER RAISING WITH A GIN POLE
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Exhibit 5.2
HOISTING A WIND KACHINE UP THE TOWER
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cxhibit 5.3
TILTING UP A WIND SYSTEM AND TOWER USING A

GIN POLE




turbine attached. Most likely, you will have to provide extra bracing, but in
any case you should ccnsult the manufacturer about these loads or rely on a
competent installation crow.

Consider also tharv if anything goes wrong, you stand to lose the
entire tower and wind machine. Risks g0 up rapidly as tower height and wind
machine weight increase. This is not t o sav, however, that tnis method will
not work; it does, but the individual fnstallation will dictate the method.

For sturdy towers of 20 to 40 feot (6.1 to 12.2 meters) experience has shown
that tilting the whole works aloft can work.

For taller towers, you can cxpecst to hoist the wind turbine up an
already erected tower. This will require a block-and-tackle supported aloft and
an extra rope to the wind machine. The block-and-tackle is usod to lift, while
the rope is rugped at from the ground to keep the wind wachine from barging into
the tower as ir journeys upward.

Consider that with a hand-oper .tad block-and-tackle, you can feel what
is happening. Tail vanes snagged on a guy wire may not be detected until danage
has occurred if you use a wineh or auto-pulled hoist. The support structure that
holds the block-and~tackle to the tower Lop must not bend or otherwisce yield to
the loads of the wind turbine. You can test it by hoisting up the wind machine
with @ volunteer adding extra weight. Remember that you must depend on this
hoist ro suspend the machine over irts mount while it is bolted down, maybe 80
to 190 feet (24.4 vo 30.5 meters) in the air.

Points to remembur while doin, any wind turbine installation:

1. Hard hats are required, - tools, bolts, and other objects seem to
be routincly dropped from aloft.

2. Climbing safety belts mus: always be used.

3. Make provision for preventing the wind turbine from operating
until 1t is rully fastalled.  Feather the blades, rie them with
a repe, or otherwise lock then. One of Murphy's laws says that
whatever can go wrong, will. While you may not detect a breeze

H=b
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tower should be tied to the tower every few feet or fed through a conduit to
preclude wind damage.
5.1.2.3 Labor

Construction tasks can be purformed by local uuskilled labor under
the divection of an experienced Iadividual. Electrical tasks require a skilled
electrician; however, whece repetitive procedures are involved, local people can
be trained under the supervision of an electrician.
5.1.2.4 System Checkout

The final step in the installation procedure is a total system
checkout. Construcrion and electrical connections should be both sound and
correct to ensure the safety of operators as well as bystanders and livestock.
This checkout is performed prior to system start—up and testing procedure.
5.2 SYSTEM START-UP

It is essential, from both operator and equipment safety stand-
points, to follow a systematic start-up procedure. A few points to keep iu mind
follow:

o Components should be tested independently of one another to the
extent possible.

0 Initial switching—on of the turbine should be done in low wind
speeds (In case power conditioning components have not been
properly "burned in" by the manufacturer, they should not be
subjected suddenly to full power--likewise with pumps.)

o In systems with battery storage, the batteries should never be
turned off prior to the turbine. Similarly, the turbine should
never be turned on pricr to the batteries.

5.3 PERFORMANCE MONITORING

The ultimate purpose of performance monitoring is to improve/modify

designs of systems and components to fit new applications. It is therefore

recommended only in the context of an R&D center. The basic questions that must

be answered are:



(1) Is the system producing as much energy as predicted?

(2) Are the loads consuming as much cnergy as predicted?

The energy flows throuvhout the system can be measured using an
anemometer, amp-hour (A-h) meters, dvnamometer and run~time meters as indicated
below.

Wind Resource Verificatien: Using an anemometer, wind speed and

duration can be monitored and then compared to data used in designing the

system.

Wind Turbine Performance Verification: A-h measured coming out ot

the turbine during a certain period of time divided by A-h predicted coming out
of the turbine during the same period should be completed. For mechnical appli-
cations, a device which can measure shafe output, such as a dynamometer, can be
used to verify wind turbine perrormance.

Battery State-of-Charge Estimate: The current into the battery

divided by the current out of the biattery both over a given period of time,
starting at full charge should be measured. This can be done with an instrument
that continuously records amperchours in and out of the battery.

Load Profile Verification: A load profile verification is only

necessary for stand-alone electrical WECS aprlications.

-= A-h measured into th: loads over a period of time divided by
A~h predicted into the loads over the same period

—= Load run time measured over a period of time divided by run time
rredicted over the same period

Overall System Performance: A-h measured out of wind generator

during giveu time period minus the A-h measured to the loads over the same time
equals A-h surplus or deficit. If there is a sustained surplus, the turbine was
oversized cr the loads are underutilized. IFf there is a sustalned deficit,

battery life is threatened.



Whether the data acquisition system s automatic or manual, {it
should he performed only where technical expertise 1s readily available. Thisg

statements 1s based on the following two polnts:

(1) the accuracy and amount of data 1is fnversely proportional
to distance from technical expertise

(2) accuracy is not proportional to cost (for example, digital
recording A-h meters arc costly, while their accuracy 1s
difficult to mafntain).
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6.0 SPECIAL CONSIDERATIONS IN EGYPTIAN ENVIRONMENT

6.1 DUST STORMS
WECS gearboxes and generators, whether they are located in a
nacelle atop a tower (horizontal-axis) nr ground mounted (vertical-axis), require

exter:ive cooling for proper performance. This cooling is caused by airflow

through the nacelle or other generator/pear box housing structure. Dust storms
can result in accumulation of dust (a3 well as other debris) on gearboxes and
generators, causing them to overheat. 1In addition, dust can find its way into

bearings, causing further turbine complications. Engineering +1aptations of
manufacturer's designs may be required to obtain hetter sealing of operating
gears and other parts. Also, coating or annual recoating of hlades may be
necessary to maincdln aercdynamic efficiency.

Dust storms also result in dust accumulation on batteries, power
conditioning equipment and electrica! contacts. These should be cleaned as often
as necessary to insure optimum systen performance.

6.2 TEMPERATURE & HUMIDITY

The high temperatures encountered in Egypt reduces electrical
equipment relisbility and decreases battery life. Low humidity also increases
evaporation of water from vented batteries, thus increasing the frequency of
maintenance. Batteries should be sheltered in such a way as to optimize passive
cooling.

6.3 WIND RESOURCE

At least two regions in Egypt have sufficient average daily and
annual wind speeds considered high enough for the application of wind power.
Available data demonstrates that the Mediterrasean Sea coast has an average
annual wind speed of about 12.4 mph (5.6 m/s), and the Red Sea coast approxi-

mately 13.6 mph (6.1 m/s). Useable clectric energy output in these areas is

6-1 1
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estimated to be 650 kWh per squarc metor of windmill swept area.

Available data on wind resources in Egypt 1is presented in Appendix 1.
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7.0 CURRENT R&D THRUSTS

Current WECS R&D thrusts are aimed at inereasing system reliabilicy
and availabiiity, producing lar.er (megawatt) size machines (average turbine size
in 1984 was 78kW), increasing the ranpo of windspeeds in which a given turbine can
operate (increasing the energy output), and developing lightweight materials.
Projections showing the cost of ener,v produced by WECS are shown in Exhibic 7.1
for smaller machines (50-60kW

Specific technical thrusts of the current WECS research programs
are outlined below.

7.1 AL RODYNAMICS

Several approaches are bheing taken te improve and gain a berter
understanding of the aerodynamics of the rotor. Recently, research to reduce
draft of airplane wings has discovered that small surtfaces attached to the wing
tip, called winglets, reduce the drag of the wing. Similar devices on the wind
turbine rotor blades may result in improved rotor performance.

Up to this point, wind turbine rotor blades have been designed and
built from airfoil shapes intended for airplane wings. These shapes are not
necessarily the most optimum design for the range of operating conditions
experienced by the wind turbine rotor. Large wind turbine rotor airfoils should
be thicker than the conventional thin wings on airplanes. Well-established
methods for designing airfoils will he extended to include airfoils having their
maximum thickness up to 30 percent of their width. Te validate these advanced
designs, models will be built and tested in a wind tunnel. Later, a set of thick
blades will be built and tested on a full-scale rotov.

