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FOREWORD

The Community Systems Program of the Division of Buildings and Commu-
nity Systems, Office of Energy Conservation, of the United States Department
of Energy (DOE), is concerned with conéerving energy and scarce fuels through
new methods of satisfying the energf needs of American Communities. These
'programs are designed to develop innovative ways of combining current, emerg-
ing, and advanced technologies into Integrated Community Enefgy Systems (ICES)
that could furnish any, or all, of the energy-using services of a community.
The. key goals of the Community System Program then, are to identify, evaluate,
develop, demonstrate, and deploy energy systems and community designs that

will optimally meet the needs of various communities.

The overall Community Systems effort is divided into three main areas:
(a) Integrated Systems, (b) Community Planning & Design, and (c) Implementa-
tion Mechanisms. The Integrated Systems work is intended to develop the tech-
nology component and subsystem data base, system analysis methodology, and
evaluations of various system conceptual designs which will help those inter-
.ested in applying integrated systems to communities. Also included in this
program is an active participation in demonstrations of ICES. The Community
Planning & Design effort is designed to develop concepts, tools, and method-
ologies that relate urban form and energy utilization. This may then be used
to optimize the design and operation of community energy systems. Implementa-
tion Mechanisms activities will provide data and develop strategies to accel-
erate the acceptance and implementation of community energy éystems and

energy—-conserving community designs.

This report, prepared by Oak Ridge National Laboratory, is part of a
series of Technology Evaluations of the performance and costs of components
and subsystems which may be included in community energy systems and is part
of the Integrated Systems effort. The reports are intended to provide suf-
ficient data on currént, emerging and advanced technologies so that they may
be used by consulting engineers, architect/engineers, planners, developers,
and others in the development of conceptual designs for community energy sys-
tems. Furthermore, sufficient detail is provided so that calculational wmodels
of each component may be devised for use in computer codes for the design of

Integrated Systems. Another task of the Technology Evaluation activity is to

ICES TECHNOLOGY EVALUATION




devise calculational models which will provide part-load performance and
costs of components suitable for use as subroutines in the computer codes
being developed to analyze community energy systems. These will be published

as supplements to the main Technology Evaluation reports.

It should be noted that an extensive data base already exists in tech-
nology evaluation studies completed by Oak .Ridge National Laboratory (ORNL)
for the Modular Integrated Utility System (MIUS) Program sponsored by ﬁhe
Department of Housing and Urban Development (HUD). These studies, however,
were limited in that they were: (a) designed to characterize mainly off-the~
shelf technologies up to 1973, (b) size limited to meet comwmunity limitations,
(c) not designed to augment the development of computer subroutines, (d) in-
tended for use as general information for éity officials and keyed to residen-
tial communities, and (e) designed specifically for HUD-MIUS needs. The pre-.
sent documents are founded on the ORNL-data base but are more technically ori-
ented énd are designed to be upgraded periodically to reflect changes in cur-
rent, ewerging, and advanced technologies. Furthermore, they will address the
complete rangevof component sizes and their application to residential, com-
mercial, light industrial, aﬁd institutional communities. The overall intent
of these docu:2nts, however, is not to be a complete documentation of a given
technology but will provide sufficient data for conceptual design application

by a technically knowledgeable individual.

Data presentation is essentially in two forms. The main report in-
cludes a detailed description of the part-load performance, capital, operating
and maintenance costs, availability, sizes, envirommental effects, material
and energy balances, and reliability of each component along with appropriate
reference material for further study. Also included are concise data sheets
which may be removed for filing in a notebook which will be supplied to inter-
ested individuals and organizations. The data sheets are colored and are
pgrfdrnted for ease of removal. Thus, the data sheets can be upgraded périod-

ically while the report itself will be updated much less frequently:

Each document was reviewed by several individuals from industry, re-
search and development, utility, and consulting engineering organizations and
the resulting reports will, hopefully, be of use to those individuals involved

in community energy systems,
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ABSTRACT

