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1.0 INTRODUCTION
 

This document is 
one of a series of Technology Reference Notebooks
 

developed for the Renewable Energy Re 
,rces 
Field Tes ting (REFT) Project
 

sponsored by 
USAID and the Goirnment of Egypt. 
 The series 
includes individual
 

notebooks on the following energy techn 
]ogies:
 

o Active and Passive Solar o Photovoltaics 

o Biomass o Solar Thermal
 

o Geotherm I o Wind 

The objective 
of this series is to provide 
the most current information on
 

renewable energy technologies in an easily 
updated and easily retrievable
 

format.
 

This particular document 
is the Wind Energy Technology Reference
 

Notebook. 
 Operating principles, component descriptions, design considerations, 

installation and performance criterii, and applications of wind energy 
conver­

sion systems (WECS) are address; ed. Al so included are special considerations 

of the Egyptian environ: ent, extensivu literature on commercially available 

products from major manufacturers Involved 
in wind, and a Wind Projects Site
 

Visit Book, providing information on specific projects 
that have been installed
 

worldwide.
 

1-1 



2.1 

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 rhe physical principles 
 governing wind energy conversion,
 

the nature of wind res;ources, and the operating principl s of the various
 

types of wind systesn.
 

PHYSICAL-TECIINICAL BASIS 
FOR POWER FROM THE WIND
 

Wind energy conversion systems (WECS) convert 
the kinetic energy of
 

wind to 
usable mechan icl energy,. According to the laws of physics, the energy
 

of motion (kinetic energy) of a pirticle increases with the square of 
its velocity. 

Wind, in effect, is a large number of individualv moving particles (masses) of 

air, aad hence, the kinel ic ,nelgy in a given amount of wind varies proportionally
 

with the square of the averaVe wind velocity.
 

WECS convert 
the kindotic energy available in the wind to mechanical
 

energy by reducing tlho muimentup ot the particles of 
moving air. The momentum
 

reduction realized by 
the movin air particles results in an increase in the
 

momentum of 
the WECS'; tirbine Vladen -"i.e. conservation of momentum. This 

increased momentum is converted! to usefu] mechanical energy through a wind 

machine hub and output shaft. 

As mentioned above, kinetic energy is measured in units of mass and
 

velocity squared. Since the mass-flow-rate of 
wind is also proportional to 

velocity, the final power flux I s proportional to the wind yelocity cubed. The 

general formula for wind power is: 

P=l/2(pAV3 ) Eq. 2.1 

where P is the power available, p in the density of the air (which varies but is
 

approximately 1.2 kg/m 3 at sea lve]v), 
A Is the cross-sectional area of the air
 

flow under co isideration and V 13 the freestream velocity.
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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 (5.8 /s) approximately 10 watts of power are
 

contained in each square foot 
 (M:- ,of wind area (where area is taken perpen­

dicular to the wind direction). 
 M A represents -the theoretical power available. 

The laws of nature limit the powcr trainsmision of ideal propelle-rs to 59.3 

percent (:see Appendix B for deti, 1:), Because of losses associated with real
 

propellers, 
 gearing and generat:or- tie power that can actually be obtained from 

1 square foot (.09 m2 ) of this 13 mph (5.8 m/s) wind is 3 to 3.5 watts. 

2.2 	 WIND RESOURCE
 

The wind resources£ required to operate a wind 
 machine result from uneven 

solar heating of the earth',s atmosph.rp. This uneven heating causes large 

pressure gradients acros s shot dfI:tn.'es. Winds resuIt when large air masses
 

move 
 to alleviate such atmospheric pressure differnces. For example, during the 

day an ocean will heat tip nm re >;fow,, tlan the adjacent land, since the water has
 

a highpr heat capacity than the land, 
 The heated air over land expands, becomes
 

lighter and ris. The cooler, 
 let.y'ier air over the water moves in to replace
 

it. In this way, local breezes on a shoreline are created (see Exhibit 2.2a).
 

During the night, these 
 local sea;h re breezes reverse themselves since tie land, 

and the air above it, cools more pidlyr than the water. The cool air blows
 

seaward to replace the warm air thl: 
 rises from the surface of the water (Exhibit 

2.2a). Similar local breezes occur on mo'ntainside; during the day as heated 

air rises along tho warm (soith-facing) slopes heated by the sun (Exhibit 2.2b). 

During the night, the relatively cool heavy air on the slopes flows down into the 

valleys. 

These local breeze; arc reinforced by large-scale winds caused by 

the greater heating of the earth's surface thenear equator than near lhe poles. 

Inertial effects caused by tha e~ir:h':; rotation result in global wind circulation 

patterns known as the "trade winds," prevailing westerlies," and "polar 	easterlies." 

http:atmosph.rp


Exhibit 2.2 

HOW SEA-LAND AND MOUNTAIN-VALLEY
 
BREEZES ARE CAUSED
 

, -.- -- . r. 

Sea-+and winds occur beca-+,j,,: adjacent land arid ocean masses have cdifferen+-t rates of heating and 

cooligI 

- , - •,-- ',- ___.____'t___ ,_ .'_ " 

Mo t-,j I le 7.jo 
Se~amdz winds urbe+,- adja+c t , +" ' and ocean,,! "masses rates of:I.,,land ; , "have ditfere+nt ha.ting and 
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- Winds at virtually all s tps have some remarkably uniform characteristics. 

At any given site, there will he a lengt:h ol time when there is absolutely ro 

wind. For another length of tiMO, th,. w ind wi l L blow at an average speed, and
 

for another period - perhaps onlv a o mintes over a entire year - the wind
 

will blow at Its maximum speed.
 

Wind records indicate that w ind 
 direction and speed are constantly
 

varying. Local are
winds influenced hv pressure and temperatuire differences
 

across a few miles 
 of land. The;, Inca! atmospheric iolilienic'q Q11combinatioin
 

with those of illls, trees, and other topogr;phicatl features, cause wind 
 to shift 

directions frequently. At any part icular site, however, one gneral wind direction 

will usually prevail. 

The wind speed at a Fite increases dramaLicilly with height. This 

effect is called wind shear, a term derived from the shearing or sliding effect 

of fast-moving air molecules slipping over the slower ones. Friction between
 

faster and slower air leads to 
 l ae r wind speeds and much less wind energy
 

available near the ground. 
 Eqiati ns hi:t'e been developed which allow the
 

caiculation of wind speeds at varying 
 hiehLts based surfacoon condition.
 

Different surfaces have different efftects on surface winds, whirh 
 in turn 

affect winds at higher elevations as a result of aerodynamic friction forces. 

The equation is: 

VB /VA = (hB/hA)a Eq. 2.2 

where VA=the windspeed masured at height hA, 
VB=the windspeed estimated at height hB, 
a =the surface friction coefficient (see Exhibit 2.3). 

This equation is most commonl.' ref:rred to as the 1/7th power law, where the 

exponent (a) takes on the valu of 1/7. 'The 1/7th power law equation is used 

more often than its general form (E 1 . 2.2) since most wind turbines are installed 

on moderately rough surfaces (i.e., surface friction coefficient = 1/7). 
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2.3 

Exhibit 2.3 

VALUES OF SURFACE FRICTION COEFFICIENT (A) FOR DIFFERENT 
ROLUG); NrK; AT GROUND LEVEl, 

Terrain Type a 

Smooth (sea, sand, snow) 0.10-0.3 
Moderately rougi (short grass, grass crops, 0.13-0.20
 
rural areas)
 
Rough (woods, suburb;) 
 10.20-0.27 
Very rough (urban are";, tall buildings) 10.27-0.40 

i< INWIND SYSTEI OP RvTI C .lICLES 

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

rotary, oscillatory or translational mechanical energy. 
 This mechanical motion
 

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

application, or 
it zan be converted to 2lectricai 
power for both stand-alone and
 

grid-connected applications.
 

Unlibhe WECS for mech anical applications, which require or ly 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 resul , of lift forces. 
 Lift forces act perpendicalar
 

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

In a drag-type machine, kinetic energy is 
converted to mechanical 

energy in a vertical rotating shaft. As shown in Exhibit 2.5 one vane (blade)
 

is pushed along by 
the wind whil,. Lh, opposite vane moves against the wind around 

a circular path. The drag force on ttho latter vane must be overcome by the force
 

on the first vane for continuous rotation.
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Exhibit 2.4 
POSSIBLE WIND ENERGY SYSTEM CONFIGURATIONS 

1;I 

AC t *(C
V ' d 
DC~IGenerator Windmill 

'dd *]
 

Variable Frecitency AC Generator Windmill 

Windmill 

C~ A' , n 

Induction Generator Windnill 

Win 
n m M nc P wrMechanical Load

Mechanicai Power 

Mechanical Windmill 
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Exhibit 2.5 
SIMPLE DRA G- TYPE WIND MA CHINE 

.. 
,....._... 

Wind pressure on the high-drag, concave surface 
turns the rotor about its vertical axis. 
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Lift-type machine, use aerodynamic forces generated by wind flowing 

over an airfoil shaped rotor. Whetn wind flows past a blade, lift forces are
 

generated perpendicular to 
tho wind while a s;mall drag penalty results that is 

parallel to the wind. F"or'tinaute l.', Lhe lift force 	is usual1' 1ly to 50 times
 

as strong as drag on the airfoil and the resultant aerodynamic force causes the
 

blades to rotate (Exhiitt 2.6). A surface operating on drag principles is 

constrained 	by aerodynamic 
frict fin forces and cannot rotate faster than the
 

wind speed. A lift-type surfacz, however, Is not 
constrained 	as such. Thus,
 

for a given wind speed a lifting surface will 
rotate fastr than the wind speed
 

and, hence, produce a higher outpnut 
torque than 	a comparable drag-type
 

mach ine. 

Most modern wind muchines operate on the lift principle. 

2.4 
 TYPES OF WIND ENiER;Y COLILECTORS
 

Many types 	of wind energy collectors have been devised for WECS.
 

Almost any 	physical configuration whicht produces an asymetric force in the wind
 

can 
be made to 	rotate, translate, or oscillate, and power can 
he extracted. 

Machines using rotors as wined eiergy collectors may be classified in terms of the
 

orientation of their axis of 
rot:ation relatie to the windstream, I.e. :
 

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

to the direction of the wind:uream; and
 

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

to both the surface of 
the eartlh and the windstream.
 

2.4.1 	 Hiorizontal-Axi s Rotors­

Horizontal-axis rotors re normally designed to maximize lift forces, 

although some machines hav been d'signed which operate on drag principles.
 

In order 
to obtain maximum poer output from a horizontal-axis wind machine,
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Exhibit 2.6 
LIFTING TYPE MACHINES AND AERODYNAMIC FORCES 

Lift 

-- ow- Drag
 

Angle of Attak--


Windmill Blade 

THE FLOW OF WIND ABOUT A WINDMILL BLADE. Lift forces 
act perpendicular to the local wind direction, while drag forces 

act parallel to it. 
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it is essential to have the plan: of rotation of the blades perpendicular
 

to the wind direction. Since wind direction at 
 any site is constantly changing, 

some type of control mechanism iq rluired so that the wind machines can track
 

the changing direction of the windh. 
 S;anll wind machines u isu:lly u' ,. a tail
 

vane to 
 accompl ish this, while alarnaer systeiis require a complicated servo
 

operated system. 
 This control s"., cam is "eferred to as "yaw" control. 

In addition to a turbi', orientation control system, horizonta1-a:.is 

rotors require controls to lnit tuirbine propeller rotational speed in high 

winds. These control svtem eon.;t f feathering of the blades, or flaps
 

rotating with the blades, as w,.] An devices that 
 turn the prnpller sideways to
 

the wind. Such high-speed Cut ou: controls are required to prevent turbine
 

damage or 	 catastrophic failure. 

Some hori::ontal-a:iso machines are designed with blades that rotate in 

front of the t:owe , with respect to the wind direction, and are called "up-wind"
 

machines. Rotors 
 that are desi g :o wi th the blades rotating in back of the tower 

are called 	 "down-wind" machines. 

Exhibit 2.7 presents; a iaxonomy of conventional horizontal-axis machines 

as well as some experimental concoptq. 

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 need no yaw control system. Various types of 

verticai-N:.:i, devices have been I,',lopud that use drag forces to turn rotors 

of different shapes. These include s'. stems using plat:es or cups as the drag 

device, as well as the Savouius S-shaped cross-section rotors. The latter 

usually provides sonic lift force hot is still predominantly a drag device. 

Darrieus-type rotors are lift devics characterizned by curved blades with 
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Exhibit 2.7
 

TAXONOMY OF HORIZONTAL-AXIS WIND TURBINES
 

Single locd d -r-ef,,l~edJ-.. _ 

I_ - J 
I.-.- -_K 

Up- 'nd Di nV4,nd . 

Snl Bl' Enfeld.Andreau 

Upi- WlS~n~s C snd Unof e 
Mutl'eR c Counet, , 
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airfoil cross-sections. They have relatively lcw starting torques and, as a
 

result, require an external power source for start-up. Since they are lift
 

devices, they have relatively hilh pw.r outputs 
 in comparison to comparably 

sized drag-type vertical-axis mach inn. 

Exhibit 2.8 presents a a:-., nony of conventional vertical-axis wind
 

turbines 
as well as some propospd c:,ncpts. 

2.5 SYSTEM COMPONEN:.TS 

2.5.1 Turbine Assembly 

The purpose of the turbine assembly is to capture and convert wind
 

energy to useable mechanical or electrical energy. 
 The capture function, as
 

mentioned, Is accomplished by means of a erulynamic lift or drag forces 
 acting on
 

a set of blades attached to a hub (lri:nontal-axis) or central rotating tower
 

(vertical-axis). 
 After the kinetic en rgy has been captured and converted to
 

rotating mechanical shaft power, 
 i dri,. e train is required to synchronize the
 

rotation of the output shaft, as wIlI as 
 transmit torque, to a load. The drive
 

train usually 
 includes a gear box u' speed increaser, couplings, diagnostic
 

sensors, and a braking/control sysote. Typical loads 
 are devices producing
 

useful mechanical work, or 
generair; producing electricity. 

A wind machine used for electricity production includes all of 

the above items, as well as a generwtor and associa ted controls. In horizontal-axis 

machines the rotor, shaft, gear b:-, ':nerat:or and controls are housed on top 

of a support tower in the niice!l. j i:t)it 2.9). In a vertical-axis machine the 

gearbox, ge-erators and control s ar:, located theon ground, below the turbine and 

the central shaft (Ex:hibit 2.10). 

Generators used in WECS are one of three standard types: a synchronous 

generator, cnm.n.only referred to an an alternator; an induction generator; or a 

dc generator. Each of these will h, explained Ir more detail in Chapter 3. 

" - 1 '_ 
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Exhibit 2.8 
TAXONOMY OF VERTICAL-AXIS WIND TURBINES 

PRIMARILY DRAG TYPE 

Savonius Mult,. Bided Plates Cupp ed 
Savonius 

PRIMARILY LIFT.TYPE 

A DmDj'ruvr,us G-romil Turbine 

COMBINATIONS 

Savonus'," flarr.ru$ Split S-.on us Mtnus Airfoil 

OTHRS 

Deflector Sunihht Venturi Conied Vorlsv 

.­2 - 1' 
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Exhibit 2.9 
HORIZON TA L-,I XIS TURBINE NA CELLE 

Rotor Blade 

Diameter 
GRotr(-.ar)ox Generator 

Nacelle 

Tower 
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Exhibit 2.10 
VERTICAL-AXIS TURBINE ARRANGEMENT 

--- lRor Diameter 

// 
/ 

Rotor 
Height 

Fixed Pitch 
Rotor Blade 

Gearbx ,-Generator 
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2.5.2 Power Conditioning and Safety Control For Electrical WECS 

Wind machines generatf:n ,,ctricItv require addition.al equipment 

to control and reg;ulate powr , p[t. This is accomplished through a device 

called a converter. Tihe modern ,:0.. -tl is a solid state apparatus without 

moving parts, which converts alt:rnit in; current (ac) to direct current- (de), 

dc to act, or aC to a8 at anot her v',litg and frellctyl . The converter is 

usually. referred to as a reot iffior n used only for ac to dc cnv.r;ion, or 

as an inverter when used for dc to ac conversion. The converter ur Inverter 

performs an important function in Ma tLchi ng a vari able frequency or dA source to 

the load requirements, anrd by r egu lat ing power flow. The term "synchronous 

inverter" is applied to converters wh ich synchronize WECS out put frequency with 

the frequency of the loai in ,in -- ni,,ctud applications. 

When a WECS is t:ottn~t.ed with the local utility grid, additional 

controls are requred to isolate An,WiKS output. Special circuitry is required 

to cause wind rmichine shut down, o r sh nuntpower to ground, in situations where 

a section of the utility grid hei fed, by the WECS is shut off for emiergency 

or maintenance purposes. Such cotl :s)1 prevent: the WECS from feeding electricity 

into the grid and can:;ing unaccplahiJ,. ha :;ards. 

2.5.3 Energy Storayet 

Wind p:ower is an initerm!tnt energy source. For stand-alone appli­

cations, where the time of ene rgy production does not coincide with the time of 

energy demand, a storage system should be employed. Of the many possihle energy 

storage systems available, many have LC di sadvantage of high initial c osts 

and energy storage capabilitv mismatch (many can store much more energy than is 

required and are only economical on a large scalc). Pumped hydroelectric, 

compressed air, therm:a or hyiro'.,n s; rage, super coiducting magnets, and 

flywheel storage fall into thin c.tlory. Chemical storage of electrical energy 

via batteries proven to be the mnm;t effective method of storing energ.' in con­
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junction with WECS. In this senm;c, batteries act as a load to the WECS system 

and as a source to other loads. l!2r.,.,ver, battery storage is expensive and can
 

therefore be used only 
 in limi!Ld 	 nliiaitirv. 

2.5.4 	 Towers
 

In order to capttre th,., ',inds with 
higher eneroy availability, wind 

machines should be installed on a t ,.4c r, al;ove any obstructions such as buildiings 

and trees. Towers aie made in t',,' , configurationsu: guy-wi ,resu pported 	 ald 

free-standing. In addition to ,iiuy-wired or free-standint;, towers are ::ae 

as single 	 column struc ,:ures, such i;c poles and pipes, or as a lat. ice fraImework 

of pipes or boards. Nominal tower beiglbr: most frequently used with WECS are 

0, 30, and 100 ft. (1,9.3, 2-4.4, and M.5 meters). 
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3.0 DESCRIPTION OF WECS TECHNOLOGY 

3.1 	 MECHANICAL OUTPUT WIND MIACHINE-S
 

Mechanical power can he us;ed 
 for a number of activities, from grindingc; 

grain to pumping water. lowe'.,er, t.he only widely usned mechanical application
 

for windmill: 
 is water pumping. There are three bai categorieis of muchanicaL 

windpumps commercially available, ech of which Is explained in detail below: 

A) Traditional mult:i-b laded farm pumps
 

B) Modern, .ighLt-wuig ,l farm windpumps
 

C) Low cost windpump:;
 

In addition, electric 
w[nd pumpin, systems are included in this section. Although 

they are primarily electricitv prduc:ing wind mills connected to motor-pump sub­

systems, they covered sinceare here their purpose i s pumping water. 

3. 1. 1 	 Tradi tional Multi-Bldud Farm indpumps 

This baste type of d.nign win developed during the period from 1880
 

to about 
 1930 and has since chac:ed little (Exhibit 3.1). These machines
 

either transfer rotary motion of wi, rotor
wdnil to a pump, or convert the
 

rotary motion to reciprocating biforc transferring it:. sized
Smaller machines 

(i.e. rotors of 5m (16 ft) or l em ), are genco ally -back geared"; i.e. they are 

geared down so that the pump speed is less than the rotor speed.
 

Larger machines tend t a be direc -driven by 
 a crank, because the rotor 

speed is naturally low enough to su it nost pumps. Construction is from galvanized 

rolled-steel sections bolted toge tier, with the t ransmission built up from l.argo 

castings or forgings and oil-bath 	 lricated. Machines of this kind are inherently 

very heavy, and therefore material-intensive (in all except the smiallest sizes), 

and compliraLed issemble, butto they are also very reliable, robust and need 

very little maintenance (usually annual change of lubricant). 
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Exribit 3. 1
 
TRADITIONAL ML'LTI-BLADED FARM WINDPUMPS 

4 .I 

Ei 

7 :T3­
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3.1.2 Modern Light-Weight Farm lgindpumps 

These involve a simila: deIsgn concept to the traditicnal farm wind­

pump, but using nodern manufactiir in Ltech niqutes that permit use of such feat rt!, 

as welded modular sub-assembliv.., r ,ctruct.1on tube rather than rolled sections, 

rolling element bearings (i.e. hall or roller bearings) and grease lubrication. 

Larger machines, i.e. of oser 5m (16 ft) rotor diameter, are very
 

similar conceptually to traditional large farm windmills, but are much lighter
 

and simpler to assemble and erect. They arc generally composed of prefabricated 

welded sections with a much ]ighttr trinsmission unit at the top of a tower.
 

Ne'.ertheless they have comparable, 
 and potent. iall '' better performance than the
 

traditional designs. The rvla ti-p 
:t.Lctura Il implicity resulting from .odular
 

welded construction is clearly evtid:w. from Exhibit 3.2, as is 
 the aerodynamically 

cleaner" rotor of the modern desigt, which should give it a better performance. 

A number of smaller dircLt-drive welded steel windpumps are also
 

available: these are generally light: and simple 
 to manufacture and assemble, but
 

are aot suitable for such heavy du tie; 
as Lho back-gear,,d traditional smaller far:-, 

windpumps as they tond to run at rather high speed and have less pump rod pull. 

The smaller direct-driv, units are ,:nerally manufactored in Europe (particularly 

France) where wi:dqi are relatively good, pumping heads are relatively small and 

the output requirement is modest (i.e. to fill a cattle trough). 

3.1.3 Low Cost Windpumps 

All manufacturers aim to produce a low cost windpump, but it is possiblc 

to reduce Lhe costs dramatically if the windpump is built "on-site" on a self-help 

basis, using as far as possible cheap Locally available materials. 

Many thousands of winlpumps built on this basis were used in the USA 

in the latc nineLeenth century and in China. Today, several thousand "self built:' 

machines are in use by farmers in Crete, Per" and Thailand. Most of these machines 

are made of wood or basic steel structrural components: cloth or wooden sails are 
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Exhibit 3.2
 
MODERN WINDPUMP DESIGN
 

II .~... ... ......INI
 

3-4~
 

44.4344.z 



often used to capture the wind. The efficiency is quite poor (half that of a 

farm windpump) and relatively fr.quen o.ling and adjustment is needed. 