Detailed experiments will be conducted to determine the effects on
rotor chraracteristics of several airfoil control surface methods. Objectives of

this research will be to investigate and obtain a data base on the performance of
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identified, through developuweni and testing projects, as the most promising
materials to meet these goals. However, additional research is needed to
improve these materials and to develop extensive and comprehensive properties
data. Basic materials propertics teats will be conducted to determine the
effects of such variables as wood prade, moisture content, construction pro-
cedures, and temperature and hundity vxposure.

Prestressed concrere was studied and rcejected as a blade material
because of excessive weipht. A new teehnique of reinforcing concrete by using
glass or graphite fibers could possibly change the outlook of using concrete for
blades. A conceptual design will be made to determine if blade weight and cost
would be reasonable if fiber-reinforeced concrote were used.

High-strength graphite filaments can also improve the strength of
both wood and fiberglass composite blades.  Because the wood blades are of
laminated constructlon, a laminated veinforcement using high-strength materials
can be readily incorporated into the fabrication procedure. Blade test articles
will be built and cested to acquire strenpth data and to develop the ability to
apnly this technology to fuil-size roror blades.

For economic wind turhine operation, rotor blades should have an
operating life expectancy of about 30 vears under widely varying environmental
conditions such as salt-laden, humi. air and "igh and low temperatures. Research
1s required to determine the effect of such extreme environmental conditions on
rotor blade structures and will provide the technology needed for environmental

by environmental and time-accelerated testing

protection. Data will be acquired
methods and by actual real-time exposure to various environmental conditions.
7.4 DIFFUSER-AUGMENTED WIND TURBINE

The Diffuser-Aupgmented Wind Turbine (DAWT) is one of the advanced

concepts being investigated to improve the economies of wind energy conversion.,

The project is aimed at increasing the output and reducing the cost, the of f-duty



time, aud the technical risk of wind nergy conversica systems.

In the DAWT concept, the turbine rotor is enclosed in a diverging
duct called a diffuser (Exhibit 7.2). By recovering exhaust kinetic energv, the
diffuser produces a greatly reduced pressure behind the turbine with at least as
much pressure dropy across the turbine. Because the wind power available to the
turbine is the product of flow ratc and pressure drop, much greater power output
is possible than for a conventiona! WECS at the came turbine size and free wind
speed. The DAWT also has additional vperational and reliability advantages that

arise from the diffuser's large nonrotating structurc.
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Exhibit 7.2
ARTIST CONCEPTION OF A DIFFUSER AUGMENTED WIND TURBINE




8.0 WECS APPLICATIONS

Wind is a practical energy source for many applications requiring
electrical or mechanical power. Its suitability for a specific application at a
given location will depend on many factors, both economical and logistical.
Wind energy has proven economically and technically successful in water pump ing
and stand-alone electrification applications, as well as in supplementing a
utility's generacving capacity. This chapter presents information on such
applications whichk are currently operational or being tested worldwide. Descrip-
tions of representative WECS applications are shown in Appendix T ~ Wind Project
Site Visit Book.
8.1 AGRICULTURAL APPLICATION

In a majority of developiag ceuntries, the agricultural sector is
probably the most important and productive secter of the cconomy, encompassing
such activities as livestock, food and non-food crops, fiéheries, poultry and
dairy. Applications for wind systems include a variety of uses such as irrigation,
feed preparation, rcfrigeration, and ventilation for livestock and produce storage.

8.1.1 Crop and Livestock Production

The major production activities in which wind enevgy systems
could play a significant role are irrigation and livestock watering. To illus-
trate the attractiveness of wind in such applications consider the following
example. Tn a location with a mean wind speed of 15 mph (6.7 m/s) and a pumnping
requirement of 100 vertical feet (30.5 m) total pumping head, a mechanical wind
turbine with a 6 fr. (1.8 m) diameter rotor can supply approximately 677,000
gallons (2.6 million litres) of water per year, while a machine with a 14 ft
(4.3 m) diameter rotor will supply about 4.6 million gallons (17.4 million
litres) per year. If the mean wind speed was only 12.5 mph (5.6 m/s), the
above machines would supply 540 tnousand and 2.6 million gallons (2.0 million
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and 13.6 million litres) of water, respectively.

smaller machine could supply enough water
water about 77 cattle annually,
1o

of land or water over 500 cart

8.1.2 Crop Processing
Major crop processing activities include:
milling, hulling, scarifving,

occur in most countries of the world.

on the type of crop, staple dict and cultural practices.
demands occur jus: aiter harvest, requiring mills

However, there is also a vear-round demand requiring

material processed, size and shape of product.

nificantly, ranging from 1.5 kWh/metric ton

fine grinding of cereal grains.
tions, depending on local wind resources,

mect 1007

of the loads as a result of ¢

8.1.3

A critical need in rural areas of developing
and refrigerzcion facilities for agricultural produce.

been reported due to a lack of such facilities.

and refrigeration vary depending on

Inadequate drying is a ma jor cause of losses.
many of the cereal growing countrics ares bee

driers. These units require power to operate the

Wind machines could be

Pewer requirements could vary between

aunualiy.

polishing and decortication.

Energy requirements are characterized by capacity,

Refrigeration, Ventilation

20=40 kWh/MT for low temperature dryi

With either windspeed, the

to drrigate 0.15 hectares of land or

The larger machine could irrigate 0.8 hectares

cutting, grinding,

These activities

The extend of the operation deponds greatly

Often, peak power

to operate 12-15 hours/day.
4=4 hours/day of operation.
power required per unit of
Energy requirements vary sig-

(MT) for winnowing to 40 kWh/MT for

Wind energy could be cconomical in many loca-

but is is unlikely to ccononically
scasonal demand of the application.
and Crop Drving

countries is storage

Losses up to 40% have

Enerpy requirements of storage

type of product and climate condition.

As a resulrt,
inning to introduce mechanical

o

bilower.

a4 sultable power source for such applications.

ng.



Ventilation for grain, fruit and vepetable storage could range from about 0.05 to
0.5 kWh/MT/day. If cooling, refriperation or freczing is required, then the
energy demands are much higher. Tvpical sizes of rural storage facilities range
from about 25 YT to above 1,000 M1,
8.2 INDUSTRIAL APPLICATIONS

Industry is a major consumer of commercial energy in developing
countries, accounting for 20 to 66 depending on the specific country. Most of
this usage, however, can be attribured to the production of energy intensive
products such as steel, cemenc, ammonia, pulp and paper, fertilizers, and refin.d

petroleum products. The more appropriate applications potential for wind e rgy

in these countries is in the cottage industry categorv where power requirements
are more dispersed, grid power is not available and the availability of local
gencrator systems is limited,
8.5 RESIDENTIAL/COMMERCTAL APPLICATIONS

In the resideatial and commercial scctor electric energy is used
for a wide variety of domestic and productive purposes. hese could range from a
few hundred kilowatt hours annually for a basic houschold purposes to theusands
of kilowatt hours for a Lavger commercial business. Rural areas roecelve electricity
from (1) stand-alone gencrators serving single consumers; (2) a local network
serving several consumers and; (3) the main prid system of a utilicy.
8.4 OTHER REMOTE AND SPECTIAL APPLICATIONS

There are a myriad of other «ind machine applications that do not
easily fall into the above catepories.  These include telecommunications, hichway
applications, lighthouses, battery charging, power for outposts, clinics and
schools, and desalinatiocn. Huhibirc 9.1 summarizes these applications, their
general energy requirements, and the competitive position of wi-d michines whoen
compared to dicsel power. TIn general wind systems are competitive with conventional

diesel and gasoline generators in most remote and special applications.  For the
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Application
Repeater Station
Private Micro-wave
UHF/VHF

Radio Transceiver
Highway Rest Stop
Cathudic Protection
Lighthouse

Small School
Battery Charger
Outpost

Health Center
Desalination (Small)

Desalination (Large)

Ex. Jit 8.1

COMPARISON OF POWER SOURCES FOR
REMOTE AND SPECIAL APPLICATIONS

Conventional System to Wind
System Cost Ratio*

Energy Requirement Wind Energy System

{kWh/year) Size Range 1981-1985
22,400 10-25kW 1.30
2,400 2~-5kW 2.34
800 < 1kW 1.15
500 < 1k 1.27
2,000 1-5kW .67
250 <1k 1.21
10,000 5-10kW .92
10,000 5--10kW -92>
600 < kW 1.20
300 < Tk .38
4,000 2-5ki 1.01
17,000 10-25kW 1.07
33,000 15-40k¥ .70

1

1

1

1986-1990

.65

.76

.98

.01

.87

.61

.49

*Ratio is based on:
cost of §1.50/gal {ov
all other application

2ost of energy from wind Energy systems with 12.5 mph (5.6 m/s) mean annual w

ind speed; fuel

highway rest stop; battery charger and desalinat{on applications; fuel cost of $3.00/gal for

s; 12% real discount rate.