This evaluation of wind turbines is part of a series of Technology
| Evaluations of possible components and subsystems of community energy sys-
tems. Wind turbines, ranging in size from 200 W to 10 MW, are discussed as
candidates for prime movers in community systems. Estimates of performance
characteristics and cost as a function of rated capacity and rated wind
speed are presented. Data concerning material requirements, environmental
effects, and operating procedures also are given and are represented

'empirically to aid computer simulation.
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TECHNOLOGY EVALUATION
SUMMARY SHEET
OF

WIND TURBINES 4 COMRUNITY
. ENERGY
SYSTEMS

By: John C. Yeoman, Jr., ORNL December, 1978

1 INTRODUCTION

Wind, a form of solar energy, is caused primarily by unéqual heating
of the earth's surface by the sun. Wind turbines convert the kinetic
energy of the air into shaft power which, in turn, 1s converted into elec-

tric power by generators.

Wind turbines are divided into two categories: (1) horizontal-axis
wind turbines for which the axis of rotation is parallel to the direction
of the wind stream, and (2) vertical-axis wind turbines for which the axis
of rotarion is perpendicular to both the surface of the earth and the
direction of the windstream. Horizontal-axis wind turbines are lift de-
vices that usually have two blades and must have a yaw mechanism to rotate
the blades to face the wind. Vertical-axis wind turbines also are lift
devices but do not need any mechanism to direct the blades to face the
wind. The Darrieus system is the most common type of vertical-axis wind

turbine; however, it is not self-starting.
2 MATERIALS BALANCE

Wind turbines require fabrication materials as primary material
inputs. The availability of basic raw stock, such as steel, aluminum,
concrete, and copper wire is critical for the development of wind turbines.
Equations DS-1 through DS-4 give, respectively, the amounts of steel,
aluminum, concrete, and copper wire needed to fabricate horizontal-axis

wind turbines of various rated capacities and rated windspeeds.
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where:

where:

where:

W, = By + B.X+ BsX? + B,Y + BsY?

Wg = Amount of Steel (metric toms)

X = Rated Capacity (kW)

Y = Rated Wind Speed (m/s)

B, = .747240 x 10°3 B, = .0705491

B, = -.154333 x 10° Bs = .156045 x 107°
By = 7.95833

Standard error; .392176 x 10?2
1000 < X < 10,000

5<Y<9

W, = By + B,X[Tan(B; + B,Y + BsY?2)]
NA = Amount of Aluminum (metric tons)
X = Rated Capacity (kW)

Rated Wind Speed (m/s)

B, = -.708108 B, = -.477637
B, = .927263 x 10°% Bs = .0260486
B, = 2.43678

Standard Error: .617298
1000 < X < 10,000

(Eq. DS-1)

(Eq. DS-2)

(Eq. DS-3)

5<Y<9

W, = By + B.X + B3X?2 + B,X? + BgX" + BgY + B,Y2 + ByY?® + B,Y*
WC = Amount of Concrete (metric tons)

X = Rated Capacity (kW)

Rated Wind Speed (m/s)
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.405701 x 10° Be

B, = = -.0568232

B, = -.117217 x 10° B, = .454368 x 10"
B, = .508074 x 102 By = -.697293 x 107°
B, = -8.28520 B, = .345011 x 10712
By = .428183

Standard Error: .271913 x 102
1000 < X < 10,000

5<Y<9
wCu = B, + B,X + B,X2 + B,Y + B,Y? (Eq. DS-4)

where:

Wo, = Amount of Copper Wire (metric tons)

X = Rated Capacity (kW)

Y = Rated Wind Speed (m/s)

B, = 6.19951 B, = .794344 x 107°

B, = -1.16667 By = .640270 x 1077

By = .0597222

Standard Error: .418536

1000 < X < 10,000

5<Y<9

A vertical-axis wind turbine requires about 307 less copper wire
than its horizontal-axie counterpart of the same size. It also will re-

quire less steel and concrete. The amount of aluminum required will be the

same for both horizontal-axis and vertical-axis wind turbines.