3.1.4 Wind-Electric Pumpin >ntem,;
 

In additionto LO tie 
 r mhan.tical water pupinn; categories outlined 

above, t:here are commerci ally ,,i ,lt wi nd- lectric pump ing systems. These
 

systems are described in this .,.' 
 in ,since they are packaged water pumping
 

systems; i.e., 
 their fina] output in mechanical shaft power from a motor. 

Any wind generator e.m h, made to power an electric motor pump sub­

system. In practice the correct 
 matching of components is essentia1. For
 

someone not in the business, this 
would be very difficult. Some manufacturers
 

of wind generators offer a compl-.u 
 wind electric pnmping system as part of 

their services.
 

Wirt electric pumpers tend be
to higher technology than mechanical
 

windpumps 
 and data on their operational performance are very limited. Therefore
 

their reliahility and system lif, as
are yet unproven. However, they have
 

numerous advantages, the 
 ma in onv he i ng tihat the wind turbine can he located
 

remot e from 
 the water source, for e:.:x:nple on a hill top, overcoming the condition 

where the location of the wind rc.ource is thenot same as the water source. 

Wind-electric systems aro potentially more efficient than wind-mechanical 

systems. They also are more f]ox:i.lV in offering the possibi lity of multi-purpose 

use such as charging batteris thiI excess power generated. Wind-electric 

systems are likely to he particn!irlv competitive with mechanical systems where 

large outputs of water are requfr., .it low to medium pumping heads, particularly 

when the application is to pump surfrace water to higher ground. 

3.1. Opratfional Characteri;ticenf or Mechanical Water Pumping Systems 

MOSL ra 1 t i -bladed -i ii I art des i gned for pumpi n.g water by direct 

mechanical connection to po it e di ;placemenr: p rmps. 'Th e ;yn;:ns are tpical 11.' 

rated in termrs of their stroke per unit time or their delivery rate of water 
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for 	a given cylinder size and wel depth. Pumping rates of approx:mately 160
 

gallons/hr (.17 litres/sec) from depths 
 of 580 ft (177 meters) in 19 mph (6.7
 

m/s) winds can he achieved. Tih "rate x depth" 
 factor is approximately a
 

constant decreasing 
 slightly wi t1 incre;,-n-ig depth duo to pipe friction effects 

on the water flow. Because of tie multi-bladed rotors used for this type of
 

system, the windmill will pump water at low 
 wind speeds if the cylinder size is 

appropriate for 	 the well depth. The windm ill pumping system is a positive
 

displacemer! action and 
 must hAi, an open discharge at all times. The windmill
 

should 
 not 	 be used for pumping into pr,;qurized tanks.
 

Windmills 
 can he used with or without water storage depending on the
 

application. If storage 
 i; 	 re uired, water can be pumped into an elevated stor­

age tank for later distributin. Water a torac, is a lways recommended in order
 

to take maximum advantage of the winds, 
 spo radic nature.
 

Typical mechanical ,:torpumpers 
 do not )ump from offset locations and
 

should be installed directly 
 over the welL or water supply. For good energy
 

conversion, 
 the 	 rotor should he located 3t least 15 ft (4.6m) above obstructions
 

such as buildinis and tree:; anid 
 he in an area with a free flow of air from all 

directions for about 400 ft (122 i). 

3.16 	 System Costs 

Typical system costs for the range of available mechanical windpumpers 

is shown in Exhibit 3,3. Presented are ranges of machine costs, additional costs 

(towers, mechanical linkages pumps, 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. 
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Exhibic 3.3 

RANGES OF SYSTEM COSTS FOR MECHANICAL WIND PUMPERS (1982 $) 

Rotor
 
Diameter 
 Macbine Cost Other Costs* Total System 

Type (Meters) (JS $, FOB) (US $, FOB) Cost (US$, FOB) 

6 ft 1.83 370-80) 300-1,300 670-2,160 

8 ft 2.44 510-1,250 
 300-1,300 810-2,55()
 

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 ft 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 Asses:ment Study, Intermediate Technologies Power

Ltd, Reading', Brk. RG7 
3PG, UK, World Bank Project G;LO/sO/O3, 
Februa ry, 1983. 

* Other costs 
include tower, meclanical 
linkages, pmp, foundation and install­

ation.
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3.2.1 

3.2 	 ELECTRICAL OUTPUT MACQINES 

Small Wind Energy Systems for 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) diameter for 1 kW machines 

to 125 ft (39 m) diameter for tho larger machines. Currently, there are manu­

facturers producing both horizont:al nd vert ica] axis ma chines In this categ ory. 

Small wind generators can produce either ac or dc power and can
 

be used 
 as stand alone systems or Interconnected with a "t iitv network. The 

propeller type machines have low torque and high rotational speeds and operate 

best in moderate to high wind speuds. Power transmission for this type is
 

nearly always 
 in the form of gear;, although pulley belts, crankshafts and
 

direct-drive systems also used.
have 	 hoen 

3.2.1.1 	 Performance Character ist ics
 

Wind electric systems extract power from 
 the wind according to a
 

exponential curve. a
Below "cut-in" speed (the wind speed at which the turbine 

rotor begins spinning) no power is generated. Above this speed, the power 

produced is theoretically proportional to the cube of the windspeed. This
 

equation 
 holds until the "rated speed" (somptimes referred to as reference 

wind speed) of the machine is reached, when the power output (the turbine's 

rated or reference power) remains constant for increasing windspeed. At some 

higher windspeed the machine will shut down to eliminate the possibility of 

damage, i.e., cut-out or shut down wind speed (Exhibit 3.4). A high rated 

speed implies a system which extracts energy from the powerful but relatively 

infrequent high windspeeds. The resultant output consists of bursts of high 

power at irregular intervals. If a low rated wlndspeed is chosen, then the 

rated output of the machine is lower but energy Is extracted from the more 

frequent low wind speed bands givin; a steadier power output and possibly a 

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

P 
R 

Uf­

0 
C.L 

D 
IL 

D 
0 

VCUT IN V VCUT OUT 

WIND SPEED 

Generic Power CUrve. VR 
and PR are 
rated wind speed and power, respectivel.
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The operating wind speed for electrical systems ranges -From5-2 i 

fmph(2.'275.-4 m/s) for cut-in wind speed yo 40, 6o mphi (17. 	 9126.8 ' /)Kfo& 'cut:out 

Sdesign of 	 the rotor 'and'control, system. ' ~'" ~' 

Towr consideration in sml~~dsystems pereihtisanimportint c 

~i"F'ora~.. Becauseo~.dnd speed norm~ally inicreases~i'th h~pigh t above the ground,

Senergy output increases as 
tower height is increa'ed. Curnstandardtower~'
 

~F7heights are, 20, 40, 60, 80 and100 ft 
(6, 12, 18, 	 24, 30 me ters; ~ .' 

3.2.1.2 	 System Costs and Availabili ty i ,,.
 

Typical system 
 costs for 	a number of commercially availabe smal11L 

WECS are presented, in Exhibit 3.5. Presented are 
ranges of 	i'nstall~ed c'o ts
 

Sfor systems with different rated outputs. The wide cost ragssonrsl
 
from different country labor rat~es as well as the 
 ay'n ereso ehia
 

sophistication of 
the many availa ble sytm.The 'aoiyof'
the installed.
 

cost is~ for hardware associated Uwith 
 Lhe rotors, tower and gnrto,(approx-~ 
imately 42% of the system cost). Tns'tallation 
cost~s may 	account for as much as
 

K 20t. Limited production volume also contribuites to such high machine''co"st. 

~A In addition, small lot fabrication forces'manufacturers to use off-tfre-shelf,, 

components not specifically designed for their" application, which lealds to an
 

inefficient and' less reliable 
design.' 

- FF-j~j-F~F 

FF3.2.2 
 LargeWind Energy Systems for Electrical Output~
 

Large widenergy sytm aedefined as
F-F 	 an sstemr. witha rated ou-.W
 

put--Fo' ove W.T
10 date relatively fe auacuesh
 
Fv velopedAe~~.. 	 such'models.4j 

to 2,megawatts. 

r~; 

Both hCoreizontSmnuatrr ae eviclopxisg machines~F witravriated i toupuof1s 
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E:xh ibit 3.5 

RANGES OF SYSTEI COSTS FOR SMALL WECS (1982 $) 

RATED OUTPUT TOTAL SYSTE:M 
(kW) COST (FOB, USA S) 

.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 Assesp;ment Study, Intermediate Technology Power 
Ld., Reading Bo;oks. RT7 31G UK, World Baink P'roject GLO/S0/003, 
February, 1983. 
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range. 
 The largest vertical 
axis machine available is 
a 500 kW Darrieus. 
 The
 
larger (over I MW) machines arc 
all horizontal axis machines. 
 Cut-in wind speeds
 
are higher than those of the sm:n i mach ,,rs(under I 0(1 kW) and are usual]v 
between 12 and 14 mph (5.4 and n. ,n ). This ,istrue for the vertical axi,; 
machines as well. The rated Wind np ed 
for thuse machines 
is also higher than
 
those of the smaller machin:ns (udair 10!) kV) and are usually between 29 and 30
 
mph (11.2 and 
13.4 m/s). Hori:zout -ais machines 
are generally of 
the propeller
 

type with two 
or three airfoil lJdus.
 

SysLeM perfor:ance of these machines has been impressive. While 
failures have occurred 
in compionen:af 
 severa 
 systems, overa1. performance has
 
equalled or 
exceeded 
most mnnufcturer's expectations. 
 Power coefficients of
 
0.4 have 
been achieved (compared t a tNLhooreLical 	maximum of 0.59). 
 Capacity
 
of (ratio 	of actual 
power produced to rated pow.r) 30-40 percent have been
 
achieved, 	and availability 
Is projected to he at 
least 90 percent.
 

Much is still being 
learn.d about 
the operation and maintenance of
 
such large 	machines. Impro.'ment:; 
in system and component design are 
expected
 

as 
a result of several years of 
opu rating 	e::perience.
 

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 
becaus 
e the machines are 
only prototypes. 
 With
 
the 
present designs, the dominant cost factor 
for this size category is the
 
production 	volume and 
order s ine. :hbit 3.6 	presents cost projections 
for large
 
WECS. As 
s, en in the exhiit, the multi-megawat t machines 
are considerably more
 
expensive 	at 
present because 
there are 
only a few 	prototype models 
in operation.
 
Significant 
cost reduction:s; 
wi bee realizred an a result 
of mass production and
 

technological advances in systen co' en-ert. 
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Exhibit 3.6 
COST PROJECTIONS FOR LARGE WECS 
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3.3 SYSTEM COMPONENTS 

3.3.1 Wind Turbine Rotor
 

Major performance viriations in wind machines generally will involve 

blade design. The diagrams an! dii >'ssion that follow apply to both horizontal­

axis and vertical-axis machLineq. 

6ne poplar blade matc.ial is wood, either laminated or solid, with 

or without fiber glass coat inr.g s (xlibit 3.7). Uncoated wooden blades usually 

have a copper metal hda,, protectionor other ,: edge cover for against erosion 

by sand, rain, and other envi ramrna_ i factors. 

The extruded hoIl1 w alumi num blade frst: was instalLed on a WECS in 

the early 1950's. This blade construction is being used again, especially for 

the Darrieus machines. 

Built-up fiberglass blades with honeycomb or foam cores, or hollow 

cores (except for a tubular structural spar), are also being used, as are built-up 

sheet aluminum blades. Ali these methods of construction have a history of 

service life in WECS anFlications an; well as in many aerospace applications. 

It is important to "n~rLIstiand the various methods of rotor speed 

control. Blades are designed to w!tistand a certain centrifugal force and a 

certain wind .oad. The centrifu;aI 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 tho hii de.q: in high winds. Obviously, one could design 

a wind turbine strong enough to w-ithstand the ini.ghest possible wind, but this 

would be an expensive instal lalai omparid to a more fragile unit having a good 

control system. 

Two primary nMLthods exi;t for cuntrolling a wind turbine: 1) tifit!; 

the windwheel out of excessive wind:s and 2) changing the blade angles (feathering) 

to lower thcIr loads. IExhihil 3.q illustratu; these two methodS. 

Exhibit 3.11) i.lustratws a simple mechanical mechanism used to control 
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Exhibit 3. 7
 

DIFFERENT BLADE CONSTRUCTION METHODS
 

Laminated -­ e kvveith"" 

Wood Fibe r(I1 ss 

SOLID WOOD BL\I) 1" 
Tube Spar Rivets [iberlaSki 

TUBULAR SPAR, WITH MOLDED 
FIBERGLASS SKIN 

EXTRUDED HOLILOW Front Rib / 

METAL BL ADE S 

Tube Spar Riets Sheet Metal 
Skin 

TUBULAR SPAR, WITH METAL 
:"- RIBS AND SKIN 

Laminated Coveredle B l';a Wood 
Wood with of Fom 

Fiberglass
 

PARTIALLY SOLID BLADE-	 Fabric 
"Sock"Structural 

Leading
 
Honeycomb, Balsa ------ Edgc Cable
 
Wood or Foam Filler Ta"
EdgeBonded to Tube Spar 	 Training\ 


Tube Spar - Fi berIlass Skin SAILWIIG CONSTRICTION 

CON1P(!)S IIL BLADL 
CONSTRUCTION 

SOURCE: 	PARK, Jack and Schwind, Dick.Wind Power for Farms, Homes, and Small Industry. 
Nielsen Engineering & Resear .,!,Inc., Mountain View, CA., Department of 
Energy Contract E(04-3)- 1270, September, 1978. 



Exhibit 3.8 
LOADS ON A WIND TURBINE BLADE 

CentrifugalCentrifugal 
Force 

Force
 

/ 

Wind Draq V" Wind 
/ K' 

BLADE WITHOUT BENDING 
DEFLECTION 

BLADE WITH BENDING 
DEFLECTION 
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Exhibit 3.9 

TWO METHODS OF WIND TURBINE CONTROL 
BYV TI!. TING THE ROTOR 

WIND 

Operating Tilted 

WIND -7 

Operating Tilted 
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Exhibit 3. 10
 
BLADE FEATHERING CONTROL
 

Main Shaft 
Rotation -

'I, 

/ f / A 

FEATHERED 
BLADE NORMAL 

OPERATING BLADE 
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blade angle (sometimes called blade 
pitch angle) for feathering the blades.
 

Notice that the leading edge of 
the blade in its normal position is at an angle
 

suitable to cause blade mot ion 
 in aidirection indicated. As blade rpm Increases, 

centrifugal forces on fl-waighithe ':usw the weight, which i:; connected to the
 

blade, to move around the blade 
centr pivot shaft and cause the blade to pitch
 

toward the feathered po ition. The feathered position pulls 
the leading edge of
 

the blade into the wind to reduce -r eliminate its driving force.
 

The Darrieus rotor (Exhibit 3.11), which Is commercially available in
 

the "egg beater" shape (thiq shape has been given the 
name troposkein), can be
 

controlled using any 
one of tO :A: Muthods: 

1. A unique aero)l:Aam c:haracteristic of the Darricus 
rotor pier it; the blales to stall; that is, quit lifting or 
pulling, which o ; thom down.I 

2. Drag spoiler; mu)nltLej either on 
the blades or the support 
structure can he nchanlcally or electronically actuated 
to slow the ,pe d. 

Darrieus rotors des igned wi th straight blades (Exhibit 3.11) 
use
 

variable blade pitch, in addition to 
these methods, to ccntrol rotational
 

speed.
 

Turbine blade characteris tics which ar2 important in selecting 
a
 

turbine are briefly discssed below.
 

Turbine blade soliditcy is the ratio of turbine blade(s) surface area
 

to rotor swept area. The more turbine blades connected to a hub, the larger the 

turbine blade solidity.
 

Tip speed ratio is the speed at which the windwheel perimeter is moving 

divided by the winds;peed. If the wind is blowing at, say, 20 mph (9 m/s), and a 

windwheel is turning so that the 
outer tip of the blade is travelling at 20 mph 

(9 m/s) around a circular p ,a, it." ip speed ratio eqtals 1.0. 

Exhibit 3.12 shows how the relative torque of various wind machines 

decreases with increasing tip s peed ratio. As shown, high torque rotors require a 
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Exi,,oit 3. 1 !
 
DARRIEUS ROTOR DESIGNS
 

1 1 

J
 

F r0 i [<... ", ­

' \0
 

DARRIEUS ROTOR WITH STRAIGHT BLADE ,:.1:1.. ROTOR WITH CURVED BLADES 



Exhibit 3. 12 
RELATIVE STARTING TORQUE 

HIGH 
100% 

o1. 

> 

, 

.-

, " -

frntype 

low speed 

I!? 

M: 
0~3 blade 

nedium speed 

.4 

.2> single blade 
very high speed 

LOW 

0 5 

Tip Speed Ratio 

10 15 

SOURCE: PARK, Jack and Schwind, Dick.Wind Power for Farms, Homes, and Small Industry.Nielsen Engineering & Research, Inc., Mountain View, CA., Department ofEnergy Contract E(04-3)-- 1270, September, 1978. 



S 	 high solidity, (required 'for mechanical. application), addthat type of tu rbi 

wrsbest 4at low~t ipi speed ratios. ExAi.3J,.' w how th bestr opg~ 

2"--ti~p sed ratios change, with solidity.2~-~ ~ AAA$ 

Sdesigns is'compared with an ideal machine (with a maximnum efficiency of 5 9.3%) in~~~ 

SExhibit-3.l4. 
 Notice that the efficiency is also related to tip speed ratio, as 
2 

is starting torque. 	 <-

2~2System 
 Power Coefficient- (Cp) is defined as the ratio of win~d system
 

-power output to the power available 'in,the wind. Cp 4ncludes rotor, drive trnin: 

and generator efficiencies (for wind generators), as follows:2
 

System Rotor - Drive Train Generator
 
j Efficiency x Effitciency x' Efficiency Eq. 3)
.Cp-


~W 	 Drive train and generator efficienicies are most commonly about 90%. Thus' the
 

only variable which significantly affects Cp is Rotor Efficiency, which is
 

dependent on turbine blade- type (lift vs. drag) and aerodyna~mic profile.
 

3.3.2 
- Generators For Electrical WECS 	 2e ~0 

-- Generators used -in electrical WECS- are one of three standard types.: .V)21 

synchronous generator,- commonly referred--to as an alternator; an *Induction­

generator; or a dc generator. 
 The first 'two produce alternating current.2
 

An ndutio ikeaninduction motor, 2operated.as a
geertoris 


generator by being driven above synchronous speed.2 Induc tion generators are, self-2 

-regulating 
 in ad justing.to- varying torques and load conditlions, 2andr can~act as 2 , 

motors for starting. Most small W4ECS (less than 100 kw) use induction generators.
 

Sycrnu 
 -atentos
geeatr 	 mu s t run like electrical. clock 

K.,motors,-2 precisely in step w'ith the frequency of the load. 
2An alternator there fore
 
reuie spca cicir an fo
cotrl sychonznge 
 r 	 it connects t
 

Mostlod lag 
 ,'dtoecrrnl 
 -h ne2evlpet 
 (S2mpo er 

a- 2n ~ - 21 2 2. 2-S2-.2 

2 	 >2- - ' ~ ~ 2 ~ - 2 22 ­3 -

A~~2~2cnros-2-
2> 

http:2operated.as
http:SExhibit-3.l4


Exhibit 3. 13 
SOLIDITY OF SEVERAL WIND MACHINES 

0.8' I 

AI 

60.4 

0.,. 

.. 

0.13 

... 

1 2 3 4 5 6 

Tip Speed 

7 8 

Ratio 

9 10 11 12 

SOURCE: 	 PARK, Jack and Schwind, Dick.Wind Power for Farms, Homes, and Small Industry. 
Nielsen Engineering & Research, Inc., Mountain View, CA., Department of 
Energy Contract E(04 -3)-.1 270, September, 1978. 
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Exhibit 3.,14 ~~ . 

TYPICA L PERFORMA NCE OF SEVERAL; WIND MA CHINES, 
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Induction generators have advantages over alternators in simplicity 

of control and start-up, and in soe situations, in their ability to re-establish 

normal operation after electric'i ind mechanical transients. Also, induction 

generators automatically cease g,'ifvirALing when the load is removed (unless
 

capacitors are connected), thus reducing the possibility of hizardous voltages
 

being produced by an isolated generator.
 

Generation of de usual Ilv invIves generation of ac inside 
 the generator, 

then conversion of the ac to dc by means of brushes and a commutator. This has
 

been the common design for dC generator:; until recently. A method more commonly
 

used now, because of improvements in diode technology, is rectify
to the ac output 

of the alternator to dc. 

Generators and aIte rnators are selected or designed by WECS manu fac­

turers according to their own criteria, which includes cost, weight, performance,
 

and availability. Thus, in the select ion of 
 a suitable wind turbine, units 

with specially made generators, as we l] 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. In 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. Support ing a wind turbine that weighs several hundred
 

pounds is no simple 
task and reqlires a rigid structure of some sort. Towers are 

subjected to two types of load:s, as illustrated in Exhibit 3.15: weight, which 

compresses the tower downward, and drag, which tries to bend the tower downwind. 

Towers are made in two htic configurations: guy-wire supported, and 
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Exhibit 3. 15 
TOWER LOADS 

WIND WIND . 

WIND MACHINE 
1-I EIGHT 

-,.----- WIND 
DRAG 

MACHINE 

TOWERJ+' 
/'PRAy 

i.~ M 

- OWER 
WEIGHT 

-­ ,-,.6 -
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cantilever 	or unsupported (sometimes called freestanding) (Exhibit 3.16). Also, 

given these two basic structural support configurations, 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 overriding 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 in series or parallel to form battery banks. The voltages of cells in 

series are additive, while the current through each is the same. In parallel 

cells, the voltage across each is the same, while the currents are additive. 

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

that supplies electrons to the external circuit as it is oxidized during the 

discharge reaction; 2) the positti'e electrode which accepts electrons from the 

external circuit when it Is reduced duriug discharge; and (3) the electrolyte 

that completes the circuit by furni hing the ions (i.e., electrically charged 

atoms) needed for conductance between the two electrodes. 

Batteries are normally classified as either primary or secondary. 

- 2 7 



Exhibit 3. 16
 
TWO TYPES OF TOWERS
 

GUY W IRE SUPPORTED '- -"a : ... ,'J".:.. 