Source:  Prospects for Foreign Applications of Wind enerpy Svstems — Preliminary Report.

T A SVAR LA R ETES G g 2. g g
Report DOE/NBH=TO05,  Novembar TYSTS

Department

oL

Energy



smaller applications (e.g. 250-800 kWh/vear), a closer match bhetween wind system

«

size and erergy requirements would further fmprove the cost comparisons in favor

of wind systems.



9.0 PRODUCTS

The U.S. wind industry offers a wid- varlety of equipment to
choose from: small, medium and large scale wind generator systems, both ac and
dc; mechanical systems; packaged systems for speciflic applications; towers:
rotors; controllers, inverters anl converters; and mechanical and electrical end-
use equipment. TIndividual WECS components can be obtained from respective
manufacturers, or their distributors; turn-key systems can be purchased through
systems fntegrators and some turhinc manufacturers. Several of the ma jor
manufacturers also supply packaged svstems for certain applications.

This chapter organizes U.S. manufacturers’ products. Information
i1s presented in matrix format by component, as follows:

Wind Turbines (Fxhibit 9.1)

Packaged Systems (Exhibit 9.2)
Towers (Exhibit 9.3)

Batteries (Exhibit 9.4)
Regulators/Controllers (Exhibit 9.5)

Power Conditioning-Inverters (Exhibit 9.6)
Miscellaneous Equipment (Exhibit 9.7)

O 00 00O u

The information presented 1s based on product literature obtained through a
mailing tn U.S. manufactures. Only those manufacturers who responded are

included on the matrices. As such, the information in this chapter is represen-
tative of U.S. wind products but not all inclusive. The actual product literature
recelved from the mailing are filed by components in the REFT Pro ject Library.

At the end of this chapter are the names and addresses of all the

manufacturers identifies in the matrices.
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Exhibit 9.5
REGULATORS/CONTROLLERS
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Nominal Voltage Input
(Volts)
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NORTH WIND i .
POWER CO. @ o @19
SPECIALTY CONCEPTS Q@ ' ® ¢ |l 0le | o
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WIND TECHNOLOGIES
L




In-crier Power

Guotput (AVA)

FEATURE

MANUFACTURER

ABACUS

ACHEVAL

ADVANCED ENLRGY

OWIR

AMERICAN P

CONVERSION

oGy

BEST

|

GNB

HEART INTERFACE

HELIONITICS

NOVA ELECTRIC

POWIRMARK

TESLACO

_T_* -

|
!
|

TRIPPLITE

e

WINDWORRKS

DPOWT R

BERGEY WIN

WIHHRI WIND

DY TR

Exhibit 9.6 POWER CONDITIONING-INVERTERS
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U.S. WIND ENERGY PRODUCT MAHUFAGCTURERS

Abacus Controls, Inc.
P.O. Box 893
Samerville, New Jersey
Phione (201) 526-6010
Telex 8881806

06876

Acheral Wind Electronics Company
361 Aiken Strecet

Lowell, Massachusotts 01803-411%
Phone (617) 453-0874

Advanced Energy Corporation
14933 Calvert Street
Van Huys, Californla
Phone (213) 782-2191

91411

American Power Conversion Corporation
HY Canbridge Street

Buriington, Massachusetts

Phone (617) 273-1570

Astral Wilcon, Inc. (AWI)
Y.0. Box 291

127 West Main Street
Hillbury, Massachusetts
Phone (617) 865-9570

01527

Balance of Systems Specialists, Inc.
(BOSS)

7745 E. Redftield Road
Scottsdale, Arizona 85260
Phone (5602) 948-9809

Telex 6835041

Bergey Windpower

2001 Priescley Avenue
Norman, Oklahoma 73069

Phone (405) 364-4212

Best Power Technolegy, Inc.
P.0. Box 280
Necedah, Wisconsin
Phone (608) 565-7200
Telex 701934

54646

Carter Wind Systems, Inc.
Route 1 - Box 405 A
Burxbunerc, Texas 76354
Phone (817) 569-2238

9-0

C&4D Power Systems

(Allied Cornorarion)

3043 Walton Road

Plymouih Meetingy, Pennsylvania
Phone (219) Br4-95000

Telox 631059 0D BAT UW

Chloride

P.0O. Box 12936
Tallahassee, Florida
Phone (9049) 355-5684

32308

Delco Elvctrontas

Division of Genvral Motors
2401 Columbus Avenue
Andevson, Indiana 46011
Phone (317) 640-7821

Dempster, Inc.

P.O. Box 844
Beatrice, Nebraska
Phone (402) 223-5026

68310

Dytek Labaratories, Ine.
Alrport International Plaza
40 Orville Drive

Bohemia, New York 11716
Phone (516) 507-5500

Earth Energy Systems., Tne.
0y )
250 Prairvie Center Dirve

Eden Pralrie, Minnesota 55344
Phone (612) 830-7200

Telex 29-0753 EEsL gD
Enertech Carporatien

P.0. Box 420

Norwlch, Vermont 05055
Phone (802) 649-1145

Telex 706433

EST, Inc.

500 Valley Way

Hilpitas, California 95035
Phone (408) 945-9922

Exide, Inc.

101 Gllbrator Road

orsham, Pennsylvanta 19044

Phone (215) 674-9500

19462



U.S. WIND ENERGY

FloWind Corporation
21249 72nd Avenue, South
Kent, Washingron 98032
Phone (206) 872-7080

TWX 91044727062

Globe Battery
5757 N. Green Bay Avenue

Milwaukee, Wiscousin 53209
Phone (414) 228-1200

Telex 26650

GNE Batteries, Inc.

P.O. Box 43140

St. Paul, Minnesota 55164
Phone (612) 681-5000

Telex 297036

Grundtos

P.O. Box 549

2555 Clovis Avenue

Clovis, California 93613

Phone (209) 299-9741

Heart Interface Corporation
1626 S. 34lst Place
Federal Wayv, Washington
Phone (206) 838-4295
Telex 16053

98003

Helionetics

17312 Kaston Street
Irvine, California
Phene (714) 261-87313
TWxX 9105952829

92714

Heliotrope General

3733 Kenora Drive

Spring Valley, California
Phone (619) 460-3930

92077

Hermann Rotor Company

208 La Salle Strect, Suite 1283
Chicago, Illinois 60604

Phone (312) 346-5033

Internat{onal Dyn.:rgy, Inc.

777 E. Tahquitz-McCallum Way
Suite 233

Palm Springs, California 92262
Phone (06l19) 322-0400

Telew 881743

PRODUCT MANUFACTURERS

(Continued)
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ISTA Encerpy Systems Corporation
407 Hope Avenue

P.0. Box 618
Roselle, New Jersey
Phone (201) 241-8880
TWX 7109965818

07203

KW Control Syvstems, Inc.
South Plank Road
Middletown, New York
Phone (914) 355-6741
Telex 6711599

10940

Lakestate Systems, Inc.
Box 181

Kennedy, Minnesota
Phone (218) 674-4105

56733

Natural Power, Inc.

New Boston, New Hampshire 03030
Phone (603) 487-5512

Telex 845233

NIFE, Inc.

George Washington Highway

P.O. Box 100

Lincoln, Rhode lsland 02855

Phone (401) 332-1179

North Wind Power Company
Box 556

Moretown, Vermont 05660
Phone (802) 496-2955
Telex 957034

Nova Electric Manufacturiig Co., Inc.

263 Hillside Avenue
Nutley, New Jersey 07110
Phone (201) 661-3434

Product Development Instlitute
4445 Talmadge Road

Toledo, Ohio 43623

Phone (419) 472-2136

Rohn

6718 West Plank Road
P.0O. Box 2000

Peoria, Tilinoie 61656
Phone (309) 697-4400
TWX 91065206406



U.S. WIND ENERGY PRODUCT MANUFACTURERS
(Cont Lnued)

Santa Rosa Machined Props, Inc.
127 Alrport Blvd.
Santa Rosa, Callfornia 95401

Phone (7u/) 545-1108

Second Wind, Inc.

7 Davls Square

Som:rville, Massachusetts 02144
Phone (617) 776=-8520

Surrette Storage Battery Co., Inc.
P.0. Box 3027

Salem, Massachusetts 01970
Teslaco

490 South Rosemead Blvd.
Sulte 6

Pasadena, California
Phione (213) 795-1699

91107

Tideland Signal Corporation
4310 Director's Row

P.0. Box 52430

Houston, Texas 77052

Phone (713) 681-6101

Telex 762 327 or 762 356

Tripp Lite

500 No. Orleans

Chicago, Illinois 60610
Phone (312) 329-1777

Valley Pump Group

Commerce & Exchange Streets
Conway, Arkansas 72032
Phone (501) 329-9811

Vawtpower, Inc.

134 Rio Rancho Drive
Rio Rancho, New Mexico
Phone (505) 892-9463

87124

WhirlWind Power Company

207 1/2 East Superior Street
Duluth, Minnesota 55802
Phone (218) 722~1492

Telex 910 561 0052
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Winco

7850 Metro Parkway
Minneapolis, Minnesnca
Phone (612) 853-8400
Telex 2907543

55420-1985

Wind Baron Corporation

3702 West Lower Buckeye Road
Phoenix, Arizona 85009
Phone (602) 269-6900
Telex 06835005

Wind Power Systems, Inc.
9279 Cabot Drive

San Diego, Californla
Phone (619) 5366-1806
Telex 383187

92126

WindTech

P.0O. Box 837
Glastonbury, Connecticut
Phone (203) 659-3786

06003

Wind Technologles
1190 Brooks Avenue
Rochester, New York
Phone (716) 235-8500

14624

Windworks, Inc.

Box 44A, Route 3
Muckwonagn, Wisconsin
Phone (414) 163-4088

53149

Winpower Wind Systems, Inc.
Newton, Iowa
Phone (515) 792-1301
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APPENDIX B
THEORY OF THE IDEAL EFFICIENCY
OF WIND TURBINES

(Excerpt From: DeRenzo, D.J. editor, Wind Power--Recent
Developments. New Jersey: Noyes Data Corporations, 1979)




WIND POWER
The power, P, that can be extracted from a windstream by an
unshrouded wind turbine is equal to the efficiency, 7, of the system used to
extract the power, times the wind's volumetric flow rate at the turbine, Vparp,
times the sum of the change in pressure energy, Ap, plus the change in kinetic

energy,AQ, of a unit volume of air that passes through the turbine:

P = 7)\',1.,\,1,[/_\;) + AQ]

For a conventional wind turhine, operating under optimum steady
state conditions in an initially free-flowing windstream of constant initial
velocity, Vg, the velocity of a unit volume of air will decrease monotonically
as it approaches the turbine, passes through ic and recedes from it. As the
air receives kinetic energy from the surrounding winds, its velocity witl
In:rease until it again reaches {ts initial velocity, Vg.

The sum of the change in pressure encrgy and the change in kinetic
energy of the unit volume of air will he constant as it approaches the turhine
upstream. The pressure energy will increase, and the kinetic energy will
decrease, until the pressure reaches a maximam at the interface with the turbine.
As the air passes through the turbine, its pressure will rise until it again
reaches atmospheric pressure. After passing the turbine, its kinetic energy
will continue to decrease until {its pressure again reaches atmospheric pressure.

The cross-sectional arca of the windstream that passes through the
system will be inversely proportional to fts velocity. 1Its streamlines will
expand as 1t approaches the turbine, passes through it, and recedes from it. As
the disturbed flow reccives kinetiec energy from the surrounding winds, the
effects of the turbine will diminish through the dispersal of the disturbance

in the windstream.

The power coefficient, CP' of such a system {s defined as the
B-2



power delivered by the system divided by thé total power available in the cross-
sectional area of the windstream subtended by the wind turbine.

It can be shown from momentum theory that the maximum amount of
energy that can be extracted by a wind turbine from a windstream in the process
described above, is eight-ninths of rhe kinetie energy of the windstream passing
through it. Under these conditions, the maximum loss in wind speed will be two-~
thirds of the initial velocity of the windstream, Voo

For a system of 100% efficiency, the waximum power density that
can be extracted by the turbine from the winlstrear. in the above process will,

therefore he:

P ' 2 ! 3
_max _ 2 v 8 _(”.\'4.;.\_ = 1,593 PVa”
A 3 09 ki 2
pV 3
where, 0 = the ambient power density of a unit volume of the windstream

The factor 0.593 is known as the Betgz coefficient (from the name
of the man who first derived fty. Tt 1s the maximum fraction of the power in a

windstream that can be extracted by 4 turbine in the windstream.



APPENDIX C

LOAD ESTIMATION FOR
MECHANICAL WATER PUMPING SYSTEMS



Accurate load estimation is extremely important in order to properly
size a mechanical water pumping system Presented below is a step by step
procedure, with example problems -nd design charts, for estimating required

pumping power and eunergy.

Exhibic C.1 illustrates a complete water pump and storage system.

In any water pumping application, two parameters must be determined for sizing
system components.  These are punp depth (depth of aquifer) and storage tank
height. Together, these figures determine total water head - the maxirmum

helght to which the pump must 117t water (assuming the storage tank is not
pressurized - for a pressurized tank add 2.31 feet of head for each psi

(.102 meters for each kPa));
Total Water Head = Pump Depth + Storage Tank Height Eq. C.1

where Total Water Head is measured in feet, Pump Depth 1s mecasured in feet
from ground level and Tank Height !s measured in feet from ground level to the
top of the water outletr as shown in Exhibit C.1.

Pressure drop (head loss) resulting from water flow through pipes
will increase the amount of load on the pump. Head loss 1s accounted for with

a head loss factor. The factor is the feet of head loss per hundred feet of

pipe run. Thus, the total length or pipe required for system operation, pipe

diameter and maximum flow rate of the pump are required to deteremine total

power requirements. Exhibit C.2 {s a table used for determining head loss.
The head loss factor determined from Exhibit C.2 is converted to

Head Loss by the following equation:
llead Loss = head loss x pipe run + by 100 Eq. C.2

where pipe cur 1s measured in feet (meters).



Exhibit C. 1

WATER PUMPING SYSTEM DIAGRAM







Exhibit C.2
HEAD LOSS FACTOR
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NOTE: Exhibit assumes standard (“schedule 407) 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 internal diameter.