FREE STANDING 
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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 if new chemicals are added (e.g. fuel cells). qrndary batteries are
 

designed to be used repeatedly by recharging. Charging and discharging 
cr.-­

through a change in the 
direction of current. The two most common secondary
 

batteries 	for WECS applications arc lnad-acid and nickel-cadmium. Lead-acid
 

batteriles are the more frequently ,;.i , primarily due to their lower cost.
 

Lead-acid batteries are .'; etime referred to by the type of electrode 

used (for 	example, lead-antimony, pure 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 havI;g a certain storage capacity, that is, 

the amount 	of energy they can store. 
 Thare is a limit to the amount of usable
 

battery capacity, which is 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 illustrated in Exhibit 3.18.
 

The decision to use pumped water storage must be based on availability
 

of land and such factors as: would the required amount of land be better used for
 

something else; cost (bulldozing a lake can be expensive); and the end use 
of the
 

pumped water.
 

3.3.4.3 	 Flywheels
 

Flywheels are devices which store energy in the 
form of rotational
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Exhibit 3.18
 
WA TER STORA GE FOR ELECTRICITY
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mechanical 	energy. Old flywheel designs 
consisted of large, heavy-rimmed wheels, 

while contemporary flywheels are spoke-rimned wheels made from lightweight
 

materials.
 

Recent literature di.scu s. an improved flywheel energy storage device,
 

the super 	flywheel. The supel f lywheeIl is different from the traditional spoked­

rim flywheel, which propelled mi nu cars and elevators. The older gyros wwre
 

large, heavy-rimmed wheels, like truictor 
 tire filled with water, while supeir
 

flywheels are thin and tapered and spin 
at a high rpm (Exhibit 3.19).
 

Various design studis:; i llunrate that a small advanced flywheel
 

energy storage unit should he 
cost-comi etitive with an equivalent battery system
 

in the future, and will most probably weigh less. Thus, this storage unit should 

see great 	potential 
in future WECLS a ppl ications. 

3.3.5 	 Power Conditionin g Sy :;,: 

3.3.5.1 	 Controllers and Reg.la ,-;
 

WECS producing ar power normally contain all of 
the equipment to
 

control and regulate output in 
th ,,turbine assembly. DC wind generators, on
 

the other 	hand, require external SySt ems to control and reg.ulate power output. 

Regulators 	 are used to limmi t WECS output in 	 order to prevent battery, 

overcharge 	and maintain 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 relays to shunt excess current to ground. Series-type regulators
 

use transistors, contactors or solid-state relay 
elements to switch off or
 

reduce the flow of current from the WIECS 
to the battery. Series regulators
 

consume power at 
all times, whereA shunt reguil.Lors dissipate only that power
 

not required by the loads. Shunting power to ground 
is not recommended with a
 

WECS. It is much more economical to Hse a 
series regula tor to control current
 

flow to the batteries and a "dummy load" when 
the batteries are fully charged,
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Exhibit 3.19 
FL YWHEEL DIA GRAMS 
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the series regulatory can transfer excess energy to a dummy load -- such as an 

ice maker, a:ir compressor, etc. -- to perform useful work, instead of wasting 

the energy by shunting to ground. 

The simplest type of re',ul.ator involves a passive method of convrolling 

the regulation function, using " zner diode. Zener diodes can accommodate 

power and voltage from a few watt: to 50 watts and up to 200 volts. Passive 

control results in a relatively w'ilde voltage cutoff band. For larger systems 

and/or more accurate regulation:;, it is necessarv to use act ive control systems. 

ReguJators with act ive ontrs I st ems toare more common iv referred 

as controllers. They are more 'snistica ted, providing for more precise voltag t. 

regulation, proportional current control, and often for the adjustment of voltage 

control to compensate for change: in battery temperature. 

3.3.5.2 Inverters
 

An inverter is used te convert dc 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 is 

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 

produce square wave, near-sine wav and sine wave ac. The selection of one type 

of another depends on the loads. For resistive elements and some motors, simple 

sqaare wave ac is acceptable. For procision equipment, however, sine-wave or 

near-sine wave ac Is necessary. In cases where the user wants to .ink to a
 

utility grid, only sine-wave quality ac is acceptable. Because the prices 

associated with the inverters th t produce these wave forms vary significantly, 

it is important for purchasur; 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-s tatv and rotary. Solid-state Inve rters have higher 

efficiencies--in the rangeof i)-05 perce'nt. Rotary inverters have effiai einW , 

of less than 85 percent. Hlow, , qr, d"VpkLe the lower efficienc[es, rotary i Overte rs 

can be more effective in motor 't.rt-up:. In genera], inverter erffici ,ncy 

decreases with decreasing load.
 

Manufacturers often of fer ;pecialized cir. 
 uits and switches for their
 

inverters. 
 For example, some offer circuLts designed for motor stirt-ups. Others 

offer automatic on/off swi tches Aich eliminate power consulmption when not in use. 

There are three basic[ y'es of Inverters: l1ne-commutated, self­

commutated and stand-alone. In a inv'-eromuitted swi tch es t rig.eredove rter, are 


by the timing on the utility line;. Tho swi tche of a self-com.!mutating inverter
 

are triggered by an internal 
 c-lock in the [nver :er. Sc lf-com ated I averters 

are more expe nsive due to the additional circuitry; hn'ever, some are capable of 

operating in a stand-alonie mode. Stand-alone inverters 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, if the WECS produces 240 volts dc but one of the attached loads require 

48 volts dc, then a dc-to-dc converter is necessary. In general, a WECS used 

to power a single dc electrical load can be des.igned such that a dc-to-dc 

converter is not necessary. In such cases, the use of the converter is discouraged 

since it adds to system cost and dctracts from efficiency. 

3.3.6 	 Instrumentation and Controls 

Identification of Instri-::,nts and controls for a WECS must be examined 

in the context of the purpose of the Ins trumentation. That is to say, Is the 

instrummntation being used to opernti, monitor or evaluate the design of a WECS? 

For example, an unattended system designed for cathodic protection doph not 
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rquire any <ins trumentat&in.6iOn the ther hand, a agricultcuralIpoesigsse 

' ii, aneuainlstig~dOeau~ optcimum system~ design jutfe 

-~~~ Aside from, the purpt~po Of L1he 1.nstrumerita ion, other factors4to consi'der 

are.<>the>'necessary <sphitication~required, to.'acieehjroe t a 4 n.~h 

thyte sfr() supr44uioa n These fcorgarel interrelate- in 
ca.tefarther the installation from th:mntrngisiuin 44, rr.l 

facility, the less elaborrate the instrumentation sl.6u1}Jbe.' 'For- example;take4
 

4"
~..,the case of measuring
 the discharge flowi ratepoa~punmp..'Fu pin are available:
 

(1) A uktof a specific volume and' a stopwa tch<wil1 determine alln«'.d~4 
<4 ' ~instantaneous flow rate.,, 

4 

(2) A basic in-liine flow meter with 'float also Ssh 4
ows an instanitaneous< '< 
"<4< ''' flow rate. '44<'4. 

'' 

44<(3) 
 A stripchart recorder measures and records thelo rate continuously'<' 

4(4) 
 A flow meter with solid-state magnetic pickupjand automatic' data 

4 ~transfer 'provides continuous, long-term monitoring., <<'4 

' 

Exact knowledge of the flow rate will not improve sys'teim op'eration or
 

reliability.' However, in terms of evaluating the design, fl'ow rate' can be very 

important. A second point to be made from4 this example is 'related to the"cost.­

involved with the increase in sophistication. If-ol~nisatacu~edn 

is needed, it is best to uso 4the simplest 4and least cotl option-optin one
 

A«The third option would undoubtQA.ly fail in 4a ver remoe.:s< 4a'soon 
 a s44 the44 <
 

For attendremotetemsthe minimum iastthm~nation'and concr<ls fo 
'c nio inof e opive raty e yst ms re as oll ws 

4444,Ap li at on wit-4tt 4 - Storag44e444''< 
44 .44<44.<<444''444<4 

44 votee4o h onrlae 

lovotg-isonc 4' conro (baL4-4 protection)3 

cirui braerfs:potcto be4w44 all loads 
-n-hebt~r 

>'44'444~ ~-4 3 0' - ' < 

44444 

http:undoubtQA.ly
http:trumentat&in.6i


ABPumping ~ ~2. 

lvel p*.0Cc ons low wter thepump. (epciallly1nsL(at 

''of low well yield rates wih'respect-'to draiw),.... 

-thermometer 

?~'­

- run-time meter 
,. 

AgiutrlProcessing . -

-ammeters 
 on all motors 

.~-- ) 

One level above minimum instrumentation involves' training an 
opeaor to perfor'm

simpl andsafesystem/component 


trouble-shooting and repair. 
 In this sluation,
 
AA the following additional instruments are recommended: 
a portable voltmeter,,
 

X~< portable ammeter, and run-time meters "I'' 

Moving' to a,higher levelrf instrumentation and 
couLrl is recommended
 

'Yonly for systems thtaebigus,'l,for R&D and are 
located near test/educati onal 
 .
 
centers. 
 The number of features that could be added to 
an instrumentation pakg
 

is too large to enumerate here. 
 \:.n.~in 
the case of a given instrument (lkth
 
,flow meter discussed earlier), there can be numierous alternaives, v~arying, ~in,,IA
 
their levels of sophistication. 
 The costs associated with various options' for 
 -~ 

instrumentation and .control vary'significantly. Therefore, :the folloing basi 
 -~'
 
rules of th~umb are recommended: 


-'A". 

(1) 'If the ins trument is tnotneesrgvnteppoefth

~~'"syste do not include it. ~ 

'4 

(4' Ifan instrument is necessary,
2) use 
the simplest,alternative toB'';
meeting the need.,'
 

(3) The complexity of .the instrumentation 'and'4control; should.Abe..<I 
 44B'2A­inversely proportional. tothe distance between the system and...'.
technical expertise.~ 

' ~n-~~ 

AA, AlA..>AA 



4.0 -SYSTEH DESIGN COSDRTO' 

-In design ing' a oy ty pe ofF YS eM, be it a WECS orinot- theear -fe­

4~basic 
 "-iniple 
 toki in mind-~...~­

4;~y!Keep the systemi asasiple,a possible.­

'(2) Use local labor and materlais wenver possile. 

dgre
(3) Toith posibeinvolve the ultimate users 
in the-con-­
ceptualization, desigr,, installation, start-up and testing-of
the system. 


-

These items may seem almost too obvious to state, yet it i " upiighow many
 

times these, rules. have been violated. ­
-4-- ­

-Designing 
 -involves a series of tradeoffs, all of whi4ch eventually
 

boil down to cost. Exhibit 4.1 identifies steps in the! system design'process.
 

These steps are discussed in the following sections. 

' 

4:2LOAD CHARACTERISTICS 
'-­

'- 4.2.1 Application-- --­
4' 

44 4 Your demands wil etbls whether tewindwheel (or)willdrv
 

mnechanical devices, such as 
pumps, compressors, 
or- grinding whee.ls; 0( ~ 

~~:devices, such as gene'rators or alternators. Exhibit 4.2 can, be used tofou
 

%yorthinking on the 
steps: requir'ed' to, accomplish a rational seeto of- the1P
 

mst appropriate WECS., To visualize 
some of4! the many ways aiwiindmjll7,
 

can be used as part of a complete system, study Exhibit 4.3.-
 You can follow
 

any pa th on this diagram, that leads 
 from top'to -bottom,4from.4win& turbine to
 

wind user-. A bold line connects 
the components in'the most common'Iwind systems'-22
 
44designs. Alhog mos t 
 of "th-e possible systems shown'-in the exhibi t,are, not 
 4.-4<4~4 

ecnmial 
 pratial 
 one 4o can beginUSI aprcit 
 th versati4ity 
 4 44444<47 

Forplica s andions a one ccura te d eter4nati n of ystem load 

es i i ndi s~~~ ene a e fo4-s n ' c m o e t s c i F r a w n a m g i
l n 
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I.OAD CIARACTERIZATION 

o Peak Power Demand 

* Nominal Voltage 

* Days of Storage 

OAC, DC or Mechanical 

RESOUHCE 

CONSII)E ATIQ)NS 

o Wind FrequCncy 
Distribution 

o Number of Windless 
Days 

MAINTAINABIlJTY 

O Remoteness of Site 
*Le-el of Maintenance 

Available 

Exi t 4.1 
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connected) 	 application, accurate loaJ determination is not essential, since the 

wind generators are supplying a, Much electricity to the grid 	as is economically 

viable. 

4.2.2 	 Requized Reliability
 

It is important 
 to know how 	 critical it is that 	 loads be supplied 

with power 	 at a given time. For :xa' pl:, a teleconmmunications system may 	 have to 
operate twenty-four hours da.'a -- n" excuses. In this case, 	 a WECS and a large 

storage system (to supply 	 the load during a series of windless days) and possi bly 

even a backuip system may be considered. Otn the other hand , maybe battery sttorage 

or backup may benot needed i.n an ol ec.ric pumping system where it is sufficient 

to pump only during times when it is windy (the pumped water can be stored in a 

tank). 

If several loads are powered by a given WECS, load priorities should 

be set. In the case where WECS ouy= on a given 	 day iK low and/or the 	 batteries 

are at a low state-of-charge, load:; should be disconnected in the order of 

reverse priority. This load-shedd in g be donecan 	 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. 
 In 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 mentioninig. There are a number of practical system designs, 

as shown in Exhibit 4.4 (including electric wind pumpers), each of which has 

advantages and disadvantages. These advantai;es 	 and disadvantages arc detailed in 
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Exhibit 4.5. Some water pumping appl ical-ions may benefit by choosing 

one option over another. For other. Anpl ications there may be only one choice. 

Whatever the application, however, the .ystem designer should weigh the relative 

advantages and disadvantages of t he variou; system designs (Exhibit 4.5) and 

compare with the application requiremans:, t 

Appendix C presents a d, a i led step-by-step procedure for estimated 

loads for mechanical water pumping a-Ipicsations. Des-ign curves are provided Tor 

estimating pumping power req~tirm nt; ::nd pipe friction losses. 

4.2.3.2 Stand-Alone Electrical Ajp ications
 

In order to design 
a WECK for stand-alone electric applications, 

accurate information on connected I ct rical loads must be obtained. In order
 

to arrive at such informa tion, three things must be determined: 

1) What electrical 
devi ces wil be connected to the WECS, and 
what are their power requSireme nts? 

2) Now long will each dlvic- operate, say, 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 watt rating
 

which can be obtained from the nameplr. This figure is the power requirement 

for that particular piece of equipm.Lnt. To obtain energy requirements, multiply
 

the power rating by the approximaIte number of hours of operation. Exhibit 4.6 

details the methodology required for 
estimating electrical loads.
 

The steps outlined in Exhibit 4i.6 must be performed for each piece of 

electrical equipment connected to the wind generator. Steps 1 through 4 in the 

flow chart are fairly straight-forward, hut wiLi only give the load on the WECS 

when all connected equipment is operating, i.e., a worst case scenario. Sizing 

a WECS to meet this worst case s;cenario is both inefficient and impractical. To 

accurately determine the load profi le which the WECS should be designed for, one 

must estimate the time of day which each piece of electrical equipment will 
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Exhibit 4.6
 
ESTIMATING ENERG Y REQU!REMENTS FOR


STAND - ALONE ELECTRICAL APPLICATIONS
 

determine
2 rp pIance (4 watts, kilowatts
 
Ic)2d ratings(J)
 

determjne

load cyleh r
 
times for
 

energ 2prru hourTpermont 

caIc u la-"­
erg y requreme',rv s watt-hours, kilowtt-hours 
2 P Ene (K'Vh ) 

l2d aduptatts 
deternnine 

tota1 tfl' kwh l 5daf b (oa wattsre irernen'j4 r cyle hstory 
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collected include wind speed, dirtct Ion and duration at each speed. 

The process of si 1ng wind tirhfnes may be divided into two broad 

steps: site selection, and site t-vaiication. Site selection Is the process of
 

locating windy sites while site 
ev.: cUion Is the process of determining the
 

potential wind resources 
at this siLe. 

4.3.1 
 Site Selection
 

The main meteorological problem in WECS siting is the variability of 

the wind resource. The variation in magn itude of the wind from one place to
 

another makes site selection di ficn).t. The 
 variation of wind with time at
 

a particular location complicates 
such
:;it evaluation. Wind characteristics 


as average wind speed, turbulence inftensity, and seasonal 
 and diurnal variations 

can be significancly different 
over seemingly short distances. This means rhat 

there is only limited value in di rect application of existing wind data collected 

at historical stations -- stations that were probably established without wind
 

energy applications in mind, such it; airports or thermal power plants.
 

Since the wind resource variability is greatso and the cost of onsite 

measurements can be large, there is gre.at 
interest in techniques for estimating
 

the wind energy potential of 
an area or site 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
 

small2r high wind potential areas or they 
can be used to estimatc wind behavior 

at a particular site. Among these t.chniques are: 

o analysis of existing ad supplementary wind data 

o topographic indicators
 

o ecological indicators
 

o geographical indicators
 

Each of these techniques is explained in detial 
in Appendix E.
 

4-Il 



4.3.2 	 Site Evaluation
 

If accurate wind 
resource data is not available for
 

the chosen 	site, on-site wind me:si remtunt Is required. Two steps are needed to
 

assess the 	energy potential at a given 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 problem.
 

Wind measuring instruments commonly used for site evaluation are:
 

o Cup Anemometers
 

o Wind Vanes
 

o Propeller Anemometer:; 

o Tethered Balloon Instrument Systems 

o Kites and Kite Anemometers
 

The cup anemometer is the most popular for wind 
 surveys. It measures 

wind velocity but not direction. To measure direction, a wind vane is required. 

Both pieces of data can be obtained with the third sensor, the propeller anemometer. 

Accurate data only obtatned with thesecan be sensors If they are mounted on a 

pole high enough and far enough away from buildings and trees to have a clear 

sweep of the land. Ideally 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 is a problem, tethered 

balloon systems can be employed. Additionally, if 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 
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'­

.5543-2. Data Analysis F 

I~In-order to select a turbine for ai.given application, -as -wel-l -ass---'-~-­
analyze isperfodrmance, the wind datai obtainedi during .site evaluationshude 

plotted in the form of a wind frequency distribution curve,a hown inExhibit: 

4.7, or recorded 'ina tabular form, a'sshown in Exhibit5 4.8.' ~ 

If wind dat~a is recorded,for at least 
a year, wind 'frequencydsrbto
 

Vcurves can be, plotted for a typical day 'ineach month. 
 This will reveal diurnal,
 
awell as seasonal, 5variations in wind speeds (Exhibit 4.9) 
 ' 

one 

~to the windspeed cubed:5
 

As ent-in Cha ter 2, hepowersavailable in the wind is proportionaly
 

P 1/2 (pV3 
 iEq. 2 .1-.­

-5'sFrom:this 'adte'idfeuny5srbto-crv, 

a wind enegy availabilityS 

1~~curve c5'an bes plotted to determina daily 5and seasonal variatins'iwndeeg>. 5' 

Ss'availability (energy =,-power x durartion). 
 Such ciirves are. importanL fo e~s timating 

S>5requi-red senergy storage. ss?'-i> ~-5~55 
Iaccurate wind resource' data is 'not available a techiqe 

teRayleigh Distribution can beused to det r'in arqeny' stribut
 

5 
curve. 
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5 
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EXAMPLE 
Exhibit 4.7 

WIND DURA TION CURVE 
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Exhibit 4.9 
WONTHLY VARIA TION OF WINDSPEED A T A HYPOTHETICAL SITE 

a 
E 

"0 o 
a 
-0 

aveagAnn~ial/ 
CU avragewindspeed 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
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4.4 

where HOURS = 
the number of hours 
the wind blows at velocity V 
during the sper ified PERIOD 

PERIOD period of int erwar 
in hours (hours per year, hours per
 
month, or hour05s pe r day)
 

V measured averi;: "indspeed 

7 3.41.6
 

e 2.718
 

k =7r14 x (V/V)2
 

The graph shown in Exhibit 
4.10 gives the percent of time the wind
 

is blowing at each wind speed (htrizontal axis) for various aver age wind speeds. 

Appendix F presents Exhibit 4.10 in a tabalar form, with the PERIOD being 1 year 

(8,760 hours). By knowing the ave asgo windspeed it is easy to determiu the
 

number of hours the wind 
is blowinq a:t different speeds throughout tile year. 

Although Appendix F present s the Rayleigh distribution with total
 

annual hours as the period, the t:abl. 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 .. low tile detc-rmination of daily and monthly (or any other period
 

of 
interest) wind distribution and Available energy 
curves by knowing the mean
 

wind speeds in the period of 
intre ;t. 

Rayleigh calculations sho;uld only 
be used if actual wind distribution
 

data is not available. A: average 'ind 
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). 

COkPONEN-T SELECTION 

Once load requirements (for 
a stand-alone application) and wind 
resource
 

characteristics have been determined, a preliminary system design can 
be developed.
 

Wind energy conversion systems 
are primarily characterized by the intermittent
 

nature of the wind, and by the 
fact that their output varies with both the swept
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area of their rotors and the cube of the wind velocity. Sizing of wind systems 

for a particular application is complicated due to the interrelationships amonig
 

energy output, wind speed, system effIciencies, 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 .aterials, which in turn limit the si:ze of 

blades, bearings, tower height, and other critical system components. As a 

result, if a larger capacity is needed 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. In 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 is 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 connected 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 availability 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. If 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. if, on the other hand, a sitc
 

has very high average wind speeds, cut-in velocity is not a major concern. 

Rather a turbine with a fairly high rated windspeed and cut out velocity should
 

be selected to maximize energy production. If turbine availability Is critical, 

a turbine with a low cut-in wind mpeed and a rated win d speed lower than the sine
 

average should be selected. In 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 s;atisfying any user demands. In short, the
 

selection of 
a turbine which will perforn 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, i.e., 
power the load, charge a battery storage
 

"yrzem (wind generators), or power a "dummy load" (ice making, water pumping,
 

-it ). The term dummy load is used since the "additional load" is 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 energy 

and power) for daily, monthly and annual periods, 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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Exhibit 4. 11LOAD REQUIREMENTS AND RESOURCE A VAILABILITY PROFILES 
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storage. It should be noted that 
wind energy and power availability will initially
 

have to be calculated on a "per square foot of swept 
rotor area" 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 coo-ffieNcm tS 
(Cp), 
they only give an indication of
 

when, during the day or 
year, storage capacity or back-up power is required
 

(Exhibit 4.11 a and c). 
 If the load curve and the 
resource availabi.ity curve
 

have the same profile than storage 
is probably not required, i.e., the wind
 

availabil'ty is well matched to 
1oad requirements (-Exhi bit 4.11 b and d). 

Wind turbine energy produc ion, 
is a funct'i n on turbine rated power,
 

rated wind speed, 
rotor diameter, performance coefficient, cut-in and 
cutout
 

windspeeds, as 
well as resource availability. l timate.ly, the system designer
 

should maximize WECS energy 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 one 
 can determine the wind machine energy
 

production at each windspeed. 
 'The sum of 
these energy outputs over the spectrum
 

of wind speeds at 
the site is the tWt:WI energy production for a particular WECS. 

If only data on mean wind speed is ,v. able for the site, one can assume the
 

Rayleigh distribution to determine a dind duration 
curve. In to
order select a
 

turbine that 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.
 

Turbine rotor diameter is the design parameter which has 
the greatest
 

effect on wind machina power and energy output. Wid turbine power and 
energy
 

output vary directly with 
rotor size. Therefore, selecting 
a wind machine with a
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large enc.agh rotor can be difficu]t and time consuming, especially if one has to 

repeatedly analyze performance oi commercially available machines on a one-at-a 

time" basis. 

Exhibit 4.12 presents curves relating rated power output, rated wind 

speed (VR), and annual energy production to rotor diameter. These curvc3 can 

shorten the turbine selection pronwss by aleminating from further consideration 

those machines with rotor diameter; not large enough to meet power and energy 

requirements. The curves were derived for a turbine with Cp of .25 at VR, a 

ratio of cut-out to 
rated wind 	speed of 1.7, at a site with a mean wind speed 	(V)
 

of IC mph 	(4.5 mis). The curve assumes a Rayleigh wind speed distribution with
 

8760 hours (1 year) as the period. As an example (tcp graph), 
a turbine with a
 

1l, of .25 at VR = 20 mph, Vcut-out/ Vrat:ed = 1.7, V = 
 10 mph (4.5 	m/s), and a
 

rotor diameter of 
30 ft 19.l m) will produce approximately 15,000 kWh per year.
 

if the WECS load requirements are :pproximately 15,000 kwh 
per year, then a
 

turbine with a rotor diameter close to 30 ft (9.1 m) is 
needed. Curves similar
 

to Exhibit 4.12 allow a WECS designer to compare 
the annual 	energy production for
 

a number oF different turbines quickly and 
easily. 
 The annual 	energy production
 

figures can 
be prorated to give energy production for any daily or monthly period,
 

if required. Exhibit 4.12 can 
be used as a design too! 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 '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 (3 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 Vcut-out/Vrated 
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Exhibit 4.12 

CURVES RELATING TURBINE POWER OUTPUT, ROTOR 
DIAMETER AND ANNUAL ENERGY PRODUCTION 
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= 1.7, since this is most often the cae with commericaily available WECS. 

It is important to stress that these plots allow only an estimation of 

energy production capability from i gi., en rotor s.iz:,. Several qual ifCaL.tns
 

must be made. As noted previously, ht power cu: ve shape with 
 constant outpUt
 

from VR to Vcut-ou t is not alWn', th. casu with wind as
:;t:rms, numerous factors 

contribute to reducing tile output at wind speeds above - First,VR use of this
 

idealized 
 curve would tend to vortis it annual ,ner,y productionm. Second,
 

values for 
V,,t,,, relative tot VR giving ratios other than 1.7 will change the
 

results by a degree dependent on the 
 v"l lte Of V/VCR. Third as Exhibit 4.12 was
 

developed only to provide a rough 
 estim ate of averae; wind turbine output:, 

calculated ener, 'roduction usi; i.t r ad fr, the plot wiLl similarly be only
 

approx.:Imate, and should 
 be used oly i preliminary turbine selecti on. Nevertheless, 

such plots allow reasonable estimntes of performance for a given rotor size,
 

probably towards the 
 higL s ide owing to the favorable shipe of the power curve
 

used. Finally, the 
 reader is reminded that the plots pres enLed re for system Cp
 

values of 0.25, 0.30, and 0.35 at 
 VR . For other values additional plots must be
 

prepared, or in
plots Appendix G must he interpolated.
 

Individuals needing to 
 judge. adequacy of particular wind systems for
 

specific applications usually 
have data an the power curve, rated output, wind 

speed, and rotor diameter to work from. The curves presented here would b- used 

in the following manner to rough-check the ma chine size against power/energv 

needs. For the known rotor diaMuetr and rated wind speed, the expected power is 

read from the appropriate VR curve. 'Thiis should be checked on plots made using 

all three values of Cp, and the rAted power so determined should be close to the 

machine's listed rated output. An estimate of system C at VR results from that 

associated with the plot giving th,. bet PR agreement. Next, the set 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 give" 
rotor size. The information arrived at 
by
 

this process can hA used to screen po) i ble WECS candidates for those reasonably 

capable of meeting the user's purform:n : criteria.
 

Accurate calculations of irformance require 
 knowing details of machine 

design, performance, and wind regime c'.ricteristics. However, such data are not 

always readily available. A .ignific.i increaso in: performance prediction
 

accuracy can be realized if good pow,: 
 ,r'.e data are availabl.e for combining
 

with 
 the Ral].eigh wiumd distribhmtion. TIh resulting annual energy production
 

value would then 
 be as good a; one coul.d reasonal)v expect to obtain. 

Wind turbines are relatively efficient energy converters when properly 

loaded. Optimum aerodynamic effiien,'ies of .3 to .45 are not uncommon. After
 

conversion of turbine shaft 
 power to unofl output power, optimum overall system 

power ceefticientr of .2 to .4 are comm:. However, long-term average system
 

efficleocies are usually much 
 lower, commonly only half of peak sys tem e ficiency 

in electric systems and one-fifth to one--tenth of peak system efficiency in water 

pumping mills. Even in a weli-do:; igned WECS, three factors reduce average effici­

ency below peak efficiency:
 

1) Maximum power must be governed in high winds to prevent destruction 
of system i::ponent-o and, particularly, to avoid overloading the 
generator, pump, etc., that converts turbine shaft power to useful 
output power. 

2) Most shaft power onversion devices lose efficiency outside a
limited operating power range, correpponding to a limited windspeed 
range.
 

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

WECS's are normal].,. d-Iy operatero
,d only up to a design-maximum 

turbine power and to sacrifice turhinn , :firiency Ai higher windspeeds to avoid 

damage to the turbine, structure, and the shaft power conversion device -- most 

commonly a generator or pump. Tie efficient range of operation of the shaft 
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power conversion device is usually limited and usually tied to Its maximum power­

handling ability. Thus, a generator capable of handling very large power levels 

is usuall' less efficiei: at a given Tho power leve1 than a s;maller generator at 

the same low power level. Tt-bih, e ficiency is similarly limited to a r-stricted 

range of windspeeds for which shaft loa t'rque is approxima tely correct In
 

relation 
 to the turbi ne's OptiM, ch;actcrstic;. As Exhibit 4.1.3 illustrates,
 

a WECS normally achieve; a xmn
:-. v;'.'.tcm efificiency at one windspeed and drops 

in efficiency on either side. AL opt imum efficiency, the WECS power curve will 

be tangent to an opkimum-efficincy cufbic curve, i.e., pcnwo r availabie in tic
 

wind vs. wind speed, (top graph, 
 Exhibit 4.13). On the low-wind side of optimum, 

efficiency goes to zero at cut-i, wiudspeed. On the high-wind side, efficiencv 

drops rapidly above the governing wi nd,,ped and eventual y goes to zero at the 

cut-out windspeed. Improving effiieni;cy a.t high power levels entails increasin.., 

the power-handling capacity oF the shaift power convyersion device, gearing for
 

optimum turbine loading at a higher 
 aindspeed, and adjusting the governing power
 

upwards to the new mnxinum ratel 
 power. This results in an increased governin.;
 

windspeed, but almost inevitably 
 this process makes the turbine ano the shaft
 

power conversion device less efficiclent 
 in low winds. As a result, system cut-in
 

windspeed tends to increase in proporVt 
 ,on to the governing windspeed. 

Designing a WECS with a given turbine size for optimum average power 

entails centering the range of optimum sytem effiriency with respect to the 

curve of available energy in wind, at an anticipated site (compare center and 

bottom graphs, Exhibit 4.13). This reqtires a proper rated-capacity choice for 

the shaft power conversion device, a proper gear ratio to achieve a favorable 

turb!.ne/lod match in the correct winds, and a proper 71justment of any governing 

mechanism. 

Commerically ava ilable wind turbines are characterized by their cut­

in, cut-out ard rated (reference) wind speeds, as well as their rated power 
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Exhibit 4.13 
LIMITA TIONS IN RANGE OF WECS PERFORMANCE 
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Energy
 

Windspeed
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output. As seen in Exhibit 4.14, turbine 
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 dc generator. F]or
 

stand-alone applications, a choice betw.een ac or dc power 
 must be made. (Crid­

connected systems are always ac.) 
 The choice is dependent on the types of loads
 

being powered and availability of dc power equipment.
 

Actually, though, 
 it: is not all that difficult to decide. If your power 

needs are small and you require ouly a l iCted number of electrical appliances as
 

in a small hnme, a dc system nay 1,e appropriate. On the other hand , if you are a
 

moderate, average, or heavy user of 
 e]l'ctricity your system should provide primarily 

ac, with dc used, if at all, 	 for .smaII loads such as l ghts and communication 

equipment.
 

As a rule of thumb, load size determines wether ac or dc should be
 

generated. If total
the 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 -iectricity.
 

4.4.2 	 Storage
 

4.4.2.1 	 Battery Storage
 

Depending 	 on the match between the load and the wind resource, a 

battery storage system may 	 be required for electrical applications. The storage 

system is eized based on differcnces between daily load requirements and wind 

availability. 

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
 
DETERMINA TION OF REFERENCE WINDSPEED 

Illustration for iwo VerY different WECS's: A CUbiC curve
drawn tangeit to ri)ine p 'e r curve at point of opItinmiLn 

is 

power coefficient. Inte'rs.'-,cti(n of tiis cubic with horizontal
line from MaxiInIiin l()L, er point detormines reference 
windspeed, 
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Exhibit 4.15
 
BA TTER Y ARRANGEMENTS
 

(a) Series Arrangement 

+ !- 1 

(b) Parallel Arrangement 

( Sl 

(c) Series-Parallel Arrangement 



For example, consider a 6-volt hattery, rated at 200 amp-hrs. It is important to 

know that the amp-hour rating is 
hano. on a certain disicharge rate. if 200 amp­

hours were discharged over a pcri ud 
 or 20 hours, the discharge rate would be 10
 

amps/hour (200/20 = 10 amps). Gii 
tr di.sucharge ra tes will result 
in a sligjhly
 

reduced amp-hour capacity. You can get performnnce curves from battery manufacturerE 

that illustrate this fact. You c,n onver the amnp-hour and voltage rat:ings; Iro
 

watt-hours by simply mu]tiplying bh, I wo. example,
For 6 volts :: 200 amp-hours =
 

1200 watt hours, or 
1.2 kWh. Witi thLhi,you can determine the number of batteries
 

required 
for the given load requitrmt-iit: and resource availability. 

Connecting batteries in series increases the voltage of the battery
 

bank while the amp-hour rating of h hb ink remains the same as 
that of the smallest
 

amp-hour rated battery in ti. ha:nLlk hihit
M 4.15a). 

Connecting battero ies ifuoralILul increases the amp-hour rating of the
 

entire battery bank (simply add uip 
the total amp-hour" available from each
 

battery), while 
the output volt age remains the same as that of an individual
 

battery (Exhibit 4.15b). All :Lttris in a system mu;t 
have the same voltage
 

rating. 
 An advantage to this arr nigemPtIl is that: any number of batteries can be 

taken away or added at any time to adjust your storage capacity to your needs.
 

Connecting batteries in a series-parallel arrangement, as 
shown in
 

Exhibit 4.15c allows 
the user to match current and vnlatage storage requirements
 

to most any load.
 

Many approaches have been suggested for selecting a battery storage
 

system. 
 Criteria sch as load vol tay requirements, maximum battery 
current
 

drain capacity and battery energ,, density can 
be used, the choice of which depends
 

on tSe loads' critical requirements.
 

Battery characterics which must be 
examined when selecting a storage
 

system are:
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1) Nominki and minimum voltage
 

2) Current drain and sche:dule of proposed operation
 

3) Desired ,ervi .,, d i '.:-.t Pod temperature -- ampere-hour capacit~y 

4) Limitation of size an.! wight -- consideration of premium for 
small size with hiiih citimnLt capacity 

Storage sizing is 
depe:de on user requirements. Most battery systems 

are sized based on the number of win:dl ;essdays. However, the user may require a 

seasonal energy storage system lar. no h to provide supplementary power during 

the low wind resource season. 

An optimally sizeid aLtrv sLorage system can 
best be achieved by
 

meeting critical loads and 
subordinat 	ing other characceristics. Thus, it is
 

essential 	to prioritize each piece of electrical equipment 
based on nominal and
 

minimal voltage, as well 
as maxim m 	current requjirements and operating schedule.
 

4.4.2.2 	 Water Stora,,c for Watr Pumping Sy stems 

Water pumping svy ;t,::; ,"im ma:.ximi:ze wind resource utilization by using
 

a holding tank to 
store water when the wind blo s and there is no demand. To
 

calculate energy storage 
regquiireenets you need to know t:he maximum number of davs
 

for which You rnuust store water, Thoes e 
 data come from your wind site survey where
 

one month data 
on maximum nuimber "f windl es;s days in a period (usualLy 7) can be 

obtained. To obtain the 	storage roquiremnts (gallons 
or liters) simply multiply 

the daily water requirements (gal /day or liters/day) t imes the number of wi nd less 

days. 

4.4.3 	 Power Conditioning System 

Power conditioning equipmmt: Is selected 	based on its 
rated output 

power and current (and, hence, volrage). Components integrated into system
 

design should 
be rated at or ahuve .lh, ;ystum components to which they conneCL. 

The static Inverter is lrohably the most widely used power conditioning
 

subsystem in a WECS design. 
 When ',!,it ng :;tAtiR_ inverters for stand-alone 
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Exhibit 4.16
 

WA VE SHAPE COMPARISON
 

SINUSOIDAL WAVE 
(No Distortion) 

SOUARE WAVE STEPWAVE
 
(40% Distortion) (10% Distortion) 
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loop systems. This mak2s them difficult to troubleshoot. Inverters that are
 

designed to allow for modular rcpl :tcomnt of components are ideally suited for
 

field installation.
 

The next thing to look: for In an inverter is effici.ncy. That is, how 

efficient is it in converting dc electricity to ,. There are two things to 

consider here. One is idling losws, inl the second Is efficiency under load. 

The efficiency curve shown Ir E:dibit '..17 il'ustrates these two ite'ns. Even in 

an unloaded condition the invenrL-or usaq; electricity. This is called idlirg loss 

or no-load loss. (As load Is a!dcld, ovrall efficiency improves.) idling losses 

among i nverters vary tremendously, for instanc~e, from 50 watts to 500 watts on a 

2 kilowatt inverter. Also, invert:er efficiency in a loaded condition varies 

greatly, fiom 60% to 90%. Compare bood types of inverter efficierncies among the 

brands of invertyrs you are conginring WLfore you make a purchase. 

4.4.4 	 Tower
 

Once a turbine has been selected, the ,ype of support structure can be
 

chosen. A tower should be selectod based on the following requirements: 

1) Turbine must be easily a rtached to tower. 

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

3) Tower should be rodular for shipping ease. Modular towers must 
be easily ass2hmbled on Fite. 

Siace the tower's function Is to support the wind machine weight in the 

worst conditions, the primary turbine selection criteria should be number 2 above. 

The load that causes many towers :o fail is a combination of wind turbine and 

tower drag. A pair of skinny windmill blades may not look like they could cause 

much drpg, but when extracting full power at rated speed they create nearly the 

drag of a solid disk the diameter of the rotr. 
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Exhibit 4.17 

iNVERTER EFFICIENCY CURVE 
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The ways in which towers typically fail are:
 

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

2) A footing that a":hors the tower to the ground becomes uprooted. 

3) A bolt somewhere along the tower fails due to improper tightening, 
resulting in a o:k poirpoint that eventually fails. 

4) Guy-wire braced tower; otften hun:kle fron improper spacing of the 
wires supporting the tower. Ia such situation,a a tower that 
requires, say, tle s- of cables spaced evenly along the length 
of the tower, gets on i sets, int two resulting intercable spans 
greater than ds n s ,,.Ciffrat ions. 

5) Guy wires fall fr m imprope r wire size, imprcper 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. If a tower other than thit recommended by the turbine manu­

facturer must be selected, several things should be considered. When selecting a
 

tower, you must know something about the tower structure and 
 about the ground
 

surporting it. A detailed soil 
analysis should be performed to determine proper 

foundation design for 
a specific turbine Installation.
 

Building codes will detail the basis 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 your windmill.
 

The cost of professional services in the area of 
tower selection and design
 

should be considered cheap insurance for a sound installation. Vibratory loads 

induced by the wind or wind machine also should be considered and professional 

advice may be required. 

4.4.5 Backup Systems
 

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

backup system is: is the occasional loss of power critical? If the loss is 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 ts necessary. 

The primary causes of power loss are as follows: 

Design 

- More load than expected
 
- Less wind than expected
 
- Maintenance shutdw:v.
 

Hardware Failures 

- End-use device failure
 
- Electronic failures (power 
 conditioning)
 
- Turbine failure;
 
- Battery failures (rare)
 

Natural 

- Lightning
 
- Consecutive windless 
 days
 
- Cold weather effect on batteries
 

4.4.5.1 Potential Backup Systems 

The potential choices for hackup are the following: 

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

o P imary Battery 
o Emergency Wind-Rechargeab e Battery 
o Emergency Fossil-Rechargeable Battery 
o Utility grid 

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 an emergency basis, although provisions must be made in the initial 

design for hand pumping. Centrifugal pumps cannot he manually operated, but 

positive-displacement pumps can. smallFor radio systems, pedal-powered generators 

can be used in emLrgencies. 

For larger pumping operations or large-power operations, engine canan 

be justified for the 
backup system. If an engine is rarely used, it should be 
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started regularly to prevent problems. The maintenance costs associated with the
 

weekly operation must be factored into any economic analysis.
 

Battery backups can be the most desirable. Primary batteries can be 

used in some circumstances. Once disecharged, they must be manually replaced, so 

the maintenance costs could be lihh. if stand-by rechargeable batteries are used, 

battery replacement can ne 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 wi nd-recharged battery 
 is that it can recover from an emergency 

condition without separate servicing by a mechanic. 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 is as reliable as the utility. In the U.S., 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 backup systems are 

outlined in Exhibit 4.18. 

4.4.5.2 Appropriateness of Various Backup Systems 

The appropriateness of various backup systems depends 
on the application, 

whether loss of power is critical, and whether the system is 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 been selected, It must be integrated with 

the WECS. This can abe done Lhrough means; such as a manual transfer switch, 

remote manual transfer switch, or an automatic transfer switch. 

A manual transfer switch is cloan, direct, and involves no energy 
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Exhibit 4. 18 

ADVANTAGES & DISADVANTAGES 
OF VARIOUS DACKUP SYSTEMS 

BACKUP SYSTEM ADVAGTAGES DISADVANTAGES 

SimpleNone 	 Noncritical Applications Only 

Manual Simple Require Attendance 

Reliable 

Engine High Power 	 Frequently Won't Start 

High Maintenance 

Primary Battery 	 Can be Remote One Time Use Only
 

Reijable
 

Wind 
Recharged Can be Remote 	 Cannot Recover without WindBattery Reliable 

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 

UNATTENDED ATTENDED 
F CRITICAL NONCRITICAL CRITICAL NONCRITICAL 

Radio Battery, Alarm None Battery, Pedal None 

Lighting Battery, Alarm None Engine None 

Pumpl Battery, Alarm None, Alarm Enci n i Non, 

Refrigerator Battery, Alarm None, Alarm Engine None, Alarm 

TV Battery, Alarm None Battery, Pedal None 

Cathodic 

Protection 

Battery, Alarm None, Alarm Battery, Alarm None, Alarm 

Field 
Instruments 

Battery, Alarm None, Alarm Engine, Battery, None, Alarm 
Alarm 

Grid- None None None None 
ConnecctedN 
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4.5 

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 transmits when the system is not performing 

properly. A second communicatio: link can be supplied (i.e., 
two-way telemetry)
 

such that a person-at a central statinn can radio 
the site for the backup to come
 

on. This 
type of switching requires an activator and human monitoring, but there
 

are no energy losses in the process.
 

Automatic switchovur is also possible. 
 The sensing and controlling
 

function results in a continuous power drain through the power conditioning
 

system. It is possible to arrange the system so 
that power drain occurs only
 

during periods when the backup is on, 
so the total energy loss would be less.
 

GRID-CONNECrED 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 mrintains 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. Still another reason to maintain an operating reserve is to 

handle minute-to-minute fluctuatirns in load. Becpuse averape wind speeds across
 

the 	WECS array may be quite variable, and change s! nificantly within short 

periods of time, WECS power may also 
be quite variable. To accomodate this
 

variability may require additional operating 
reserves over and above those normally
 

required by the utility. 
Thus It is essential to determine the aiditional operating
 

reserves 
the utility may require in orar to aLcommodate expected flurtuations in 
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wind system output.
 

As electric consumption continues to grow, utilities continue to face 

the same problem. This is 
one of adding enough new sources of generaticn to
 

enable them to meet these increasing loads. A major objective of these generation 

expansion programs is to provide energy to the consumer at the lowest possible
 

cost, consistent with established levels of reliability of supply. But not all
 

generation sources have the same costs, or the
even 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 capacity and remain fixed regardless of the amount of
 

energy produced with that capacity. Variable costs, on the other hand, are
 

specifically related to the product.ion of energy and are, therefore, 
 a function of 

the amount of energy produced. As a rule, a generating unit with a low incremental 

cost (it may burn coal instead of oil), 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, such as a 

coal-fired unit, are dispatched first. This 
step results in 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 generatinn mix. 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 relihle, 

as it will with the addition of any other generating source. As a result, the 

addition of WECS to the mix makes It: possible for the utility to ruluce its 

projected requirements of conventional source capacity and still maintain its 



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 a; utility financial parameters such as cost
 

of capital, tax rate structures, and insurance requirements.
 