THEORETICAL PUMP POWER

HORISEPOWER (kW)
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'Exhibit C.3
THEORETICAL PUMP POWER

flow rate

GPM Litres/sec

|

|
| |
| i

head

Q0 700 80C 902 1240 (feet)
182.8 713.4 243.8 274.3 304.8 {meters)

1.26

0.95

0.63

0.32



Exhibit C.4
WATEK REQUIREMENTS

Water Consumption of Pigs Water Consumption of Chickens
(Pounds of Water per Day) (Gallons per 100 Birds per Day)
Conditions Conditions
Body Weight = 30 lbs........ cheas 5-10 1-3 weeks of age...v.vu.., Cheeea 0.4-2.,0
Body Weight = 60-80 lbs........... 7 3-6 wecks of age...e.en..... ceeene 104=3,0
Body Weight = 75-125 lbs.......... 16 6=10 weeks of age.iveeerreanennsss 3.0-4.0
Body Weight = 200-380 1lbs......... 12-30 9-13 weeks of age...... et et 4.0-5.0
Pregniant SowsS.ueiieneereneennnnnns 30-38 Pullets.oooiua.. e Cheeeea 3.0-5.0
Lactating Sows.e.vevnvnnn.n.. ceeees 40=50 Nonlaying Hens...... ettt 5.0
Laying Hens (mode ate
Lemperaturas).cve. e, . et e 5.0-7.5
Laying liens (temperature 90°F).... 9.0
Water Consumption of Sheep Water Consumption of Growing Turkeys
(Pounds of Water per hay) (Gallons per 100 Birds perv Day)
On range or dry pasture........... 5-13 Conditions
On range (salty feeds)..vevervuinnn. 17
On rations of hay and grain or 1-3 weeks of age.......... tes-eve. 8-18
hay, roots and grain....... eeeee 0.3-6 4-7 weeks of agevevevirenvninnnan. 26-59
On good pasture..iee .. veeensnnn.. . Very 9-13 weeks Of agesieeeiinenerennn. §2=100
little 1519 weeks of ages.o.... e 117-118
(i1 any) 21-26 wevks of age..veeinennsnnn,.. 95-105

Water Consumption of People
Average Person: 75 gallcons per day

Lawn: 0-200 gallons per 1000 square
feet, every other day.

Water Consumption of Cattle
Water Consumption

Class of Cattle Conditions (Pounds per Day)
Holstein calves (liquid milk or 4 weeks Of ageuvivuunerennennns 10--12
dried milk and water supplied) B weeks of age...ovvveinnnnn. 13

12 weeks of age . oo nnnnnnn. 18-20
16 weeks of ageseeneennnn,. eeee  25-28
20 weeks of ageeeen ... 32-36
6 weeks of ageeveeevennnenns,, 33-48
Dairy Heifers............ e Pregnans . it iii i it 60=-70
R AT o Maintenance ration........o..... 35
Fattening ratlion.. e eenenenn, 70
Range Cattle........ et et ettt e cveneress.  35-70
Jersey Cows.uvvvivnnnn. e Milk Production 5-30 lbs/day... 60-102
Holstelil CoWsevenennrneeennens, Milk Production 20-50 lbs/day.. 65-182
Milk Production 80 lbs/day..... 190
D o 90

NOTE: The numbers in this exhibit were developed based on experience in the
United States. They should be modified based on Egyptian experieuce.

SOURCE: Water, Yearbook of Agriculture, 19Y55. U.S. Department of Agriculture,
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LOAD ESTTMATION FOR STAND-ALONFE
ELECTRICAL APPLICATIONS









Example:

Item Power (watts)
TV 200
Coffee pot 894
Dishwasher 1200
Refrigerator 300
Water heater 6000
Maximum Load 8594 watts = 8.59 kW

5. Determine your total monthly energy requirement. Total energy
is exprassed in kilowatt-hours (kWh). This i{s the energy you
must supply each month, or pay for when supplied by your electric
company .

Example:

Item Energy (kWh)
TV 24
Coffee pot 9
Dishwasher 36
Refrigerator 30
'ater heater 300
Total Energy Requirement 399 kWh per month

(Note: The above examples are selected at random from Exhibit D.1 and do not
necessarily represent a typical WECS stand-alone applfcacior).

The next step in determining load characteristics is to develop
your daily load cycle history. This calculation will given you a much better
estimate of your actual electric load demand. Simply adding up all of the
loads, as in the above example, assumes that all appliances will be on the same
time and gives a worst case figure, but does not reflect a real casa. To
arrive at a load cycle history, you must make estimatcs of the time of day
your devices will be on and for how lony. -

This estimate may be as accurate or as rough as necessary. How
accurate you decide to be In making estimates will depend entirely on your
assessment of the importance of this calculation. For an accurate estimation,
it will be necessary to actually monitor any items that operate on a cyclic
basis, such as refrigerators. For less accuracy, it may be reasonable to

assume such loads "on" continuously. As a first erample (not representative,



but illustrative of the thinking here), we shall separate items by their
nature: those which you control, and those which cperate automatically. For
this example, items that operare automatically shall be assumed to operate

continuously. The other loads will require estimation of operating cycles.

‘

This is illustrated in the following example.

Automatic Ttems ,hﬁiﬂ_ﬁﬂﬂttsz Time
Refrigerator 309 Continuous
Water heater HO00 Continuous

For a second exuample, let us he more realistic. The assumption
that all automatic items are continuous loads should be ad justed. Since the
data were originally extracted from Exhibit D.1, Tet 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:

i

30,000 watt~hours per mounth = 300 watts 100 hours per month

Now, assuming a 30-day month, 100 hours per month - 30 days = 3.3 hours per

day. This is the estimated number of hours per day this refrigerator will
operate. Now we must guess when, and for how long during each cycle it operates

A safe guess 1s that it cycles most during mealtimes.

For the water heater, a similar calculation should be made: 200,000

watts—hour per month - 6000 watrts - 30 days = 1.6 hours per day.
Aatomatic Items Load Time
Refrigerator 300 3.3 hours per day:

1.1 hours each 7 am,
noon, 5 pm.

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

D~5



With use~controlled {tems similar to the first example, results from the new

graph (Exhibit D.2) will be somevhat closcer to reality.

Performing the type of analvsis in Exhibit D.2 may not actually be
necessary for ycur energy requircment estimates, but it is a good way to
understand the nature and characteristics of the electric load you mdy expect.

A previous examplie 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 eleectrical consumption, while in others,
air conditioning will prevail. Thus, vou must complete a demand analysis for

each month of the year. A graph plotted from your totals would look like

Exhibit D.3.

User—-controlled Items

TV 200 4 hours per day
as follows:
1 hour: 8 am - 9 am
3 hours: 6 pm - 9 pm

Coffee pot 894 20 minutes per day
7:30 - 7:50 am
Dishwasher 1200 ] hour per day:
5 pm - 6 pm

From this example, we can see a hase load, that is, a continuous load equal to
6300 watts, with peak loads going as much as 1200 watts higher. Again, this
i1s not & representative example. 'f we made a simple graph of this load, it
would look something like Exhibit D.4.

The preceding discussion details the steps required to estimate
power and energy consumption of the connected WECS load. In order to determine
turbine power and energy output requirements, efficliencies of any power
conditioning equipment must be considered. (Line losses in stand-alone
applications, where the wiud turbine is located close to the loads, can be

neglected).

D-6
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Exhibit D.3
TYPICAL MONTHLY ENERGY DEMAND

PMaM U ASOND

—
=

(HMM) puewusp Abuoaug

maontn



b=(]

AN
{ x\’

LOAD (WATTS)

8000

7000

6000

5000

4000

3000

2000

1000

Exhibit D.4
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EXHIBIT E.1

TYPICAL FREQUENCY DISTRIBUTION PRODUCTS
AND THEIR POTENTIAL APPLICATIONS

Dimensions of
Frequency Distribution

Wind Speed

Wind Direction

Usefulness of Characterization of Wind
Behavior or Analvsis of Wind Potential

Estimating energy production.

Assessing local or regional effects of

topography.

Determining principal directions of wind
power. Necessary for turbine cluster design.

Wind Speed - Wind Duration

Determining diurnal load match. Caution
is required, however, for vertical extrap-
olation of diurnal behavior.

Wind Speed - Time of Day

Wind Speed - Month of Year Determine seasconal load match.

Wind Direction - Time of Day Assessing local or regional thermally

- Menth of Year driven wind systems, such as sca breeze
or mountain-valley winds.

Assessing probability of continuously
Persistence in Specified available wind power. Determining parti-
Speed Interval - Month of tioning of available wind energy between
Year large~scale migrating storms and regional
or local thermally driven wind systems.
Determining optimum times for scheduled
wind turbine maintenance.