4.6 	 ENVIRONMENTAL ISSUIES 

4.6.1 	 Design Considerations
 

WECS have been proven reliable under a wide variety of environmental
 

conditions. They have operated successfully in snow-covered regions, deserts and 

oceans. The temperature and humidity 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 environments. 

Battery performance is " strong function of temperature. As temperature 

decreases, battery capacity is substintially reduced. At high temperatures, 

although capacity is near maximum, hatrery life decreases. Also, in particularly 

low-humidity Pnvironments, batter' 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 p-oduce significant impacts. Additional 
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4..3 Other Equipment
 

Power conditioning equipment requires routine cleaning and terminal-
 -

-~inspection. 
 -Water *pumps need t&be checked for leaks.s ­

4.8 SAFETY 
L.-~ 

System design and'operating procedures must~be adqaet 
rvn
 

injury to people and to 
prevent or minimize damage to the e.quipment., The following~
 

; protective measures should be taken: A 
Structure Grudn t>;)ur anpe ,pne fram

Grunin--the WECS Astiucur 
­

oecontrolpae

should be connected to buried metallic-ountepoisr'.Connectins to
 

-n frm
 

the WECS-structure should be made'at, several' locations to ensue>-j .
 
reliability~
 

---- ~ , Disconnects-dsoje (I n the5 form of switc,, gear adciut' -. 2<1 

breakers)' should be included in. the design to allow forA isolation of~
-.- 4portion~s 'of 'the systeml prior' to maintenance and-for shorting o h power man in emrgnc situations 

Utility Power Disconnect-i-automatically disconnects 
the WECS from'the4
 
-grid'in 
 the event' of a utilityfailure.'-
 - - ~ 

Fuses'/Circuljt BeaerSt ese shouldib provided-bt.,e----------­

copnnst protect the- equiprm'nt from overload.A
 
AGri~dsolation--a 
 transformer is used to protect' the WECS from ac ' 

feenackand the grid from the injection,:6f dc .J-"' >- ­

~ NA~-Lightr'4ingProtection--in 

be 
regions of high,'thunderstorm activity, It may - Tadvisable -to install grounded light ing',rod'sJINaristr(ecria
 

~~-~ release' valves') :should6also.'be installed: to 
 circuitry,,
~.agains t large -yotecA"current surges. ' ~ rtc icir'~' 

AA A-' - A - A ' 4 '4~J ~4Q '~ 
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Exhibit 4.20
COSTS OF COMPLETE WIN/)O ELECTRIC SYSTEMS IN THE 1970'S 
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Ex;ibit 4.2 1 
TYPICAL RELA 7E COSTS FOR SMALL WECS 

PUMP & 
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TOWER 
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\OUPIN E) 

WATER 
PUMPING 
WINDMILL 

TOWER 

WN 'TURBINE 
-NERATOR 
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provide normal 
or desired 	operation of the system. 
 This would 	include:
 

I. Wind turbine
 
2. Tower, 	footing, guy wires, etc.
 
3. Batteries, power uJnditioning equipment
 
4. Pumps
 
5. Storage sheds LIet
for ries or other equipment
 
6. Storage tanks
 
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 been installed at the South Pole and 
performed for
 

than 20 years. Wind turbines have been
more 	 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 wi th 2 0
several problems. 
 No -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 for 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
 

if 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 Maintenance and Repair Costs
 

It is possible to purchast. a maintenance contract from some WECS 

dealers. Depending on the term, of such a contract it might be possible to use 

the costs of the contract, plus a small certingency 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 belo:7 are other costs associated 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 pr Lce 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 soften 
The resale price structure, 

but this depends upon the ability of the WECS industry to satisfy the demand. 

It seems reasonable to expect some resale value. 

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

4.10.1 Input to System Design 

The more detail that isaprovided by purchasers, the better the responder 

will understand the nature of thu rcquest and thus the closer the system can b,
 

designed to the purchaser's expuctLains (technical 
 and financial). Any dothts
 

in the designer's mind will 
 res;lt in an elevated bid.
 

First 
of 	 all, adequate bJckground about the desired system should he 
given:
 

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

o 	 Where is the system going to be installed (e.g., distance to 	 technical 
expertise, accessibi lity,')? 

Information on the equipment desired, the climate and available resources, and 

maintainability should be included as indicated below.
 

Equipment Detail.
 

o 	 Preferences on equpment supplied (e.g., generator (ac vs. dc), 
sealed versus vented batteries) 

o 	 Technical specifications for existing/required loads
 

o 	 Indication of demand Ce .g., required hours of operations, elec­
tric load profiles, amount of water pumped to what head) 

o 	 Required reliability of 	 each load (consequences of system downtime) 

o 	 Specifications for inn tr imntation desired (e.g., telemetry) 

o 	 Specifications for system protection and safety equipment (e.g., 
enclosures, alarms) 

o Upper and lower system si:e limits
 

o 	 Rated wind speed 

o 	 Minimum cut-in wind speed 

o 	 Cut-out wind speed 

o 	 Required availability 

o 	 Control system requirements 

o 	 Design tolerances 
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Resource and Climate Data
 

o Wind and, in the case of water pumping, water resource d -a
 

o 
 Frequency of extreme, unique, or performance-limiting conditions
 
(e.g., dust storms, high winds, hail, fog, earthquakes, 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 hid) and what the purchaser will provide. 

o doints 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 equipment warranty 

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

o 	 Labor support (Provided by the purchaser. If no, what are approx­
imate local labor rates?) 
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o 	Type of manuals, if any, to be provided with the system (e.g.,
startup and testing, operation and maintenance, in 
what language) 

o 	 Spare parts (Are they to be included with the system?) 

o 	 Continued technical support (To be provided by the contractor?) 

o 	 Local availability of materials (e.g., cement, water, lumber, iron) 

4-56
 



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, iniver­

ters, controls, instrument board and so forth can be assembled and inspected
 

prior to shipment to the installation site. Modular turbine 
 towers can 	be 

easily assembled on-site, provided adquate 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: 

0Prepare the site by removing all brush, performing minor leveling, 

and providing drainage
 

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

° Construct foundation and erect tower based on manufacturers
 

specifications
 

Trench and 	 lay control lines from turbine0 
and loads to the contrrl 

panel 

Physically 	install turbine, loads 
and power 	conditioning system
 

Electrical tasks include: 

° Wire the turbine generators 

o 	Wire the loads 

Connect power conditioning subsystem,
0 instrumentation and protection 
circuits 

5.1.2.1 	 Ins:alling Wind Turbine and Tower 

To instal I a tower, you cin either assemble it on the ground and tilt 

it up or assemble it standing ip. The first method requires assembly of all 

components, guy wires, and as much of the wind turbine equipment as possible on 
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the ground. The base of the tower is then fixed to a pivot to prevent the tower 

from sliding along the ground and a rope is tied from the tower, over a gin p,-le
 

(Exhibit. 5.1) to 
a car, tru-h or w:nh. Moving the car/truck pullis the tw'-r 

up. The gin pole serves in the initial Stages to Improve the angle at whicil
 

the rope pulls on the tower.
 

In the case of the tower being pulled up by a rope tied to a car/­

truck bumper, it might be well to pull ith the car/tru :k backing up so the 

driver maintains a clear view of 
the action. Also, an effective, Foolproof
 

communications link must be established and maintained be twe .n thu driver and
 

the person who is directing the operation. If not, tn'wrs pulled over center,
 

bent, broken cables, and a host of other crises are likely to beset the tower
 

crew.
 

Tower-raising techniques such as this 
are usually described in the
 

owner's manual oi installation instructions 
that come with the tower. Since 

each tower has a different load ratng; and different !nstallation requirements, 

it is not possible to discuss the drt~ls:a of tower raising. 

Many towers, such as a 'ree-standing octahedron module tower can be 

erected in place. This is usually d,ne by a sembling the first few bays on the 

ground, standing these up, then as;uhnb1iny the remainng bays while standing 

on each successive lower bay. 

To raise a wind machine, you can: hoist a completely assembled 

machine up an already erec ted tow,.r; hoist 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 first two methods rate
 

the tUtle "traditional"; the last, 
 in manyr case';, Is nnt possible or safe. 

Tilting up a tower with the wind machine alread' ins tal led (Eixhibit 5.3), 

imposes additional loads on the tow' r. Thme compress iv, load at the base pivot 

and the bending loads where the rope is attached will bo much greater, with the 
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Exhibit 5. 1
TO WER RA ISING WITH A GiN POLE 
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Exhibit 5.2 
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Exhibit 5.3

TIL TIN G UP A WIND S YS TEM AND 
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turbine attached. Most likely, you will have 
to provide extra bracing, but in
 

any case you should consult the manufacturer about these loads or rely on 
a
 

competent installation crew.
 

Consider also that if anything goes wrong, you 
stand to lose the
 

entire tower and wind machin,. Risks 
go up rapidly as tower height and wind
 

fmachine weight increase. 
 This is not: t say, however, that tnis method will
 

not work; it does, 
but the individual installation will dictate the method.
 

For sturdy towers of 
20 to 40 feet (6.1 to 12.2 meters) experience has shown
 

that tiltingi 
the whole works aloft can weork.
 

For taller towers, you can ,xpect to hoist 
the wind turbine up an
 

already erected tower. This will requir 
 a block-and-tacklh supported aloft and
 

an extra rope to 
the wind machine. The block-and-tackle is used 
to lift, while
 

the rope is tugged at from 
the ground to keep the wind machine from hanging 
into 

the tower as it journeys upward. 

Consider that with a hand-operited block-and-tackle, you 
can feel what 

is happening. Tail vanes snagged on a guy wire may not he detected until damage 

has occurred if you use a winc'lh or auto-pulled hoist. 
 The support structure chat
 

holds the block-and-tackle to 
rhe tower 
top must not bend or otherwise yield 
to
 

the loads of 
the wind turbine. You 
can test it by hoisting up the wind machine 

with e volunteer adding extra weight. Remember that you must depend on this 

hoist to suspend the machine over its mount: while it is bolted down, maybe 80
 

to 100 feet (24.4 to 30.5 meters) in tie air.
 

Points to remembeir wi{le d,, 
 : any wird turbine installatien: 

1. Hard hats ire reqnired, ana LeoICs, bolts, and other objects seem to
 
be routinply dropped from aloft.
 

2. Climbing safety hets mn 
always be used. 

3. Make provis in for preve,'tin the wind turbine from operating

until it in fuil' install .. Feather the blades, 
tie them with
 
a rope, or ot:herwi s lIn then. One of Murphy's laws says that 
whatever can go wrng, wi lI. While you may not detect a bree:e 
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~pp''t~ ~ 'o n the"grounid 4'-,there.mi be enough'wind aloft~toycreate ' S 'kuflpleasantj~surpris,s ahout.'haJlf'ay''.into th'e ins tallation~' proes 

4."p Perform~intlain hnn is expected, and s tarta 1, 
In al in, 'wyi taku 'longer" than- ex.pec ted; boitinga wn
turbine alof ti'f terc ai k its to be~av61ided. 

'~ 

j~P, 
 ~,5~Plan and practice thea e'ir6 installat'ion process very~ 'refully.K2k-- 's-- 7The--pocess-shou1dcavc hfiI lsa l~'hlh lwohs 

which pocket,,hen said bo1tis to :e'installed with what~,tool%,~%~
and%bywhom.s''Ti 

6. Create' an alternativi plan. 
 Thsplan is design~ed to b~e used as~
 
a,contingency if something goes yrong~(e.g. , the main' bolt gt 

drppdarnd the wind As coming up). A" 'A 

7. Tools and parts can' best be carried aloft in -acarpeniter',s toolb 

Sa 
8. Pay close attention to the strength of ropes,;'pulleys,, or-other''>vA'uxiliary~ equipment you may use' inhoisting equipment aloft.>aF0or V,
 

' example, if you use' standard'7/16-inc'h(1.] cm):'climbng'.g1rope
'for hoisting, a nylon rope' will' withstand about '3900 poun~ds,

(1773 kg) (wet strength),~while'e1a manilla':rope is rated at 2600 ~'
 
pounds 'A(1182 kg). 'If you tie a knot' in the rope,' y06will ~ 
reduce its strength to ab'out'60 percent ,of'the original, and, if 

' you 'pull~it around a tight radius l'ike a~bolt.,! you reduce the~~ 
strength of the r'ope 'to 80' percent>"of it rating. ,Naturally' ''" 

salle'a'40pe v loe lodatns..~if you are hoisting j 
' 

alfety a 0-pound (182,kg); machine ,and yuwn 
 atro
saftyofabout 4 (a miniiium you should plan for);, you are going,~
to need a "rope and 0ther equipment capable of hoisting 4 x,400 
at600pounds (1x18'' 
 =Ig8') ) If you have a manilarope'rated


at 2600
pouns (1182 kg)and you tie 
a knot at' its atcmn,
the frope jisreally'go'od for 0.6x'r2600 =1560 pounds, (0 6 1x1182 
p 709 'kg)" This rope"'is tile minimum strength to consider for til1e~ 

job. A 'pAA~ 

5..., 
 System Wiring for Electrical 'WECS 
i '4AIPA%* 

1 Wire size, wire ~rotting, and lightning protection a re imporKt ant,~ A 

''' considerations' for wind generators. Wire size is determined byA current requirements 
 A 

and length 'of. 'wire. In general, wire sizes should be se~lected so as to limit 

lievoltage losses to 
about, 1%.. .. 
pA''WP 

'A'pexc pt f r 

-~kP'A''~"Wire routing,'ecp o any deviations necessary for lightning'
 

,'protection, is 
a matter of' direct routing, adqutesupotp oprvetAwido
 

.mchanical damage 
to the wind turbine or' wi.re insulator and adequte~spna'ijon" 
""~ 

fo povntoofelcticlshort circui ts 
 Wires t haLU are- rotdd,, h 

Vo r v n i ' 
 'AP''' 
A 

4~ A" ' 1A 'A''A'A'A'p 'p " " p Ap '~A' A 'J AWA 

2 
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tower should be Lied to the tower every few feet or fed through a conduit to
 

preclude wind damage.
 

5.1.2.3 	 Labor
 

Construction 
 tasks can be pt rformed by local uuskilled labor under 

the direction of an experienced ad ividual. Electrical tasks require a skilled 

electrician; however, whece rep.LitiVe procedures are involved, local people can 

be trained 	 under the supervic ion of an electrician. 

5.1.2.4 	 System Checkout 

The fi l step in the installation procedure is a total system 

checkout. 	 Construction 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 iQ mind
 

follow:
 

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

o Initial 	switching-on of the turbine should be done in low wind
 
speeds (In case powur 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 prior 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:
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(1) Is the system produtcin, as :nuch energy as predicted? 

(2) Are the loads conz;uming, as much energy as predicted? 

The energy flows thrIiil{i tt the system call be measured using an 

anemometer, amp-hour (A-h) meter!,, dyii ,nometer and run-time meters as indicated 

below. 

Wind Resource Verificait l:e Using an anemometer, w~nd speed and 

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

system. 

Wind Turbine Perfoi-mance Verification: A-h measured coming out or: 

can 

the turbine during a certain period of time divided by A-h predicted coming out 

of the turbine during the same period szhould be completed. For mechnicai appli­

cations, a device which can meade',irf', ;hai. output, such as a dynamometer, he 

used to verify wind turbine perfu!-::!,,,nce,. 

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

divided by the current out of the b;ttery both over a given period of time, 

starting at full charge should he meam:ured. This can be done with an instrument 

that continuously records amperehmc:i; in and out of the battery. 

Load Profile Verification: A load profile verification is only
 

necessary for stand-alone electrical WECS aplications. 

-- A-h measured into tY loads a periodover 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 ,am: period 

Overall System Performince: A-h -,&easured out of wind generator 

during given time period Ifntnus 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 or the loads are underuti, ized. If there is a sustained deficit, 

battery life is threatened.
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Whether the data acquisition system is automatic or manual, it 

should be performed only where technical expertise is readily available. This 

statements is based on th. following Lw points; 

(1) the accuracy and 
to distance from 

amount: of 
technioci: 

data is Jnversely 
expertise 

proportional 

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

6.1 	 DUST STORMS 

WECS gearboxes and geinera tors, whether they are located in a
 

nacelle atop a tower (horizontal-axis) or 
ground mounted (vertical-axis), require
 

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

through the nacelle or other n- rat:7igear box housing structure',. Dust storms 

can result in accumulation of dus t (ai; well as other debris) on gearboxes and 

generators, causing them to ov'jrheat. In addition, dust can find its way into 

bearings, causing further turbine conplications. Engineering - !aptations of 

manufacturer's designs may be required to obtain better sealing of operating 

gears and other parts. Also, coating or annual recoating of blades may be 

necessary to mainLdin aerodynamic effi:iency. 

Dust storms also result in dust accumulation on batteries, power
 

conditioning equipment 
and electrical contacts. 
 These should be cleaned as often
 

as necessary 
to insure 	optimum syste performance. 

6.2 TEMPERATURE & HUMIDITY 

The high temperatures encountered 
in Egypt reduces electrical
 

equipment relirbility and decreases 
battery life. Low humidity also increases
 

evaporation of water 
from vented batteries, thus increasing the frequency of
 

maintenance. Batteries 
should be Theltered 
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 MediLerraiean 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 electric energy output in these areas is 
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estimated to be 650 kWh per square meter of windmill swept area. 

Available data on wind res.ources in Egypt: is presented in Appendix 11. 
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7.0 CURRENT R&D THRUSTS 

Current WECS R&D thruc;tn are alimed at increasing system reliability 

and availabi ity, producing lar;er (;M:c'pat t ) size machines (average turbine size 

in 1984 was 78kW), increasing the rango of windspeeds in which a given turbine can 

operate (increasing the energy OuLtputL), and developing lightweight materials. 

Projections showing the cost of enerv. produced by WECS are shown in Exhibit 7.1 

for smaller machines (50-60kW). 

Specific technical thrusts of the current WECS research programs 

are outlined below. 

7. i AERODYNAMICS 

Several approaches are being taken to improve and gain a better
 

understanding of aerodynamics thethe of rotor. Recently, research to reduce 

draft of airplane wings has discovered that small surfaces attached to the wing 

tip, called winglets, reduce the dra.; 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 optimummost 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. T validate these advanced 

designs, models will be built and testrd in a wind tunnel. Iater, a set of thick 

blades will be built and tested on a full-scale rotor. 

Detailed experiments will be conducted to determine the effects on 

rotor chraracteristics of several airfoil control surface mothods. Objectives of 

this research will be to investigate and obtain a data base on the performance of 
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rotosj~ith~ful , nd 4 ar ,la1spani pitch contr'ul, trail.ing-edge c Qntrol s'urfa'ces~ 

Bohep- im-a n alytical research 'is being undertaken$ to.-­

77ga in.a.be ter-unders tanding.7of' tye s&rwfct'-T~d dynam~icsowi 
 trin systems >
 

and< to improve-operation 
 by controln an rvntingwheresiossible, ncle-
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 dynamic effects. Sources o'ro 
dynami'c loads44and deflections 'incl.ude,~'~ 

$>i&for example, the effect of wind shear o~n 
 thle rotor du'ing :rotation. "For- most . 

S'-)windturbine, sites the wind sedincree~i4 '~h4a-'.'.d 'aboe'ground le'vel.'~ 

'j"As 	 a result, each rotor bl~ade 'eperiences 11gher idspeeds4 anid rslig 

lodsatthe top'of its travel than 'at the bottom, or lowest~position above
 

- ground. Air turbulence ,caused 
 by the tower,. and o~ccurring donwndo th-twr 

cassdynamic blade loads'an'd deflections as e'ach blade. passe th>'gh'th
 

4' turbulent region. -The 	 wind ltself can be' very tubln n sapiaysuc 

>4.for rotor.,Ioads and deflectins Variability of the wind is '"'''4 not onlyfelt 	 -4-"<­

4-"~4<'-the blades as 
they rotate but also by the drivetrain and ,tower since the loads
 

from the 

4 

rotor are transmitted into these components. . '< " '-44 

'-''4-As 
 mentioned2~previously, changing 
ind sped"'' r'e. not uly;,felt by 44'f 

the-rotor but are also transmitted into the drivetrain. Dr'iv'etain44Joads can exceed'4 > 
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identified, through developuenL and 
testing projects, as the most promising
 

materials to 
meet these goals. loever, additional research is to
needed 


improve these materials and 
to dev ,!, 'ensive and comprehensive properties 

data. Basic material:; propertpq; !,;, will he conducted to determine the
 

effects of such variables as wood ,radlo, 
 moisture content, construct ion pro­

cedures, and temperature and humdity 
 exposure.
 

Prestr essed conc 
rer w: studied and rejected as a blade material 

because of excessive weight. A ,.. :Pcm1ique of reinforcing concrete by using
 

glass or graphite fibers could pos 
ibly change the outlook of using concrete for
 

blades. A concteptual design will 
he made to determine if blade weight and cost 

would be reasonable if fiher'-rei:frced concrete were used.
 

High-strength graphitec 
fil:nents can also improve the strength of
 

both wood and fiberglass composite blades. Because 
the wood blades are of 

laminated construction, a lami.nated 7:einforcement using high-strength materials 

can be readily incorporated into the f;,bricition procedure. Blade test articles 

will be built and Lested to acqui rstr" snnth data and to develop the ability to 

ap"ly this t:echnology to full-sie rotor blades.
 

For economic wind turhine 
 operation, 
rotor blades should have an
 

operating life expectancy of about 30 years under widely varying environmental
 

conditions such as salt-laden, humid air and 'igh 
and low temperatures. Research
 

is required to determine the effect 
 tf such extreme environmental conditions on 

rotor blade structures and will provide the technology needed 
for environmental
 

protection. 
Data will be acquired by 
environmental and time-accelerated testing 

methods and by actual reil-time exposure to various environmental conditions.
 

DEFFUSER-AJCGENTEl) 
I :) TURBIi NE
 

The Diffuser-Augment:d Wind Turbine 
(l)AWT) is one of the advanced
 

concepts being investigated to improve 
the economics of 
wind energy conversion.
 

The project !s aimed at increasing the output and reducing the cost, 
the off-duty
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time, aud the technical risk of 
wind energy conversici systems.
 

In the DAWT concept, 
the turbine rotor is enclosed in a diverging
 

duct called 
a diffuser (Exhibit 7.2). By recovering exhaust kinetic energy, the 

diffuser produces a grcat. Ly reduced pressurc behind the turbine with at least as
 

much pressure drop across the turbine. 
 Because the wind power available to the
 

turbine is the product of 
flow rato and pressure drop, much greater power output
 

is possible than for a conventionn! '
VIC. at the same turbine size and free wi:nd 

speed. The DAWT also has 
additionil o ,rational and reliability advantages 
that
 

arise from the 
diffuser's large nonrotating structure.
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Exhibit 7.2
ARTIST CONCEPTION OF A DIFFUSERAUGMENTED WIND TURBINE 
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8.0 WECS APPLICATIONS
 

Wind is a practical enorgy 
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 technical.ly successful 
 in water pumping
 

and stand-alone electrification applic:tions, 
 as well as in supplementing a
 

utiity's generatinp calacity. ThQ; 
 chapter presents information on such
 

applications which 
are current ly opurational or being tested worldwide. Descrip­

tions of representative WECS applications ire 
shown in Appendix I - Wind Project
 

Site Visit Book.
 

8.1 	 AGRICULTURAL APPLICATIONS
 

In a majority of 
devel oping countries, the agricultural sector is
 

probably the most 
important and productive sector of the 
economy, encompassing
 

such activities as livestock, 
food and non-food crops, fisheries, poultry and
 

dairy. Applications for wind 
systems include 	a variety of 
uses such as irrigation,
 

feed preparation, refrigeration, and ventilation for livestock and produce storage.
 

8.1.1 	 Crop and 
Livestock Prodhction 

The major production 1ia ivi ties in which wind energy 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. 7n a location with a mean wind 
speed of 15 
mph (6.7 m/s) and a pumping
 

requirement of 100 vertical feet 
(30.5 m) total pumping head, a mechanical wind
 

turbine with a 6 ft. 
(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 abot 4.6 million gallons (17.4 million
 

litres) per year. If 
the mean wind spued was only 
12.5 mph (5.6 m/s), the
 

above machines would supply 540 
tnouls.nad 
and 3.6 million 	gallons (2.0 million
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8.1.3 

and 13.6 million litres) of water, respectively. 	 With either windspeed, the
 

smaller machine could supply 
 enough water to irrigate 0.15 hectares of lani or
 

water about 77 
 cattle annually. The larger machine could irrigate 0.8 hectares 

of land or water over 500 cattle Ai~i aliy. 

8.1.2 	 Crop Processing
 

Major crop processing activities include: 
 cutting, grinding,
 

milling, hulling, scarifying, 
 polishinug and decortication. These activities-:
 

occur in most countries of the world. The 
 extend of the operation depends greatly 

on the type of crop, staple diet and cultural practices. Often, peak power 

demands occur jo1:L after harvest, requiring mil1ls to oprate 12-15 hours/day.
 

However, thLre is also 
 a year-round demand requiring 4-8 hours/day of operation.
 

Energy requirements are characterizned by capacity, 
 power required per unit of
 

material processed, size and s hapL of 
 product. Energy requirements vary sig­

nificantly, ranging 
 from 1..5 kWh/metric ton (MT) for winnowing to 40 kWh/MT for
 

fine grinding of cereal grains. Wind energy could 
 be economical in many loca­

tions, depending 
 on local wind 	 resources, but is is unlikely to economically
 

meet 100% of the loads 
 as a result of tihe seasonal demand of the application. 

Refrigeration, VenLilati ,n and Crop Drying 

A critical need in rural areas of developing countries is storage 

and refrigercin facilities for agricultural produce. Losses up to 40% have 

been reported due to a lack of such facilities. Energy requirements of storage 

and refrigeration vary depending on oftype product and climate condition. 

Inadequate drying is a major cause of losses. As a result, 

many of the cereal growing countries are beginning to introduce mechanical 

driers. These units require power to operate the blower. 

Wind machines could be a suitable power source for such applications. 

Power requirements could vary betwen 20-40 kWh/MT for low 	 temperature drying. 
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Ventilation for grain, fruit and 
vegetable storage could range 
from about 0.05 to
 

0.5 kWh/MT/day. 
 If cooling, refrigerat:ion or freezing is 
required, then the
 

energy demands are much higher. ypf1ca. sizes of 
rural storage facilities range 

from about 25 iT to ,abhove l,n(o)) MT.
 

8.2 
 INDUSTRIAL APPLICATIONS
 

Industry is 
a major colsumer of commercial energy in deve]oping
 

countries, accounting 
for 20 to ,(Z depending on 
the specific country. Most of
 

this usage, however, can be attrihuti>.d to the production 
of energy intensive 

products such as steel, ceme:, 
ammn'
onia, pulp and 
paper, fertilizers, and ref i~nd 

petroleunm products. The more aippropriate applications potential 
for wind e:,rg-'
 

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.
 

generator systems 
is limited.
 

8.3 RFSEDENTIAL/COM',ERQ-IAL APPLICATIONS 

In the residential and commercial sector electric energy is used
 

for a wide variety of 
domestic and productive purposes. These could rarnge from a
 

few hundred kilowatt hours annually for a 
bas ic househol d purposes to thou:;ands 

of kilowatt hours 
For a larger com'narci al business. Rural areas receive electricitv
 

from (1) stand-alone generators serving single consumers; 
(2) a local network
 

serving several consumers and; (3) the 
main grid Systnem of a utility.
 

8.4 
 OTiiER REMOTE AND SPECIAL APPLICATIONS
 

There are a myriad of other .ird 
 mna'Lrne applications that do not 

easily fall into the above categories. These include telecommunica tions, hghwNy
 

applications, lighthouses, battery charging, power 
for outposts, clinics and
 

schools, and desalinati n. 
 !":hii, 8.1 surlmmarizes these applications, their: 

general energy requirements, and the ,:mpetit. ive position of wind machines when 

compared to diesel power. In gonerl wind systemrs ar competitive with conventional 

diesel and 
gasoline generators in rrrost. remote and special app] ications. For the 



Ex. -it 8.1
 

COMPARISON OF POWER SOURCES FOR
 
REMOTE AND SPECIAL APPLICATIONS
 

Conventional System to Wind
 
System Cost Ratio*
 

Application Energy Requirement Wind Energy System
(kWh/year) 
 Size Range 
 1981-1985 
 1986-1990
 
Repeater Station 
 22,400 
 10-25kW 
 1.30 
 1.65
 
Private Micro-wave 
 2,400 
 2-5kW 
 2.34 
 3.45
 
UIIF/VHF 
 800 
 < ikW 
 1.15 
 1.76
 
Radio Transceiver 
 500 
 < ikW 
 1.27 
 1.98
 
iii Rest Stop 
 2,00,, 
 1-5kW 
 .67 
 1.01
 
Cat liodic Protection 
 250 
 < ikW 
 1.21 
 1.95
 
Li ghthouse 
 10,000 


5-10kW 
 .92 
 1.29
 
Small School 
 10,000 
 5--IOkW 
 .92 
 1.29
 
Battery Charger 
 600 
 < kW 
 1.20 
 1.87
 
Outpost 
 300 
 < ikW 
 .38 
 .61
 
Health Center 
 4,000 
 2-5kW 
 1.01 
 1.49
 
Desalination (Small) 
 17,000 
 10-25kW 
 1.07 
 1-.41
 
Desalination (Large) 
 33,000 
 15-40kW 
 .70 
 .89
 

*Ratio 
is b.-ised 
on: cost 
of energy from wind energy systems withco,;t of $1. 5 0/gai fcr highway rest stop; hattery 
12.5 mph (5.6 m/s) mean annual wind speed; fuelcharger and ,l:iiat i.n applications; fuel costall of $3 .0/gal for(i1 er applications;St'llI: Prospects 12Z real discount rate.for Foreign Applications of WindRe T Wpe DOiU -7-7 ,--. -f:iJo 

eier ,y Svsters - Preliminary Report. Depart neat " v-- r-yT~ -. of i'o orgy
D rt e t f . r y 



smaller applications (e.g. 250-800 kh/year), a closer match between wind system
 

size and energy requirements would further improve the cost comparisons in favor
 

of wind systems.
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9.0 PRODUCTS 

The U.S. wind industry offers a wid. variety of equipment to
 

choose fron: small, medium and anr;,, 
 scale wind generator systems, both ac and
 

dc; mechanical systems; 
 packaged sy';teins for specific applications; towers;
 

rotors; controllers, inverters converters; mechanical
and and and electrica] end­

use equipment. Individual WECS components can be obtained from respective
 

manufacturers, or their distributors; 
 turn-key systems can be purchased through 

systems integrators and some turbine manufacturers. Several of the major 

manufacturers also supply packaged systems for certain applications. 

This chapter organf:;-e ; U.S. manufacturers' products. Information 

is presented in matrix format by comrponent, as follows: 

i Wind Turbines (Exhibit 9.1)
 
o Packaged Systems (Exhibit 9.2) 
o Towers (Exhibit 9.3)
 
o Batteries (Exhibit 9.4) 
o Regulators/Controllers (Exhibit 9.5) 
o Power Conditioning-Inverters (Exhibit 9.6)
 
o Miscellaneous Equipment (Exhibit 9.7) 

The information presented is based product
on literature obtained through 
a
 

mailing to 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
 

received from the mailing are filed 
by components in the REFT Project Library.
 

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

manufactu 'ers identifies in the matrices. 
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FEATURES 

o o 

< 

L4 

MANUA CTURR R~ 

ADVANCED ENERGY 

BERGEY 
0 

Q 

LUH 

DYTEK 

DEMPSTER 

O 

ENERTECH 

NORTH WIND 

VALLEY PUMP GROUP 

WHIRLWIND 

WIND BARON 0 * 0 

Exhibit 9.2 PACKAGED SYSTEMS 



FEATURES 
TYPE TOVLR 

S[ :PP}RT 
HEIGHT 

H C vv VH 'F-: 'HH L -

MANUFACTURER"-. 

BERGEYW\I N D PO \V E R 

C .,RT FI\, 
WIND SYSTEMS 

EARTHENERGY SYSTEMS 

_ 

0 

-__"-

0 

:_ "-" -

'- 0 

O O 

_ 

O 

0 

E N EIRTECH 0 

E?,I INC. 

INTERNATIONAL 
DYN-RGYE__G Y 

K W 
CONTROL SYSTEMS 

LAKE STATE 
SYSTEMS 

NORTH WIND 
PONWE R 
PRODUCT 
DE VELOPMENT 

0 

0 

- 0 

_ 

O 0 

I 
1-, 

ROHN * 0 0 0 - 0 0 0 

WHIRLWIND 

WIND POWER, 
S YSTEMSOI 

0 0 0 0 0 0 0 

WINDF EC H _ O_ 

*Towers not part of tot:il wind system 

Exhibit 9.3 TOWERS 
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FEATURE 

MANU-
FACTURER
 

C&D @ 

CHLORIDE 

DELCO 

EXIDE 

GNB 

GLOBE 

NIFE 

SURRETTE
 

TIDELAND 

o-0
 

Exhibit 9.4' BA TTERIES 



Exhibit 9.5 

REGULA TORS/CONTROLLERS 

Chrctrstc No-inal Voltage Input 

(Volts) 

FEATURE 

MAINIJFA CT IJRER, 

"13055! 

I .1:' 

. 

=27 " 

0 

-

0 

-

0I 

_ 

HELIOTROPE GENERAL 

NORTH WIND 
POWER CO. 

SPECIALTY CONCEPTS 

_ 

G 

_ 

0 0 

(3 

T DELAND _ 
WIND TECHNOLOGIES @ 



/IA v flhI Co rn pi)mc r1tr 11J r-IL[I("ItIC I It!r POW cr 
4 Ouyutl(k XX) 

FE:ATUR E / 77 / / 

MANUFACTtUR [- >-

ABACUS O 9 0 a_ 0 * 

ACtIEVAL , 
*! 

AI)VAN(II NIR(. 4 * I______00 
j 

A.I f IHI- N I 7 
()IRY~ON 

GN I i 
0 0 0 * 

_ _ _ _ _ _ _ , _ _ _ __C . .! 

I IIL;ION TI- S 0 o.1 a 0 CI e * 

NOVA ELIECTRIC 0 e -- '-

Trt M<AItK I~n I ~C~ C0 G Ce 

TI F °0 • ° 0 

W'INIAV(MI 
'" "' """-* . .J . -

__ 0 

.......+ -. --..... - a 
...­ 0 1...-- -

Exhibit 9.6 POWER CONDITIONING-IN VER TERS
 



FEATURE 0 0 

~ 

U) 

o 
mX 

m 

o 

LL. 

o0a O FL1-.o 

0 

MANUFACTURER 0 04 H U 

-1 

z 

DEMPSTER 

HEP,MANN ROTOR Ii 
GRUNDFOS T 
NATURAL POWER 

SANTA ROSA 
POWER 

SECOND WIND 1 
VALLEY PUMP 

WINCO 
_ 

* Partial list,awaiting more product literature 

Exhibit 9.7 MISCELLANEOUS EQUIPMENT* 
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U.S. 
WIND ENIlGY PRODUCT HANUFACTURERc
 

Abacus Controls, Inc. 

P.O. Box 893 

Somerville, New Jersey 
 0876 

Phone (201) 526-6010 

T1l eX 888186 


Ache'al. Win:d Electronics Company
 
361 Aiken Street 

Lwell, Massachusetts 01803-4115 

Phone (617) 453-08 74 


Advanced Energy Corporation

14933 Calvert Street 

Van Nus,, California 91411 

'h,)ne (213) 782-2191 


",macrican Power Conversion Corporatfon 

41 Camhridge Street
 

Ma.sachusetts 

Phone (617) 273-1570 


'urkington, 


An;t:al Wijcon, Inc. (AWl) 


P.O. Box 291
 
127 Weqt Main Street 

M1illbury, Massachusetts 01527 

Ph one (617) 865-9570 


Balance of Systems Specialists, Inc. 


7745 E. Redfield Road 

Scottsdale, Arizona 
 85260 

Phone (602) 948-9809 

Telex 6835043 


Bergey Windpower
 
2001 Priescley Avenue 

Norman, Oklahoma 73069 

Phone (405) 364-4212 


Best Power Technolegy, Inc. 

P.O. Box 280
 
Necedah, Wisconsin 54646 

Phone (608) 565-7200 

Telex 701934 


Carter Wind Systems, Inc.
 
Route I - Box 405 A 

Burkbunett, Texas 76354 

Phone (817) 569-2238 


C&D Power Ky'st ems
 
(Al.l.ied Crorat ion)
 
3043 WalLnn Road
 
PilyMoun 1 ,.,1.ing, Pennn;ylvntia l96
 
Phone ( 21 ) 8-9000
 

Telex 6,1IH 9 CD BAT 1JW 

Chloride
 
P.O. Box 2930
 
Tall-ah;s, , Florida 32308
 

Phone (904) 385-5686
 

Delco Eletronl-;
 
Divi ci of Gneral Notors
 
2401 CoImb;s Avenue
 

Anderson, !nfiaia 46011
 
Phone (317 646-7821
 

Dempster, Inc. 
P.O. Bo: 8,'
 

uLr: -ice, Nebraska 68310
 
Phone (,02) 223-4026
 

Dytek Labratories, Inc.
 
Airport Intearnational Plaza
 
40 Orville Drive
 

Bohemia, New York 
 11716
 
Phone (516) 567-500
 

Earth Energy Sy,;tems, Inc.
 
250 Prairie Cent! r Dirve
 
Eden Prairie, Minnesota 55344
 
Phone (61.2) 830-7200
 

Telex 290753 EliS[ E:2
 

Enertech Corporation
 
P.O. Box 420
 
Norwich, Vermont 
 05055
 

Phone (802) 649-1145
 

Telex 706433
 

ESI, Inc.
 
500 Valley Way
 
Milpitas, California 95035
 

Phone (408) 945-9922
 

Exide, Inc.
 
x01 In.brator Road
 

lnrsham, lenns lv','lvania
19044
 

Ihone (215) 614-9500
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U.S. WIN) ENERGY PRODUCT MANUFACTURERS
 
(Continued)
 

FloWind Corporation 
 ISTA Energy Systems Corporation
 
21249 72nd Avenue, South 
 407 Hope Avenue
 
Kent, Washington 98032 
 P.O. Box 618
 
Phone (206) 872-7080 Roselle, New Jersey 
 07203
 
TWX 9104472762 
 Phone (201) 241-8880
 

TWX 7109965818
 
Globe Batterv
 
5757 N. Green Bay Avenue 
 KW Control Systems, Inc.
 
Milwaukee, Wiscons in 53209 
 South Plan: Road
 
Phone (414) 228-1200 Middletown, New York 10940
 
Telex 26650 
 Phone (914) 355-6741
 

Telex 6711599
 
GNB Batteries, Inc.
 
P.O. Box 43140 Lakestate Systems, Inc.
 
St. Paul, Minnesota 55164 Box 18]
 
Phone (612) 681-5000 
 Kennedy, Minnesota 56733
 
Telex 297036 
 Phone (218) 674-4105
 

Gru:ndfos 
 Natural Power, Inc.
 
P.O. Box 549 
 New Bost:on, New Hampshire 03030
 
2555 Clovis Avenue 
 Phone (603) 487-5512
 
Clovis, California 93613 
 Telex 845233
 
Phone (209) 299-9741
 

NIFE, Inc.
 
Heart Interface Corporation George Washington Highway
 
1626 S. 341st Place 
 P.O. Box 100
 
Federal Way, Washington 98003 Lincoln, Rhode Island 
02865
 
Phone (206) 838-4295 
 Phone (401) 333-1179
 
Telex 16053
 

North Wind Power Company
 
lelionetics 
 Box 556
 
17312 Easton Street 
 Moretown, Vermont 05660
 
Irvine, California 92714 
 Phone (802) 496-2955
 
Phone (714) 261-8313 
 Telex 957034 
TWX 9105952829 

Nova Electric Manufacturiag Co., Inc. 
Heliotrope General 263 Hillside Avenue
 
3733 Kenora Drive 
 Nutley, New Jersey 07110
 
Spring Valley, California 
92077 Phone (201) 661-3434
 
Phone (619) 460-3930
 

Product Development Institute 
Hter mann Rotor Company 4445 Talmadge Road 
208 La Salle Street, Suite 1283 Toledo, Ohio 43623
 
Chicago, Illinois 6060'+ 
 Phone (419) 472-2136
 
Phonp (312) 346-5033
 

Rohn
 
International Dyn-rgy, Inc. 
 6718 West Plank Road
 
777 E. Tahquitz-McCallum Way P.O. Box 2000
 
Suite 233 
 Peoria, I I[Inois 61656 
Palm Sp rin gs , California 92262 Phone (309) 697-4400
 
Phone (619) 322-Y400 
 TWX 9106520646 
Telex 881743 
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U.S. WIND R"ENRGY PRODUCT MANUFACTURERS
 
(Cont inued)
 

Santa Rosa Mchined Props, Inc. 

127 Airport Blvd. 

Santa Rosa, California 95401 

Phone (7u;) 545-1108 


Second Wind, Inc.
 
7 Davis Square. 


Som.*rville, Massachusetts 02144 

Phone (617) 776-8520 


Surrette Storage Battery Co., Inc. 


P.O. Box 3027
 
Salem, Massachusetts 01970 


Teslaco 

490 South Rosemead Blvd. 

Suite 6 


Pasadena, California 91107
 
Pione (213) 795-1o99 


Tideland Signal Carporat ion 

4310 Director's Row 


P.O. 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 87124
 
Phone (505) 892-9463
 

WhirlWind Power Company
 
207 1/2 East Superior Street
 
Duluth, Minnesota 55802
 

Phone (218) 722-1492
 
Telex 910 561 0052
 

Winco
 
7850 Metro Parkway
 
Minneapolis, tinnes,.,ca 55420-1985
 
Phone (612) 853-8400
 

Telex 2907543
 

Wind Baron Corporation 
3702 West Lower Buckeye Road
 
Phoenix, Arizona 85009
 

Phone (602) 269-6900
 
Telex 6835005
 

Wind Power Systems, Inc.
 

9279 Cabot Drive
 
San Diego, California 92126
 
Phone (619) 566-1806
 

TelIN 383187
 

WindTech
 
P.O. Box 837
 
Clastonbury, Connecticut 06003
 
Phone (203) 659-3786
 

Wind Technologies
 

1190 Brooks Avenue
 
Rochester, New York 14624
 

Phone (216) 235-8520
 

Windworks, Inc.
 
Box 44A, Route 3
 
Muckwonago, Wisconsin 53149
 
Phone (414) 363-4088
 

Winpower Wind Systems, Inc.
 