Duration of Wind Speed

TOPOGRAPHICAL INDICATORS

Historically, wind machines have been sited by applying topographical
indicators, which are empirical guidelines describing the general effects of
terrain or surface obstacles on the wind. Topographical guidelines are based on
a physical understanding of how topography affects flow and on experience gained
through observation.

A number of topographical features are recognized as indicators of
high wind energy potenFial. One group includes gaps, passes, and gorges in areas
of frequent strong pressure gradients. These strong pressure gradients occur

when large temperture gradients form across a mountain barrier. For example,



coastal mountalns separate a nearly uniform temperature marine air mass from
continental air masses. The fnland air can become hot in summer or daytime, or
cold in winter or at night, thereby causing seasonal and diurnal fluctuations 1in
the pressure gradient across passes.  Pressure gradients also form across mountain
ranges when strong winds, as f{rom o storm, blow up agalust the mountain barrier.
If the flow has Insufficlent kinetic energy to cross the potential energy barrier
that the mountains represent, the paps, passes, and goryes are the relief points
for the winds driven by the storm.

Long valleys exteading parallel to prevalling wind directlons aroe
often good wind energy reglons also. The wind stream is channelled by the valley
walls. At narrow polnts along a broad valley, mass conservation causes winds to
accelerate through the constrictlion. In the opposite way the river of air spreads
out and slows down where the valley widens.

Summits of ridges and mountains usually provide enhanced wind resource
areas. Over small-scale hills and ridges (less than 984 fr. (300 m) high), the air
accelerates over the crest. This iy also due to mass consarvation, a stream of
air Is vertically compressed as it f{lows over the hill and sa must mave faster
Ifn the constricred region. This {4 not necesarily so for the flow over large-
scale mountains. The winds at sumait clevacion of a high mountain may actually
slow down near the summit becausc of the drag that the mountain exerts on the
flow. However, mountains and ridpes are still nsually good resource areas because
they are like tall towers that atercept the flow at hipgher levels where winds
are usually stronger.

Some features that Indicate low wind energy potential are basins and
valleys that are perpendicular to the prevailing wind. These features can bLe low
wind areas because the flow spreads out over them, opposite to the effect of flow
acceleration over ridges, or bocaus. they collect cold, hreavy aflr that stagnates

at potential energy minima.



Proper use of topographical indicators requires an experienced boundary
layer metcorologist because the {ssue of when and how to use them, and how far tn
trust them, are complex. Consider !ihe compiexity of flow over a small isolatedn
hill. Wind speeds at a glven height above the terrain surface usually are hinher
over the summit of a hlll than over surrounding lowlands.

Topographfcal {ndicators provide onl qualitative information. Generic
flow guidelines have been developed fron theory, from numerical and physical
simulations of flow over model terrain, aad from actual measurements of flow
around rull-scale features. Sucelnet seneralizations drawn from theee studies
are usetul; however, relfance upon them must be tempered.  Topographical indicators
should therefore be used as guidellines to:

o understand flow=tervain {nteractions;

o dindicate where to look for, or when to use, other indicators;

o indicate where to make measurements; and

0 Interpret measuremcnts already made.

In short, the following topographical features are indicative of high
mean wind speeds:

o Gaps, passes, and gorges In areas of frequent strong pressure
gradlents;

o Long valleys extending down from mountaln ranges;
o High elevation plains and plateaus;

o Plains and valleys with perslrent strong downslope winds assoclated
with strong pressurc gradients;

o Exposed ridges and mountain summits;
0 Exposed coastal sites.,
Features that signal low mean windspeeds are listed as:
o Valleys perpendicular to the prevailing winds;
o Sheltered baslns;

o Shert or narrow valleys and canyons;



o Areas of high surface roughness, such as forested hilly terrain.

ECOLOGICAL INDICATORS
Vegetation deformed by high average winds can be used both to estimare
the average speed (thus power) and to compare candidate sites. This technique
works best in three reglons; 1) alony coasts, 2) in river valleys and gorges
exhibiting strong channeling of the wind, and 3) in mountainocus terrain. Fcological
Indicators are especlally useful in remote mountainous terrain not only because
there are lirttle wind data, but also because the winds are often highly variabloe
over small areas and difficult to characterize. The most easily observed
deformities of trees (i{llustrated {n Exhibir E.2) are listed and defined below:
o Brushing - Branches and twigs bend downwind like the hair of a pelt
that has been brushed In one direction only. This deformity can be
observed in dectduons trees aftor their leaves have falien. Tt iy

the most sensitive {ndicator of light winde.

o Flagging - Branches stream downwind, and the upwind branches are
short or have been stripped away.

0 Throwing - A tree is wind thrown when the main trunk and the branchesg
bend away from the prevaliling wind.

0 Carpeting - This deformity oceurs because the winds are S0 strong
that every twig reachiny more than several {nches above the ground
i1s killed, allowing the carpet to extend far downwind.

Exhibit E.2 is one of the best guldes to ranking tree deformities by
wind speed. Both a top view and a side view of the tree are shown to demonstrate
the brushing of individual twigs and branches and the shape of the tree trunk and
crown. The figure uses the "Criggs-Putnam” (Exhibit E.4) classification of tree
deformities described by indices from 0 to VII. When WECS sites are ranked bv
this scheme, only like species of trrees should be compared, because different
types of trees may not be deformed to the same degree.

Another good Iindicator of relative wind speeds 1s the deformation

ratio. Tt also measures how much the tree erown has been flagged and thrown.



Exhibit E.2

THE GRIGGS-PUTNAM INDEX
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Exhibit E.3 shows the #ree angies, A, B, and C, that must be measured to compute
the deformation ratio "D". To measurce these angles, the trees can either be
photographed or sketched to scale.

To compute D, the three angles shown in the figure (A on the downwind
side, B on the upwind side and C, the angle of deflection) should be measured in
degrees using a protractor. The larger the value of I, the stronger the averapge
wind speed.

Estimates of mean annual wind speed using vegetation can be improved
if several trees in a siving area are sampled, using the Griggs—-Putnam Index and
the deformation ratio. The results of all the sampling should then be averaged.
However, ecological indicators should be used primarily to identify possible high
wind areas, to locate candidate sites, and to estimate roughly the annual average
wind speed. Seclection of a WECS should not be based solely on ecological
indicators. WECS economics and performance analysis should include either a wind
measurement program or available wind data in addition to ecological indicators.

Though the presence of one type of deformity (or a combination) may
indicate an area of high average winds and the degrce of deformity may give
estima v of the relative strengths of the winds, there are still pitfalls to
rating -‘.es according to tree deformity. Because pas*® or present growing
conditions can greatly affect the #ize and shape of trees, only isolated trees
appearing to have grown under similar conditions should be compared. For example,
a tree in or near a dense stand of timber should not be compared to an isolated
tree. 1In addition, trees being compared should be of nearly the same height
(preferably 30 ft (9.1 m) or more). Another fact to be aware of is: limbs are

stripped from trees not only by strong flagging. They can be damaged by man,

disease, other trees that once grew nearby, or possibly ice storms. Misinterpreting

such signs could lead to the wrong assumptions about the prevailing wind divection
& kB I >

and the average speed. Common sense, however, should reveal whether or not all
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Exhibit E.3
DEFORMATION RATIO

DEFORMATION RATIO COMPUTED AS A MEASURE OF
THE DEGREE OF FLAGGING AND THAWING



Exhibit E.4

MEAN ANNUAL WIND SPEED VERSUS THE GRIGGS~PUTNAM
INDEX AND TiE DEFORMATION RATIO

HEAN ANNUAL WIND SPEED VERSUS THE GRIGGS-PUTNAM INDEX

Griggs—Putnam Index [ Il IT1 IV \%

Probable Mecan Annual
Wind Speed Range (mph) 7-9 Y-11 11-13 13-16 15-18
(m/s) 3.1-4.0 4.0~-4.9 4.9-5.8 5.8-7.2 6.7-8.0

MEAN ANNUAL WIND SPEED VERSUS THE DEORMATION RATIO

Deformation Ratio I 11 111 v Vv

Probable Mean Anaual
Wind Speed Range (mph) 5-9 8-11 10-13 12-16- 14-18
(m/s) 2.2-4.0 3.6-4.9 4.5-5.8 5.4-7.2 6.3-8.0
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the deformities observed in an arca fit together into a consistent pattern.
The following guldelines summarize thls section and suggest how to
use ecological indicators effectively:
1) detect ecological ‘ndicators of strong winrd;

2) compare isolated trees of t:ie same specles and height within the
strong wiad arcas ts select candidate sites; and

3) Consider flew patterns over barriers, terrain features, and surface
roughness in the 7inal selection.