Newton, Iowa
 
Phone (515) 792-1301
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APPENDIX A
 

NVERSION FACTORS
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' Conver'sbnfco 

Length2 

Hass,'-

Force, ~ 

1m 0.3937~ ini 10i4~ 
~~~~i =~ 2~tbA.9 .540~ cm 

~'Lft 30-48 cm 
~1j.Og~js> 

-l'kg 2.1!."2005 I'llb" 

I lb ~ 32 .174 lb'' ~f L/,2 

' '~' 

"Pressure'-". 
1''lb 

2J~/f?206u I~ 
- 0 3 6nIg1 n',~I 1 

3 
32 

' ~~~ 
a 

I 'in' Hg. 3 3 8 64 d 0[I c 0.0334 atl612 =iJ,).491 "A'." / &.. 

1~Lbar =0.98 
1-,'.~ 94 3) 3, 

,'aft 
x ' 

' n10 

1 

:N'2! 10 

'8'. 36 1 1~~ 0A~0' 8"3 2'~ 

V l y ., B u'hp-778.16 12'0 b 25b~s~21 1055h 1.'A~~' 

A'Power'' 
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APPENDIX B
 

THEORY OF THE 
IDEAL EFFICIENCY 
OF WIND TURBINES 

(Excerpt From: DeRen:o, [).3. 
 editor, Wind Power--Recent
 
Developments. 
 New Jer.;py: Noyes Dalta Corporations, 1979) 
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WIND POWER
 

The power, P, that 
can be extracted from a windstream by an
 

unshrouded wind turLine 
 is eq al to the efficiency, 71, of the system used to
 

extract the power, times the 
wind's volum ttric flow r .Le at the turbine, VTAT, 

times the sum of the change in precsure energy, Ap, plus the chan;ge in kinet:ic
 

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

P = 7VTATO P + AQ] 

For a conventional wind turbine, operating under optimum steady
 

state conditions in an initially free-flowing windstream of constant initial
 

velocity, Vo, the velocity of 
a unit volume of air will 
decrease monotonically
 

as it approaches the turbine, passes 
throug h ic and recedes from it. As the
 

air receives kinetic energy from the 
surrounding winds, its velocity will
 

in:rease until 
it again reaches iLt,;initial velocity, Vo . 

The sum of the change in pressure energy and the change in kinetic
 

energy of the unit volume of air will 
be cons tant as It approaches the turbine 

upstream. The pressure energy will increase, and the kinetic energy will 

decrease, until the pressure ripacles a maximum at the interface with the turbine. 

As the air passes through the turbine , its pressure wi.l rise until it again 

reaches atmospheric pressure. After passing the turbine, its kinetic energy 

will continue to decrease until its pres sure again roaches atmospheric pressure. 

The cross-sectional area of the windstream that passes through the 

system wil.l be inversely proportional to Its velocity. It:s streamlines will 

expand as It approaches the tirhiie, pase; through it, and recedes from it. 
 As 

the disturbed flow receives kinetic energy from the surround ing winds, the 

effects of the turbine will (iminislh through the dispersal of the disturbance
 

in the windstream.
 

The power coefficient, CIS, 
 of such a system is defined as the
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power delivered by the system divided by 
the total power available in the cross­

sectional area of the windstream subtended by the wind 
turbine.
 

It can be 
shown from momentLUrM 
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 
the kinetic energy of the windstream passing
 

through iQ. 
Under these condition;, he maximum loss in wind speed will be two­

thirds of 
the initial velocity of the windstream, Vo
 .
 

For a system of 100% efficiency, the maximum power density that
 

can be extracted by the 
turbine from the winistrear 
in the above process will,
 

therefore be:
 

max 2- .593 V\ 2
 

where, PV03 
= the ambient power density of 
a unit volume of the windstream
 
2 

The factor 0.593 is known as 
the Betz coefficient (from the 
name
 

of the man who first derived it). 
 It Is thme maximum fraction of the power in 
a
 

windstream that 
can be extracted 
by a turbine in the windstream.
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APPENDIX C 

LOAD ES'TIMATION FOR 

MECHANICAL WATER PUMPING SYSTEMS 

C-I
 



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 
 ind des ign charts, for estimating required 

pumping power and energy.
 

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

In any water pumping application, two parameters must he determined 
for sining 

system components. These are pump dopLh (depth of aquifer) and storage tank 

height. Together, these figure>; dotermine totai water ­head the maximuim
 

height to which the 
pump must 1lft wator (as sumIng 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 is measured in feet
 

from ground level and Tank Height Is measured in feet from ground level 
to the
 

top of the water outlet as shown in Exhibit C.I.
 

Pressure drop (head loss) resalting from water flow through pipes
 

will increase the amount of 
load on the pump. Head loss is 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 o: pipe required for system operation, pipe
 

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

power requirements. 
Exhibit C.2 is 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:
 

Head Loss = head loss x pipe run . by 100 Eq. C.2
 

where pipe 
run is measured in feet (meters).
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Exhibit C. 1 

WATER PUMPING SYSTEM DIAGRAM 

/ "
 

c-3 



-- 

,(Note: <Exhibit C.2 does no count for valve and f Itting
1-osses..' To account. for such losses itkIs easiest to eemn 
a--new pipe- ',length" 4as follows.~ Cout uth number of Lees~4 

tand an ebws.' For,_17nch pipe, (2- add'cm) ~ feet 91 off
'ength"'I- , for each fitin, advefrag

-~' I~eet~(9 a lobt alv~e,;12 feeL -(3- . 6 6 m)
nd (-1 M fr glbevalve, (teusual -spgttp 
v e T ,i then- Lhe qia~fn b 6pe lengthjto be 

- -used for'determining 11end Loss. 
 For; Qther, pipe 'sizesportn
thelse. pedimtrvales: 	 4~~ ~e twiceh
"these values for a~--­

-i-c h[5--cm--,ipr-snirth d pie rcuce t eo 	 Fiea_ _"
fac't6r,,by '40%).*', ' -' 	 ~'"-' 7-- 4 -p 

H~aving deter-mined HIead loss', T' ta PupngHa i~acua 

as follows:----' 

-

44 44~44,Y 

,,44444-Total Pumping Head Total WaterffHead + Head Loss Eq. ,C-34- < 

- Total Pumping Head is the actual load presented to,-thp'pump. 
 '4A ­

'- 44 

- Example: Maximum pump capacit 4 5 gp. (3litres/rec)
Pipe run -250 
feet (7 6.2 m)~~ - ~~---i-'44 

- -Wateri head -250, feet 1(7"6.2 m) 
Pip diamete~r -34,ich 1. cm),~-

-

V ~~~Two- 90', 01w j nis instailled 4~ 4~'4-4A 

From Exhb .' find .,> 
'-p -4-rs/e),lw
rat 	 -nth
hoiotl(bottoim) line. 
 Fromii this poi'n'tv'g'srih up to tj43 /4-inch (1.9 c) 
 iecrelne 
 rmteIr loksragtt


-4 leftL to read head loss factor, -6.~0 on the vriascale' This is 
h 

- 6feet (cm) 100per feetl c)o feu. Then to tal hedls 

44-- 44factor 	 4- 6 x 250 divided by,1OO' 15 1fet V(.6 m~) 	 boFor ileto 


fitig 
 add 2.3 feet (.; (3x ~c.75 	 7'feet or-.91. !x.'4 5 Meteis)
* 	 '-v - eah. Then head loss 4
= 15 +,4.6 
 19 , fet 46-V 14 = O mees 


U- , 

-

From here, we calculate TOTAL P UMPI 
~. 

GHEAD.'-4444 Q 4 

(Werall fatr 
 ar'maurd n' fet ormee -.
 

Cotnun 
 th 
 4xml,-oa 
 4edls 
 9'
 
269.6~ r ~ 7 et 	

5 ~ ,62 ~fet ~ .4=,8. 4 mtr)
 

Becad l se~f
ss, he he ump l
is ade as f i ha
to p9.6 eet
mp wter 
 6.0 eter )' hgher 
 thanit rallydoes
 

our ex mp 
 e, foh re l foa ctorsd a 7e feeasu 82d 2 m) ande 5 :rmet .3s 2' 1/s) 

44 ­



__ 

____ 

Exhibit C.2 
HEAD LOSS FACTOR 

d = Pipe dla'reter 
/id- - " (1.9cm) 

300 d 1' (2.5cm) 

100 ... ../I

80­

30.o - . ] ]___---	 _'0 	 ............ 
d-- (3. c m)­

2......	 ........-- . . . .--- __ _
 

0 

U 

10 ----------------.... 	 .d =2 (5.1cm )
B ---.-. 

3
 

.2 

.2 - __-.... 

d 3' (7.6 cm) 

5 Z0 15 (GPM)
.32 .65 .95 1.26 (Litres/sec) 

flow rate 
NOTE: 	 Exhibit assumes standard ("schedule 40") steel pipe.

For other diameters than those listed, the head loss at the 
same flow rate is proportional to the fifth power of the 
ratio of 	the pipe dimliretrs. Pipe diameter is approximately 
the internal (1iameter. 



Exhibit 
C.3 

THEORETICAL PUMP POWER 

0 : flow rate 

(373 -T 

I I 

' 5 , 

I 
; I 

1/ 

GPM 
0:2-0 

Litres/sec 
1.26 

- -

(2.98) 4 

0-,(2 -24) 3 -

.. . 

I 

4 -

II/ 

i 
IJ 

I 
- - ---

--7­
l 

QI,- . 

' 

0 .9 5 

o 
LU 

"T" (1.49) 2 .. 

, 

. 
30.5 

........2C, -
61.0 91 4 

4 ' -,,-
121.P 152.4 182.9 

total head 

7., 
r"13.4 

&CC 
243.8 

£ D 
274.3 

1 -'_(feet) 
304.8 (meters) 

C-6
 



Exhibit C.4 
WATER REQUIREMENTS
 

Water Consumption of Pigs 

(Pounds of Water per Day) 


Condi tions 


Body Weight = 30 lbs .............. 

Body Weight = 60-80 lbs ........... 

Body Weight = 75-125 lbs .......... 

Body Weight = 200-380 lbs ......... 

Pregnant Sows ..................... 

Lactating Sows .................... 


Water Consumption of Sheep 
(Pounds of Water per Day) 

On range or dry pasture ........... 

On range (salty feeds) ............ 

On rations of hay and grain or 


hay, coots and grain ............ 

On good pasture ................... 


Water 

Class of Cattle 


Holstein calves (liquid milk 
or 

dried milk and water supplied) 


Dairy Heifers ................... 

Steers .......................... 


Range Cattle .................... 


5-10 

7 


16 

12-30 


30-38 

40-50 

5-13 

17 

0.3-6 
Very 
little 


(if any) 


Consumption 

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

Condi tions
 

1-3 weeks of age .................. 0.4-2.0
 
3-6 weeks of age .................. 1.4-3.0
 
6-10 weeks of age ................. 3.0-4.0
 
9-13 weeks of age ................. 4.0-5.0
 
Pullets............................ 
3.0-5.0 
Nonlaying Hens .................... 
 5.0 
Laying lens (mode ate 

temperatures) ..................... 5.0-7.5
Laying 	 liens (temperature 90'F) .... 9.0 

Water Consumption of Growing Turkeys 
(Callons per 100 Birds per Day) 

Conditions 

1-3 weeks of age .................. 8-18 
4-7 weeks of age .................. 26-59 
9-13 weeks of age ................. 62-100 

15-19 w2eks of age ................. 117-118
 
21-26 weeks of age ................. 95-105
 

Water Consumption of People 
Average Person: 75 gallons per day
 

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

of Cattle 

Water Consumption
 
Conditions (Pounds per Day)
 

4 weeks of 

8 weeks of 


12 weeks of 


16 weeks of 

20 weeks of 

6 weeks of 


age ................. 10-12
 
age ................. 13
 

age ................ 18-20
 
age ................ 
 25-28
 
age ................ 
 32-36
 

age ................ 
 33-48 
Pregnan ......................... 60-70 
MalI tenance ration ............. 3 5 
Fattening ration .................. 	 70
 
............................... 
 35-70
 

Jersey 	Cows .............................. 
Milk Production 5-30 lbs/day... 60-102 
Holstein Cows .................. 
 Milk Production 20-50 lbs/day.. 65-182 

Milk Production 80 lbs/day ..... 190 
Dry ....................... .... 90 

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

SOURCE: Water, Yearbook of Agriculture, 1955. U.S. Department of Agriculture. 
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APPENDIX D 

LOAD ESTPHAT ION FOR STAND-ALONE 
ELECTRICAL APPLICATIONS 

D- I 



The folwn pae prsn step by -step methodology for e mauin 
electrical1 joads-for stan d-alone WE,_CS app lications. 'The examples presente are,, 

4only for illustration andrbyn m~eansii ndicative of a 'typical'stand. alone4' 
" 

~electrical application,4 especially in E'gypt.- 'Y'" -

- ~ - -'Example: Branid -C'electric motorj4s a one-hot,5epower'(74-6 WtL)~~<moo.,Its electrical load we'oertng i8 wt 
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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 expressed in kilowatt-hours (kWh). This is the energy youmust supply each month, or pay for when supplied by your elect ric 
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 
PECS stand-alone applicatiop).
 

The next step in detimi :'ng load characterlstics is to develop
 

your daily load cycle 
 history. Thi 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 case. To
 

arrive at a load cycle 
history, you must make estimates of the time of day 

your devices will be 
on and for how long.
 

This estimate may be as accurate or as rough as necessary. How 

accurate you decide to be in making estimates will depend entirely on your
 

assessment of importance of this calculation.the 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 1irst e.ample (not representative, 
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but illustrative of the thinking here), we shall separate items by their 

nature: those which you control, and those which operate automatically. For
 

this example, items that operate aut"emiLtically shall be assumed to operate
 

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

This is illustrated in the following example.
 

Automatic Items 
 Load (watts) Time
 

Refrigerator 
 300 Continuous 
Water heater 6000 Continuous
 

For a second example, let us be more realistic. The assumption
 

that all automatic items are continuous loads should be adjustej. 
 Since the
 

data were originally extracted from Exhibit D.1, let us look at that chart 

again.
 

Notice that the refrigerator is listed as 200-300 watts, for 25
 

to 30 kWh per month. Using 300 watts 
and 30 kWh (or 30,000 watt-hours) per
 

month, we can calculate the hours 
per month this device operates:
 

30,000 watt-hours per month ! 300 watts 100 hours per month
 

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

day. This is the estimated number of lours per day this refrigerator will
 

operate. Now we 
must guess when, and for how long during each cycle it operates.
 

A safe guess 
is that it cycles most during mealtimes.
 

For 
the water heater, a similar calculation should be made: 300,000 

watts-hour per month - 6000 warts - 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. 
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With use-controlled items similar to the first example, results from the new 

graph (Exhibit D.2) will be som ,'h; 1 t closer to reality. 

Performing tho type of arl',Ilsis in Exhibit D.2 may not actually be 

necessary for your energy requir.mel. estimates, but it is a good way to 

understand the nature and characterisit ic. of the electric load you may expect. 

A previous example illustlrated how a monchly energy requirement of 

399 kWh was established. This culd have been any month. For some months, 

a heavy demand for heating may raise electrical consumption, while in others,
 

air conditioning will prevail. Thu;, you must complete a demand analysis for 

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

Exhibit D.3.
 

User-controlled Items
 

TV 200 4 hours per day 
as follows:
 

I 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 1 hour per day: 

5 pm - 6 pm 

From this example, we can see a base load, that is, a continuous load equal to
 

6300 watts, with peak loads going as much 
as 1200 watts higher. Again, this
 

is not a representative example. If 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, efficiencies of any power 

conditioning equipment must be considered. (Line losses in stand-alone
 

applications, where the wind turbine is located close 
to the loads, can be
 

neglected).
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Exhibit D.2 
GRAPH OF EXAMPLE LOAD HISTORY 
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Exhibit D.3 
TYPICAL MONTHLY ENERGY DEMAND 
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Exhibit D.4 
GRAPH OF EXAMPLE LOAD HISTORY 
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EXHIBIT E.I
 

TYPICAL FREQUENC;Y DSTRIBUTION PRODUCTS
 
AND THEIR PTENTIAL APPL.ICATIONS
 

Dimensions of Uiefulness of Characterization of WindFrequency Distribution 	 Behavior or Analysis of Wind Potential
 

Wind Speed 
 Es:timating energy production.
 

Wind Direction 
 Assessing local or regional effects of 
topography. 

Wind Speed - Wind Duration Determining principal directions of wind 
power. Necessary for turbine cluster design. 

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

Wind Speed - Month of Year Determine seasonal 
load match.

Wind Direction - Time of Day Assess ing local or regional thermally

- Month of Year driver: wind systems, such as sea breeze 

or mountain-valley winds. 

Duration of Wind Speed 
 Assessing probability of continuously

Persistence in Specified available wind power. Determining parti-Speed Interval - Month of timning of available wind energy between
Year 	 large-scale migrating storms and regional
 

or locoll thermally driven wind systems.

Deotermining optimum 
 times for scheduled 
wind turbine maintenance. 

TOPOGRAPHICAL INDICATORS
 

Historically, wind machines have been sited by applying topographical
 

indicators, which are empirical guidolines 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 potential. 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,
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coastal mountains separate a nearly nifor temperature marlno air mass fron' 

continental air masses. The Inland air can become hot in summer or daytime, or 

cold in winter or at night, ther.lv tausing seasonal and diurnal fluctuations in 

the preqzaure gradient across plsee;. Pressure gradiets also form across mountain 

ringes when strong winds, as from a .storm, blow up against the mountain barrier. 

If the flow has Insufficient ki neti c energy to cross the potential energy barrier 

that the mountains represent, the raps, passes, and gorges are the relief points 

for the winds driven by the storm. 

Long valleys ext ending,, prallel to prevailing wind directions are 

often good wind energy regions also. The wind stream Ls channelled by the vaIley 

walis. At narrow points along a broad valley, mass conservation causes winds to 

accelerate through the constriction. In the opposite way the river of air spreads 

out and slows down where the valley widens. 

Summits of ridges and montains usually provide enhanced wind resource 

areas. Over small-scale hills and ridges (less than 984 ft. (300 ) high), the air 

accelerates over the crest. Thisisn also duo to mass conservation, a stream of 

air Is vertically compressed as it flows over the hill and so must move faster 

In the const:ricted region. Th is I: not necesarily so for the flow over large­

scale mountains. The winds at summ: i r elevation of a high mountain may actually 

slow down near the summit because f the drag that the mountain exerts o, the 

flow. However, mounta ins and ridges are still usually good resource areas because 

they are like tall towers that nt,rcept the flow at higher levels where winds 

are usually stronger. 

Some features that Indica.e low wind energy potential are basins and 

valleys that are perpendicular to the prevailing wind. These features can he low 

wind areas because the flow sprad, ott over them, opposite to the effect of flow 

acceleration over rLdges, or itdc., ttey collect cold, heavy air that stagnat:!; 

at potential energy minima. 
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Proper use of topograpi:cl indclators requires 
an experienced boundary
 

layer meteorologist because the 
 , when and 


trust 


I; w of how to use them, and how far t 

them, are complex. Consider tih omplexIty of flow over a small ifsola[,r. 

hill. Wind speeds at a given heiglht ibove the terrain surface usually are highur 

over the sqmmit of a hill than nv, r sirround ing ]owlando.
 

Topographical iuicator; 
 rJvie onl', qualitative information. Generic 

flow guidelines have been devel p,,,t rom theory, from numerical avd physical
 

s lmulations of 
flow over model 
terrA :, and from actual measuremelts of flow
 

around ful 1-scale features. Succinctl g'eneal [
zaion
sttodrawn from these studies
 

are useful; however, reliance upon them 
 must be tempered. Topographical indicators 

should therefore be used as guidelines to: 

o understand flow-ter'iin Interactions; 

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

o indicate where 
to make measurements; and
 

o interpret measurements already made. 

In short, the following tolpographical features are indicative of high
 

mean wind speeds:
 

o Gaps, passes, and 
gnrges in areas of frequent strong pressure
 
gradients;
 

o Long valleys extending down from mountain ranges;
 

o High elevation plains and plateaus;
 

o Plains and valleys with persitent strong downslope winds associated
 
with strong pressure gradients;
 

o Exposed ridges and 
moon taIn summits;
 

o Exposed coastal sites.
 

Features that signal 
low mean windspeeds are listed as:
 

o Valleys perpendicular to the prevailing winds;
 

o Sheltered has Ins;
 

o Shcrt or narrow valleys and canyons;
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o Areas of high surface roughness, such as forested hilly terrain. 

ECOLOGICAL INDICATORS
 

Vegetation deformed by high average winds can be used both to estimate 

the average speed (thus power) and to conmpare candidate sites. This technique
 

works best in three regions; I) along coasts, 2) in river valleys and gorges
 

exhibiting strong channeling 
 of t he wind, and 3) in mountainous terrain. Ecological 

indicators are especially useful 
ia rmote mount:ainous terrain not only because
 

there are little wind data, bult a]s" hcause the winds arc often 
 highly variable
 

over small areas and difficult to characteri:e. The 
 most easily observed 

deformities of 
trees (illustrated In Exhibit E.2) are listed and defined below:
 

o Brushing - Branches anad twigs bend downwind like the hair of a pelt
that has been brushe.d In one direction only. This deformity can beobserved in deciduo ; trees aftor their leaves have fallen. It is 
the most senmitivu Indiucator of light winds. 

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

o Throwing - A troe is wind thrown when the main trunk and the branches 
bend away from the pravailIn g wind. 

o Carpeting - This deformity occurs because the winds are so strong
that every twig reaching more than several inches above the grour.d
is killed, allowing the carpet to extend far downwind. 

Exhibit E.2 is one of the best guides 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 "Griggs-Putnam" (Exhibit treeE.4) classification of 

deformities described by indices 
from 0 to VII. 
 When WECS sites are ranked by
 

this scheme, only like species of trees should 
he compared, because different
 

types of trees may not 
be deformed to the same 
degree.
 

Another good indicator of relative wind speeds is the deformation 

ratio. It also measures 
how much the: tree crown has been flagged and thrown. 

E-6 



Exhibit E.2 
THE GRIGGS-PUTNAM INDEX 

PR EVAIL I 
WIND 

SNO 
DE FORITy 


BRUSHING ONLY 

,\ SLIGHT MOERATE
 
FLACGiNG 

FLAGGIN1G 

I v vSTROCN, CLIPPING 

F LAGG:'ic; AND FLAGGING 

VI VII 

'ivEXTREF 

AJ1ND F L AGG; N- . FLAGGING 
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Exhibit E.3 shows the t ree angles, A, B, and C, that must be measured to compute
 

the deformation ratio "D". To m,,;uru these angles, the 
trees can either be
 

photographed or sketched to svale.
 

To compute D, the t:hro 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 D , the stronger the average
 

wind speed.
 

Estimates of mean annuAl wind speed using vegetation can be improved
 

if several trees in a siting areA are sampled, using the Griggs-Putnam Index and
 

the deformation ratio. The re slt.s 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. Selection 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 -r 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 :vize 
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. In 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 st rong 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 wren; : ; umptions about the prevailing wind dir-cti.n 

and the average speed. Common sense, however, should reveal whether or not all 
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Exhibit E. 3 
DEFORMA TION RA TIO 

A CD +4-

PREVAIL ING''V11 D DIRECTIC,% c. /, 

DEFORMATION RATIO COMPUTED AS A MEASURE OFTHE DEGREE OF FLAGGING AND THAWING 
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Exhibit E.4 

MEAN ANNUAL WIND SPEED VERSUS TIHE GRIGGS-PUTNAM 
INDEX AND TEii"DEFORMATION RATIO 

MEAN ANNUAL WIND SPEED VERSUS THE GRICGS-PUTNAM INDEX 

Griggs-Putnam Index I I III IV V VI 

Probable Mean Annual 
Wind Speed Range (mph) 

(m/s) 
7-9 

3.1-4.0 
9-11 

4.0-4.9 
11-13 

4.9-5.8 
13-16 

5.8-7.2 
15-18 

6.7-8.0 
16-21 

7.2-9.4 

MEAN ANNUAL WIND SPIEED VERSUS THE DECORMATION RATIO 

Deformation Ratio I I1 III IV V VI 

Probable Mean Annual 
Wind Speed Range (mph) 

(m/s) 

5-9 

2.2-4.0 

8-Il 

3.6-4.9 

10-13 

4.5-1.8 

12-16 

5.4-7.2 

14-18 

b.3-8.0 

15-21 

6.7-9.4 

E- 10 



the 	deformities observed in an 
ar, fit together into a consistent pattern. 

The following guidel hiine suummarize this section and suggest how to 

use 	ecological indicators uffect i vty: 

I) 	 detect ecological nd icators of strong wird; 

2) 	 compare isolated treeS of a::esane species and height within the 
strong wiid areas L-o select candidate sites; and 

3) 	 Consider flow patterns over barriers, terrain featurcn, and surface 
roughness in the finail selection. 

GEOMORPHOLOGICAL INDICATORS 

When winds inter'act with and alter the earth's surface, the geomorpho­

l..L-cal features that result are called eolian landforms. Especially in arid
 

regions where vegetation !s sparse, winds can erode the surface, transport sand 

a:id dust, and deposit sediment. The erosional and depositional eolian landforms
 

and the characteristics of the transported sediments are 
indicators of the history
 

of the wind3 that caused these landforms.
 

Geomorphological interpretative techniques can be applied for three
 
purposes:
 

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

o to determine crude estimates of mean wind speeds from observed
 
sand dune migration rates, sand size particle dist-ibutions, and
 
sand ripple formation
 

o to indicate prevailing wind directions.
 

The principal difficulty with estimating wind speeds using these 

techniquec. is 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 tut the analysi.l?
 

Information gained from 
the 	use of geomorphological indicators 
is
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sometimes helpful in forming an integrate& picture of the wind regime in 
a data­

sparse area. However, the effort u:penced should be compared with the great
 

uncertainty of the technique. Aor i photographs may bu obtained during th
 

early stages of the siting proce;s for purposes other than for examining enlian
 

landforms. If colian indicators 
are found 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 fifth method, the Beaufort wind scale, is mentioned here for educational
 

purposes. The Beaufort scale of wvndspeeds (Exhibit E.5), developed in 1I06 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 

A'IRO)XIMA II WIND SIE1) ) 1S('K I'TIV1: 11.-IN 

FIFAIINUN!III()RT NI 1II M/SH KM/Il 

U <I <0 3 "-I 
1-3 01.3-1.5 I-5 

2 4-7 I 6-3 1 ,-I 1 

3 S- 2 3.4-5 4 12-19 

4- 13-18 5.5-7.9 20-28 

5 19-24 8.0-10.7 29-38 

6. 25-31 I0-13,8 39-49 

7' 32-38 13.9-171 50-61 

8. 39-46 17.2-20.7 62--/4 

9 47-54 2(18-24.4 75-88 

1( 55-63 24.5-28.4 89-102 

11 64-72 28.5-32 6 103-I 1 7 
12-17 73-136 32.7-4 1.2 118-2211 

*Witrhin grtial iperatig range ift1rl wI ('s. 
I C'", 1isiallar s ( tili n s r r- rn-.telrl Ilh5 

"W mlld n lM elrli,,h ci irgan)i llallr . Sice I 

K N)I S S'3.," I A N 'S WM(i ( 164)* 

< I cahn 

1-3 lhihtir hwll .tit 


4-6 Ilh:hh\k.', h!'l t're', 

7-1(l g bccenillic 
 -'nlel,;c-e 

11-16 m1od. brceze mld. breeze 

17-21 fresh breeze fresh breeze 

22-27 strong brecze strong breeze 

28-33 nru(. gale near gale 


34-41 fresh gale 
 gale 

41-47 s:,.-g gale strong gale 


48-55 whit 
. storn 

56-63 siorin viuolenl stormi 

6.4-I 18 huurrcair hurricane 


(u'ditnlo ahit i.lrmhrt 
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ii .r .. . , "; 
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Sloihlig fl.;pslust.siallI'a~ci & s1,w'b!a1r paper :.ised up;les rn ),t,haim disarranged. 

Snill frees in el htceini sway; force 
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Larger branches of 
 trees in motron; 
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iii 5Jdl.n againstr wind. 
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walkig generally Impeded.Srmile di )cl rs: slateblown from 
im)1;I l gerg being blown over., d l 

Trees ib.roken ti uprooted. considerable 

daa:!e o 'urs
Ver, ril t'\per:eced (in land: usually 

-.mpj.ar;-'d by widespitad damage 
|ll iuniler 8 are consideret dalngrrus and arc ire L13rly :lihn helpful I 

aurf )rtnrrnir t srfh helo 41 11 1t'lla r eri muw 4 g l ...e r I oie f i r .
 
lrmt, re(plard 1I'lteu rl Ilnuliiers as ct,rItr riag,s ll.In
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Rayleigh W ndspeed Distribution
 

The Rayleigh dlstrifhition is a one-parimeter equation that can
 

be used to estimate the number of hmurs the wind blows at any particular
 

windspeed. The single parameter in the 
 equation is the annual average windspeed 

(the mean windspeed) at the site K question. The accompanying table presents 

values of he Rayleigh dfstrib I iti r mean windspeeds ranging from 8 to 17 

mph. Along each horizontal line in this table are the numbers of hours one 

would e:pect 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" au thme 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 

occ'rrs, divide the entry 8760 thetable by - number of hours in a year. Thus, 

the wind blows at 23 mph fo" 194/8760, or 2.2 percent of the time. 
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RAYLEkGH DISTRIBLJOM FOR VARIOUS MEAN WIDSPEEDS 

Wlndape'ed 

mph 8 

8 784 

9 716 
630 


10 
11 535 

12 441 


13 351 

14 272 

15 204 

16 149 

17 105 

18 73 

19 49 

20 32 

21 20 


22 12 

23 7 

24 4 


25 3 

26 1 

9 10 

731 666 

697 65E 
644 627 

6435595 
578 585 

504 533 


429 474 


356 413 


288 353 


227 295 


175 242 


132 194 

97 33 

70 119 

50 90 

34 68 

23 50 

15 36 


10 25 

6 18 

Mean Wlndspeed, mph 

11 12 13 14 15 16 17 

601 539 484 435 391 353 320 

605 553 503 457 415 377 344 
594 554 1 470 431 

5630 363 
570 543 510 475 441 408 377 

536 523 500 473 443 415 386 

494 494 453 464 441 416 391 

446 459 458 448 432 412 391 


396 420 429 427 418 404 387 


345 378 396 403 400 392 380 


296 336 361 375 379 377 369 


250 294 325 345 355 358 355 


207 253 
 289 314 330 337 339 

170 216 254 283 303 315 321 

136 181 220 252 275 291 302 

108 150 189 222 248 268 281 

84 123 160 194 222 244 260 

65 99 134 168 197 220 239 

49 79 111 143 173 198 218 

37 62 91 122 150 176 197 

RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS 

'Windspeed Mean WInd peed, mph 
mph 8 9 10 11 12 13 14 15 16 17 

2' 4V8 12 27 48 74 102 130 155 177 

2F .4 2 8 20 37 60 85 1.1 136 158 

30 
30 

.2 

.1 
1 
3 4 10 

)8 

21 
2 

3 
1 

50 
57 

9 
79 

1 

7 
!2 

0 
140 
124 

31 0 .5 2 7 16 29 46 66 -7 108 

32 0 .3 1 5 11 22 37 55 74 94 

33 0 .1 .9 3 8 17 29 45 63 81 
34 0 0 .5 2 6 13 23 37 53 70 
35 0 0 .3 1 4 10 18 30 44 60 
36 0 0 .2 .9 3 7 14 24 36 51 

37 0 0 .1 .6 2 5 11 19 30 43 
33 0 0 0 4 1 4 8 15 24 36 
39 0 0 0 .2 .9 3 6 12 20 30 
40 0 0 0 .1 .6 2 5 9 16 25 

41 0 0 0 0 .4 1 3 7 13 20 
42 0 0 0 0 .3 .9 3 5 10 17 
43 0 0 0 0 .2 .6 2 4 8 13 
44 0 0 0 0 .1 .4 1 3 6 11 

_ 



APPENDIX F 

RAYLE'IGIt WINDSPEEDI) DISTRIBUTION 

(Excerpt from: The Wind P'owor Book, Parr, Jack, Cheshire Books, 
Palo AlLo, Calitornia, 1981) 

F- I 



APPENDIX C 

GRAPHS FOR RELATING TURBINE RATED OUTPUT, 
ANNUAL ENERGY PPRODUCT ION, AND ROTOR DIAMETER 

(Excerpt From: Plrformatnce and Size Estimating 
for Wind Syst::;, . . DOE, Feburary, 1983). 
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APPENDIX It
 

WIND RESOURCE DATA FOR EGYPT
 

(Excerpt From: Joint Egypt/Unltt.d States Report on Egypt/United States
Cooperative Energy Assessment. ,:ue 4, Annex:es 6-10, Ij.S. Iepartment of 

Energy Report DI)E./I-0002/04, April, 1979. 
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This appendix contalis data on wind energy resources in Egypt. 

The first figure, the Wind Power De5nskLy Map, presents an overview of the 

average wind power and me;in wind spIes tlhroighout Egypt. This is followed by 

charts and curves from the referenced report. 
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CLASSES OF WIND POWER DENSITY IN EGYPT 
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,,AND
AVERAGE WINDS (KNOTS) AT SELECTED ST...... FROM 19521970
 

STATION 
 AUNUAL 
JAN FEB MAR APR MAY JUN JUL AUG SEP -OCT NOV DEC AVERAGF.K; 

'Sallum 12.0 9.5 10.5 8.4 7.1 8.0 '9.8 8.5 7.0 7.2 
 8.7 11.4 9.0
 
Sidi Barrani 11.0 10.8 11.5 10.6 
 9.1 8.6 9.9 8.5 7.2 7.8 8.8 11.0 9.
Mersa Matruh 12.2 11.9 12.3 11.0 9.6 
 9.9 10.2 9.0 8.5 8.4 9.2 11.8 
 11.2
Dabaa . 11.0 11.2 12.4 1.3 ,9.9 11.6 12.1 10.6 9.0 7.8, 8.4 10.6 10.5
 
Alexandria. 8.7 8.5 9.,1 8.4 
 9.8 7.9 8.6 7.8 .70 6.2 6.'5 '8.0 7Rosetta 5.8 '45.3, 6.4 5.6 4.9 5.3 5.9 4.6 4.25.0,
.4.1 5.1
Damietta 6.2 6."1 8.4 7.5 6.8 

.3.9 

6.4 5.6 4.9 4.1 5.0 4.6 5:4
 

Port Said .9.5 10.3 
11.6 10.7 9.6 9.0 8.6 7.6 7.5 8.0 8.5 8.4 "'9.1
Duanhour: 4.7 4.1 5.4 5.1 5.0 4.0
4.7 3.7 3.5 3.7 4.0
:ahrir6.0 6.3
6.0 7.1 
 5 4.0 b 


Tna3.8i 4.1 46 13.2 


5.9 5.5 4.3 3.8 4.1 .5.. ' 

504;,8 . '3.2 3.2 3.2 3.0 3~ 3.8Cairo 8.0 8.1 8.7 
 8.7 8.8 8.1 6.7 6.4 6.6 7.1 6.5 7'6 7.6
 
Abbassiya 4.0 
 4.31 44.9 4.9 4,.5 4.1 3'.5 3.5 4p.0 3.9 3.5 3 7 4.1,

Heiwan * 5.6 7.1 8.6 9.5 9.3 9.8 8.5 8.0 8.5 8.5 7_9'6''2 8.1
TFayoum ' 4.0' 5.0 5.43.5 4.7 5.'5 5.1 4.9 5.1 4.3 4.4 3.6 4.6 ' ''4inya 4.8 6.55.8 7.6 
 8.4 9.0 7.7 6.4 7.2 6.2 5.6 4.4 6.6
 
Asyout 
 6.6 7.1 '8.2 8.0 7.9 7.5'' 7.0 6-A 8.2 7.2 '6',6 6.0 7'4'2Luxor 3.5 4.0 4.8 5.1 4.6 .4.3 3 74.0 3.3 3.0 3.3 '3.5 3 9


7.5 6S7wa 9.2 9.0' 8.1 8.0 8.1
8.0 8.8 
 8 6 8.3 8.0 7.5 8 .3', 
Sa'5.8 6'5 7.8 7.8 7.0 6.5 6.0 5. 4 4.6 4.2 4.0 ,'5.2Dakhla, 3.6 4.4 4.9 5.0 5.9 .6.3 5.4 '4.8 5.4 '4.8 :4, 13.2 48

Kharga 6.2 7.7 8.A 8.6. 9&" 11 -5 9.1 8.3 9.4, 9.2 7.4 6.0 8 4Hurghada 
 11.4 12.5 1Z,3 12.7 13.6 14''5 13.3 13.2 
13.6 11.3 9.9 10.5 124Quseir 9, 
 9.2 9.4 8.8 9.61 9.8f 7.71 7.6' 9.0 8.7 9.1 9.4 9 0
 

<.4'.
 

4'4 



40 

0 
z 

O2 

Uj

I..­° 
00 

0 

0 
U 

HURGHADA 

M. MATRUH 

0 
MINYA 

10 

-J­

0 20 40 so 80 

AVERAGE DU RATION AS PER CENTAGE OF YEAR 

ioo 

Velocity duration curve 



16 

14 s- • "' HURGHADA 

12 

0, 
f 1.. .// 

M. MATRUH 

S ALLU M.URGVIADA 
z SALLUM 

a 10 
w 

ALEXANDRIA 

....... 
L.ALEXANDRIA 

w% 
6j . ".............. .A,,O 

6 
CAIRO -

4 5* \NIA 

21 - £ I I I I 
J F M A M j j A S 0 N D 

MONTH 

Average monthly wind speeds for some localities 

If-6 



APPENDIX I
 

WIND PROJECTS SITE VISIT BOOK 

THIS APPENDIX , SUMMA:\RI S AND PHOTOGRAPH S
OF A VARIETY oF , :;:STIS THAT ARE OPERATING TODAY. 
THEY AR.f HPRIE,:;V.. m'TU ''PLTCAT.LNTS 
THAT ARE EI'; K,;:RP:J B"Y W',IND SYS'i'''S THROIGHOUT 
THE WORL.D. 
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PROJECY INFORMATION 

TECHNOLOGY AREA: Wind Energy 

PROJECT TITLE: USDA Agriculture Research Service 

LOCATION: Bushland, Texas 

OBJECTIVE: Supply electrica! n.rgy for irrigation pumping ahd other 
agricultural pulInqen; 

SYSTEM: Grid connected ;ind t:urbine with 25 kW induction generator
providing 240 V, 6 h:,, Qngle-pha e lectrical power. 

DESCRIPTION: 

A wind turbine was installed on M,v 26, 1982 at the U.S. Department of AgricultureConservation and Production Researc laboratory in Bushland, Texas. The objectiye
of the project was to supply electrical ,nerg'y to meet the laboratory's irrigation

needs. The Installed 
 system was "0'ned to provide high power production in
low to moderate wind area. DMir- n 16 month pericd from Jul'y 19R2 througih
Octcber 1983, the system op.rit, , ' Lr ahrd produced over 80,000 kh of
 
eae rpy. I n an ave rage windpn w nzs. 
 it teAa ol parc una of t he
time, with an ava ilahil ytvof 9- £ro: April , 1985t to June 20, 190 
,
the wind-powered p urmpnng ,, ,m' y:",,'4,,200 cu i l, vters of water. The
wind turbine meets 9n ..rctt 0ofif tv's Irrigation needs, except during

the month of Auguist when the i 
 omlodemand is the highest. 

PROJEc CI'_)NTACT: 

R. Nuland Clark 
Agriculture Engineer 
USDA Ag4;riculture Research Center 
Conservation and Production 

Research Laboratory 
P.O. Drawer 10 
Bushland, TX 79012 
(806) 378-5752
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~ PROJECT INFoRM-tAT INb N . .~ 4v 1'("4'4" 

~"'"TECHNOLOGY AREA: Wind Energy 
'"'"~ 

'~"'PROJECT TITLE:~ Rodrigues Island- Village Water Supply., 
'" 

7 ,7LOCATION-- AneQucr [Rdiues island Mauritius, 	 ~''44' 


S OBJECTIVE: Supply water to the village ofAnse Quitor and provideelectrical power 20to neighborhood home'.s. 
' 

SYSTEM: 	 2 kW wind turbine and a 2.25 kW DC motor coupled to a pump 
' 


and 19 kWh of battery storage.
 

DESCRIPTION:
 

In 1983, the United Nations financed, a wind powered' pumping system for the
village of Anse Quitor, located in the southwest of Rodrigues Island. 
 Since
~'its installation in early IQ8 3, the system has been maintained and closely
< monitored by the Central El'ectricity Board under the supervision of4'the UN

resident officer. 

"4 

The total pump'Ing system output from the date of com7s-sioning
until the end of April 
1984 (the only period for whicndata is currentlyX
available) was approximately 1j.7' million gallons of water pumped over 	a period
of 1,788 hours of 	operation. 

4 . 

It'is estimated that on the basis of the favorabl).e wind'regime at Anse Quitor4.,
that the average 

27 
daily electric generation of the~2 kW wind.turbine' is 'approxi- .4 

4"'mately 
 kWh. The average daily' pump requirement is on the order of 16.5

kWh. 'This provides an average daily surplus of about 10.5 kWh which is4 used tosupply electrical power to approximately 20 houses in the neighborhood of' the
pumping station.' 

'" 

4 

j PROJECTONTACT': " " ."4
 

Uni'ted Nations '' '. ' ' . ''' 

"!""'Department o'f Technical 
. 

Cooperation for Development 
44.
 

L. New York, New York' '' ' 'i" ' 

2 54 8"12 '7 
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PROJECT I NFORt-ATION 

TECHNOLOGY AREA: Wind Energy Sytmn;
 

PROJECT TITLE: 
 Mod-2, Large Wind Ss,'tems
 

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

OBJECTIVE: Supply electrical power for public utility company.
 

SYSTEM: 
 Horizcntal axis wind mi chine generating 2.5 MW of electricity.
 

DESCRIPTION:
 

The Mod-2 is the world's 
 first lar,, wind turbLne cluster of three experimental
machines, each with two blades having an overall diameter of 300 ft.

cluster is providing power to the nortuhwsr power grid 

The
 
srved by the BonnevillePower Administration. The Mod-2 is a,horiz:ontal ax s machine and is designed
to generate 2.5 MW of 
 electricity In 
N 27.5 mph wind. It 
uses blade tip controlinscead of full blade control and h;, di tueetering hub. The first turbine was
 

rotated in November 1980.
 

DOE IIQ CONTACT: PROJECT CONTACT: 

Peter Colman 
 Larry Gordon
 
Wind Energy Technology Division 
 NASA Lewis Research Center
 
U.S. 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.O. Box 3707
Darrell Baldwin 
 Seattle, WA 98124
 
NASA Lewis Research Center 
 (206) 575-5959
 
2100 Brookpark Road
 
Cleveland, 0H 44135
 
(216) 433-4000, Ext. 6160
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PROJECT INFORMATION 

TECHNOLOGY AREA: Wind Energy Technoninly 

PROJECT TITLE: California Wind "i rm, 

LOCATION: Solano County, ,Altfornia (30 miles northeast of San Francisco) 

OBJECTIVE: 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 Al dveLopment activities, rising fuel 
 costs,and the establishment of federal and state invesitment and renewable tax credits.
By the end of 1983, thousands of tin tu hibnes had been installed at wind farm 
projec2 ts, a signficant incroase over 1). Typical projects in northernCalifornia include both large and imllnwd turbines. For example, tihe PacificGas and Electric Company han; purch.nd a 2.5 megawatt hod-2 wind tu'-bine and 
instalied 
it in Solano County, 3) :ma northeast of San Francisco. Theinstal bation is part of a company -Ald R&D program to evaluate the pot .ntial
of wind generated electricIt;y In tLh, ir service area. Tihe 
 Mod-2 was designed
and buiIt urnder contract to the I)(n Wiad Energy Program. PG&E estimates that
the >od-2 will generate -pproximat, l- 10 
 miLlion kilowatt-hours of electricity

annualby for their customer. In A limont Pass, 30 
 miles east of San Francisco,
about 800 50-kilowatt wind turbina; have generated mi1lions of kilowatt-hoursof electricity as of mid-summer 19 3. There are plans to install several
hundred additional wind turbines ever tie next two years in projects that willgenerate millions of kilowatt-hour.; per year. The chart on the following page
illustratui the installed capacity of U.S. wind firms. 

DOE IQ CONTACT: 

Daniel Ancona
 
Wind Energy Technology Division
 
U.S. Department of Energy 
1000 Independence Avenue, SW 
Washington, D.C. 20585 
(202) 252-1776 

DOE FIELD CONTACT: 

Tom Hillesland Mr. Jerry Alderson 
Pacific Gas and Electric Co. 
 or U.S. Wind Power Inc.
3400 Crow Canyon Road 500 Sansome - Suite 205 
San Ramon, CA 94583 San Francisco, CA 94111
(415) 820-2000 (415) 398-3825 

http:purch.nd


SUMMARY OF U.S. WIND FARMS 

(END OF 1983) 

INSTALLED 
 ILOCATION 
 NO. OF UNITS CAPACITY INSTALLED(MW) 
 LOCATION NO. OF UNITS 
 ITAL(MD
o CALIFORNIA CAPACITY (mw)
 

ALTANONT oNEW },AM,!SHIREPASS 2053-2087 140-158 C.)TCiEiD MT. 20
TEHACIIAPI MTS 905-1166 - 760 1 .6 
SAN GORGONIO 
 225-284

PACHECO PASS 11-14
 

97-119
BOtJLEBARD 5-6 o VFRONT
41 1.64SALINAS VALLEY 8 EANCiESTER.6 4EL CA-JON .8
13., NT.-.. COUNTY 4-65 .5-;{). S:LAa ;OCOUNTY .16-2.62-5 r H'-NTA-. 38 i.'7 ,2- ca5 -

A V E & ". ... TO...Ni!-10 . .I)T!,L 3349-3798 
5 

.17! 219 -258 
55
 

Coo MASSACHUSETTSCOOS BAY 
 25 
 1.25 
 PRINCETON 
 8 (By mid 19,4) 
 .32 (By mid-1984)
 

oNE'lYORK 5
 

ELLENVILLE
__ 

4 OKLAHO A.18 1o ,AKNUHO
 
BUFFALO 
 1 .6 GN • 

oALASKA
 

a HAWAII 0ABEL 4 .04 
aUA RANCH 
 18 (180 By 
 .32 (3.15 By


Early 1984) 
 Early 1984) 
 a RHODE ISLAND 
'ANTUCKET IS. 3 (10 Planned) 
 .012 (.04 Planned)
 

o TOTAL ii.S.REF: E:6timates are 34 50-468 224-265from Solar Age (Feb. 1984), Renewable Energy News (Feb. 198)or Alternative Source,; of(Sept./Oct. 1983). Energy 
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