GEOMORPHOLOGICAL INDICATOR3

When winds interact with and alter the earth's surface, the geomorpho-
lzgical features that result are called eolian landforms. Especially 1in arid
regions where vegetatior ‘s sparse, winds can erode the surface, transport sand
aud dust, and deposit sediment. The erosional and deposifional eolian landforms
and the characteristics of the transported sediments are indicators of the history

of the winds that caused these landforms.

Geomorphological interpretative techniques can be applied for three
purposes:

© to indicate that a relatively good wind resource exists where
eolian landforms are present

0 to determine crude estimates of mean wind speeds from observed

sand dune migration rates, sand size particle dist-ibutions, and
sand ripple formation

0 to indicate prevailing wind directions.

The principal difficulty with estimating wind speeds using these
techniques 1s that substantial prior knowledge of the wind climatology is required.
For example, how much of the total dune migration is cancelled by winds of opposite
directions, or how frequently are winds strong enough to cause the sands of a
certain size to move? If these answers are in hand prior to eolian feature
analysis, why carry cut the analysis?

Information gained from the use of geomorphological indicators is



sometimes helpful in forming an integrated picture of the wind regime in a data-

sparse area. However, the effort cxpenced should be compared with the great

uncertalnty of the technique. Acria’ photographs may be ohrained during the
early stages of the siting process raor purposes other than for examining eolian
landforms. If eolian indicators are “oaund in the photographs, interpret the

the photographs as quickly as possible and use geomorphological indicator techniques
only as part of site visits that include other activities, e.g., setting out

anemometers or inspecting terrain feasibility.

ADDITIONAL INDICATORS

In addition to the four techniques presented above for site selection,
a f1fth method, the Beaufort wind scale, 1s mentioned here for educational
purposes. The Beaufort scale of windspeeds (Exhibit E.5), developed in 1806 for
use at sea and later extended to use on land, can serve as a convenient reference
point. The scale indicates approximate windspeeds which cause the effects (visual

evidence) indicated in Exhibit E.5.
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Exh'bit E.5
MODIFIED BEAUFORT SCALE OF WIND SPEEDS

REAUFORT
NUMBER

0
|

ro

4°

s

[

10

1l
12-17

*Within genersal

APFPROXIMATE WIND SIPLED DESCRIPTIVE TERM

MPH M/S KM/H KNOTS SYAMAN'S WMO (1964a)°° VISUAL EVIDUNCE
<t <03 <1 <l calim valm Calm,smoke nses vertically
I-3 0.3-1.5 1-5 1-3 Light air hight aur Smoke drft ndicates wind drrection;
vanes do not move
3-7 16-13 H-11 -6 hicht breese lipht breese Mo dele ot e draves tustle;
vanes bepimn to mose
§-12 3J4-54 12-19 7-10 gentie breese pentle bjecre Leaves, small 1wy 1 constant motion;
hrht laes evtend, hair s disturbed,
cdothing Naps
13-18 5.5-79 20-28 11-16 mod. breeze mod. breeze Bust teaves & loase puper raised up;
sl brunches move, hatr disarranged.
19-24 8.0-10.7 29-38 17-21 fresh breeze {resh breeze Smull trees an est besin 1o sway; force
of wind felt on body
25-31 16-138 39-49 22-27 strong breeze strong brecze Larger branches of trees in motion;
whistling heard 1n wucs; some in-
convenience in watking.
J2-38 139-17.1 50-61 28-13 mod, gale near gale Whole tices o monton; resistance felt
m walbang agasnst wind.
39-46 1722207 62-74 J4-40 fresh gale gale Twigs & small branches broken ois tiees:
walkmg generally unpeded.
47-54 208-244  75-88 41-47 sitang gale strong gale Some damage vecurs; slate blown from
tools; danger of being blown over.,
55-613 24.5-284 89-102 48-55 whoic pis storm Trees kroken or uprooted; considerable
damiase occurs
64-72 J8.5-326 103-117 56-63 storm violent storm Very sarely experenced on land; usually
73-136 327612

118-220 64-118 hurncans hurricane decempanisd by widespresd damage.

eperating range of most WECS. Conditions abave Heaufort number 8 are considered dangerous and are mote costly than helpful to

Wi CSanstallations, Conditions teptesented by Heaulort numbers betow 4 dan't contain enough power 1o be of use.
"tWaorld Mcetearalogical ( NRamization, Ninge 19606, knots have replaced Besutort numbers as weather map sy mbaols



Rayleigh Windspreed Distribution

The Rayleigh distribution {s a one-parameter equation that can
be used to estimate the number of hours the wind blows at anv particular
windspeed. The single parameter in the equation is the annual average windspeed
(the mean windspeed) at the site 'i question.  The accompanying table presents
values of the Rayleigh distribation for mean windspeeds ranging from 8 to 17
mph. Along each herizontal line in this table are the numbers of hours one
would erpect the wind to blow at each value of the windspeed listed in the
leftmost column.

For example, suppose your site had a mean windspeed of 14 mph,
and you wanted to estimate how often the wind blew at 23 mph. Just read down

the column marked "14" at the top until you reach the horizontal line marked

"23" av the left. You get the result “194", which means that the wind will
blow at 23 mph approximately 194 hours per year at this site.
To get the result in terms of the percent of time each windspeed

ocenrrs, divide the table entry by 8760 - the numbher of hours in a year. Thus,

the wind blows at 23 mph for 194/8760, or 2.2 percent of the time.



RAYLEiGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS
Windspeed Mean Windspeed, mph

P TS 9 10 11 12 13 14 15 18 1

B |784 731 666 601 539 484 435 2391 353 320

9 716 697 656 605 553 503 457 415 377 344
10 630 644 627 594 554 512 70 <31 395 363 |
11 535 578 585 570 543 510 475 421 408 377
12 441 504 533 536 523 500 473 443 415 386
13 |351 429 474 494 494 453 464 241 416 391
14 (272 356 413 446 459 458 448 432 412 301
15 204 288 353 396 420 429 427 418 404 387
16 149 227 295 345 378 396 403 400 392 380
17 105 175 242 296 336 361 375 379 377 389
18 73 132 194 250 294 325 345 355 358 355
19 49 97 33 207 253 289 314 330 337 339
20 32 70 119 170 216 254 283 303 315 321
21 20 50 90 136 181 220 252 275 291 302
22 12 34 68 108 150 189 222 248 268 281
23 7 23 50 84 123 160 194 222 244 260
24 4 15 36 65 99 134 168 197 220 239
25 3 10 25 42 79 111 143 173 198 218
26 1 18 37 62 91 122 150 176 197

RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS
Windspeed Hean Windspeed, mph
mph 8 9 10 11 12 13 14 15 18 17
- , _
| 27 8 4 12 27 48 74 102 130 155 177
L 2 4 2 8 20 37 80 B85 111 135 158
29 {2 15 14 28 27 o ar 113 140
R T I S T T TV
31 0 5 2 7 18 29 46 86 £7 108
32 0O 3 1 5 11 22 37 55 74 994
33 0 1 9 3 8 17 29 45 63 81
34 c 0 5 2 & 13 23 37 53 70
3s 0 0 3 1 4 10 18 30 44 60
36 0 0 2 9 3 7 14 24 138 51
37 1o o 1 6 2 5 11 19 30 43
38 'lo 0o 0o 4 1 4 B 15 24 36
39 o 0 0 2 9 3 6 i2 20 30
40 0o 0o o 1 6 2 5 g 18 25
41 0o 0 o0 0 4 1 3 7 13 20
42 0o 0 o 0 3 9 3 5 10 17
43 ‘0 0 0o 0 2 6 2 4 8 13
44 -o 0 0 0 1 4 1 3 & 11

JUp—



APPENDIX F

RAYLEIGH WINDSPEED DISTRIBUTION

(Excerpt from: The Wind Power Book, Parr, Jack, Cheshire Books,
Palo Alto, California, 1981)




APPENDIX G

GRAPHS FOR RELATING TURBINE RATED QUTPUT,
ANNUAL ENERGY PRODUCTLON, AND ROTOR DIAMETER

(Excerpt From: Performance and Slze Estimating
for Wind Systems, 1.5, DOE, Feburary, 1983).
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APPENDIX H

WIND RESOURCE DATA FOR EGYPT

(Excerpt From: Joint Egypt/UMhI__f}_@_ States Report on Egypt/United States
Cooperative Energy Assessument. Vol ame 4, Aanexes 6-10, U.S. Department of
Energy Report DOE/IA-0002/04, April, 1979.




This appendix contalns data on wird energy resources in Egypt.

The first figure, the Wind Power Density Map, presents an overview of the

average wind power and mean wind specds throughout Egvpt. Thls is followed by

charts and curves from the refercnced report.
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CLASSES OF WIND POWER DENSITY IN EGYPT
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APPENDIX 1

WIND PROJECTS SITE VISIT BOOK

THIS APPENDIX CONTALNS SUMMARIES AND PHOTOGRAPHS

OF A VARIETY OF WIND SYSTEMS THAT ARE OPERATING TODAY.
THEY ARE REPRESINTATTIVE 0p PR naion CI" APPLICATIONS
THAT ARE BEING DoWiRED 3% WIND SYSTEMS THROUGHOUT

THE WORLD.






PROJECT 1NFORMATION

TE QINOLOGY AREA: Wind Energy

PROJECT TITLE: USDA Agriculture Research Service

LOCATION: Bushland, Texas

OBJECTIVE: Supply electrical cnergy for irrigation pumping and other
agricultural puirpoucs.

SYSTEM: Grid connected wind turbine with 25 kW 1nduction generator
providing 240 vV 04 hx, single-phase electrical power .

DESCRIPTION:

A wind turbine was installed on Mavy 26, 1982 at the U.S. Department of Agriculture
Conservation and Froduction Rescareh Laboratory in Bushland, Texas. The objective
of the oroject was to supply elecrvical enerpgy to meet the laboratory's 1irriuation
needs.  The installed system was desimed to provide high power production {n

tow to moderate wind areas. Durine o 14 month perted Trom July 19R2 through
Gotober 1983, the system opevated oo 70700 hroand produced over 80,000 ki of
energy o oan average windspeod of 0 s gee. Tr opersted 04 porcent of the
time, with an availavilicy of 94 (. roent.  trom April 1, 198% to June 20, 1985,

the wind-powered pumping sveton ol s 200 cubie weters of water.  The

wind turbine meets 90 percent of Ui facitivy's {rrigation needs, execept during
the month of August when the frrigocion demand is the highest.

PROJECT MXNTACT:

R. Noland Clark

Agriculture Engineer

USDA Agriculture Research Center

Conservation and Production
Research Laboratory

P.0. Drawer 10

Bushland, TX 79012

(806) 378-5752


















PROJECT TNFORMATION

TECHNOLOGY AREA: Wind Energy Systenms
PROJECT TITLE: Mod-2, Large Wind Systems

LOCATION: Goodnoe Hills, Washinpgtoen (212 miles from Seattle, or 110
miles from Portland, OR overlooking the Columbia River)

OBJECTIVE: Supply electrical jower for public utility company.
SYSTEM: Horizental axis wind machine generating 2.5 MW of electricity,
DESCRIPTION:

The Mod-2 1s the world's first Iarge wind turbline cluster of three experimental
machines, each with two blades having an overall dlameter of 300 ft. The
cluster is providing power to the northwest power grid scrved by the Bonneville
Power Administration. The Mod~2 (s a horizontal axis machine and is deslgned

to generate 2.5 MW of electriclty tn a 27.5 mph wind. It uses blade tip control
Inscead of full blade control and his o teetering hub.  The first turbine was
rotated In November 1980.

DOE HQ CONTACT: PROJECT CONTACT:

Peter Golman Larry Gordon

Wind Energy Technology Division NASA Lewis Research Center
U.5. Department of Energy 2100 Brookpark Road

1000 Independence Avenue, SW Cleveland, OH 44135
Washington, D.C. 20585 (216) 433-4000, Ext. 266

(202) 252~-1776
Mike Bovarnik

DOE FIELD CONTACT: Boeing Engineering Co.
. P.0. Box 3707

Darrell Baldwin Seattle, WA 98124

NASA Lewls Research Center (206) 575-5959

2100 Brookpark Road
Cleveland, OH 44135
(216) 433-4000, Ext. 6160
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PROGECT INFORMATION

TECHNOLOGY AREA: Wind Energy Technolony

PROJECT TITLE: California Wind Farms

LOCATION: Solano County, Callfornia (30 miles northeast of San Francisco)
OBJECTILIVE: Supply electrical power for public utilities.

SYSTEM: N/A

DESCRIPTION:

The development of wind farms In the U.S. has grown significantly in the past
few years as a result of research and development activities, rising fuel costs,
and the establishment of federal and state tnvestment and renewable tax credics.
By the end of 1983, thousands of wind turbines had been installed at wind farm
projects, a significant increase owver (980, Typical projects in northern
California include both large and wmall wind turbines. For exanmple, the Pacific
Gas and Electric Company has purchased a 2.9 megawatt Mod=2 wind turbine an.d
Installed it in Solano County, 50 miluvs northeast of San Franclsco. The
installation is part of a company Tnnded RED program to evaluate the potontial
of wind generated electricity In their scrvice area. The Mod-2 was designed

and built under contract to the DOE Wiad Energy Program. PG&E estimates that
the Mod-2 will generate -pproxfuwately 10 million kilowatt-hours of electricity
annually for thelr custemers. 1n Altamont Pass, 30 miles east of San Francisco,
about 800 30-kilowatt wind turbines have generated millions of kilowatt-hours

of electricity as of mid-summer 1953. There arc plans to install several
hundred additional wind turbines over the next two years 1n pro jects that will
generate millions of kilowatt-hours per year. The chart on the following page
lllustrates the installed capacity of U.S. wind farms.
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SUMMARY OF U.S. WIND FARMS

(END

CF 1983)

INSTALLED

INSTALLED
LOCATION NO. OF UNITS CAPACITY (MW) LLOCATION | __NO. OF UNITS CAPACITY (MW)
o CALIFORNIA o NEW HAMPSHIRE

ALTAMONT PASS 2053-2087 140-158 CROTCHED MT. 20 .6

TEHACHAPI MTS 905~1166 60~7%

SAN GORGONIO 225-284 11-14

PACHECO PASS 97~-119 5-6 o VERMONT

BOULEBARD 41 1.64 MANCHESTER 4 .8

SALINAS VALLEY 8 .6 '

EL CAJON 13 .5 -

HONTEREY COUNTY 5-65 16-2.6 | o HONTANA [

300 SOLAND COUNTY 2-5 ! 13-.38 P LIVINGSTON i 5 : .17 ;
|a0davE 1-10 ! 1.2 Py ! 5 ! .13 |
‘ TOTAL 3349-3798 219-258 i ( }

| | j
o OREGON o MASSACHUSETTS

CO0S BAY 25 1.25 PRINCETON 8 (By mid 1984) .32 (By mid~1984)
o NE'I YORK 0 ONLAHOMA

ELLENVILLE 4 .18 ! MAGNUH 4 .1

BUFFALQO 1 .6

o ALASKA
) GAMBEL 4 .04
o HAWAII _
KAHUA RANCH 18 (180 By .32 (3.15 By

Early 1984)

Early 1984)

o RHODE 1SLAND
NANTUCHET 15.

3 (10 Planned)

.012 (.04 Planned)

REF:
(Sepe./oct.

Eitimates are from Solar Age (Feb.
1983).

1984),

o TOTAL iI.S.

3450-4168

224-265
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