The distance between wind turbines affects their efficiency; the
minimum distance between wind turbines should be 15 blade diameters. More~
over, no more than three wind turbines should be aligned in any one direc-

tion.

ICES TECHNOLOGY EVALUATION

I.F.3




3 PERFORMANCE

The total power available from the wind passing through a unit area

normal to the wind is:

P =1/2pV? (Eq. DS-5)
where:

P is the power in W/m?2,
p is th atmospheric density in kg/m?, and

V is the wind speed in m/s.

The amount of powcr delivered by 8 wind Lurbine divided by the total
power available in the windstream is defined as the efficiency or power co-
efficient, Cp, of the wind turbine. From fluid theory it can be shown that
the Cp is limited to a value of 0.593 or less. Equation DS-6 gives the
power coefficient for a horizontal—-axis wind turbine as a function of the
blade tip-to-wind speed ratio, and Eq. DS-7 gives the power coefficient of

a vertical-axis wind turbine as a function of the blade-tip-to~wind speed

ratio,
Cp = B, + B,X + B,X? (Eq. DS-6)
where:
Cp = Two Blade Power Coefficient
X = Tip-to-Wind Speed Ratio
B, = -.377463 B, = -.0298519
B, = .319277

Standard Error: .51995] x 102
3.7 <x<6.8

Cp = B, + B,X + ByX? (Eq. Ds-7)
where:
Cp = Darrieus Rotor Power Coefficient
X = Tip-to-Wind Speed Ratio
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-2.48503 B; = -0.0825923
.970120

B,
B,

Standard Error: .677752 x 10™2
4.6 < X< 6.8

The location of wind turbines is important.

Wind turbines should be

located where the wind speed is high for maximum power generation.

Figure

DS-1 shows
wind power
Wind power

wind power

the mean annual wind speed across the United States.

Maximum

is available in New England, the Plains, and Pacific Northwest.

is at a maximum in the winter and spring.

On a daily basis,

is greatest between noon and 2:00 p.m.,

local standard time.
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Mean Annual Wind Power (H/mz) Estimated at 50 m Above Exposed Areas.
Over mountainous regions (shaded areas), the estimates are lower
1imits expected for exposed mountain tops and ridges.

Fig. DS-1 Mean Annual Wind Power

4 ENVIRONMENTAL EFFECTS

The major problem with wind turbines concerns aesthetics. Wind tur-

bines are relatively large and highly visible; however, special choice of

paint colors can soften the visual impact.

ICES TECHNOLOGY EVALUATION

I.F.5

Ny



Wind turbines also can interfere with television reception for sev-

eral miles. Interference is worse on the upper UHF channels.

5 OPERATION AND MAINTENANCE

Wind turbines usually "cut-in" when the wind speed reaches 50% of
the rated speed, and the power output increase until it reaches the rated
output at the rated wind speed. The power output then remains constant as

the wind speed increases.

Wind turbines will have control circuitry to provide fully automatic
operation and to protect the system. Human intervention will be needed

only for periodic inspections, maintenance, and repairs.

It is estimated that maintenance will require that the wind turbine
be non-operational for 3% of the time. Wind conditions  usually are such
that most wind turbines operate only 60% of the time; therefore, scheduled

maintenance will not require shutting down.

The expected operational life of a wind turbine is 30 yr.

6 COST CONSIDERATIONS

To estimate costs, horizontal-axis wind turbines are. categorized
into two groups: one ranges in size from 1 kW to 30 kW; the other from 100
kW to 10 MW. Because the wind turbines in each group are entirely differ-
ent in design concepts, each group has different costs. Wind turbines be-
tween 30 and 100 kW have characteristics of both groups and thus cannot be

specifically categorized.

The capital costs, in terms of $/kW, include the cost for the manu-
facturing of the wind turbine components, transpnrtation to the aite,
preparation of the site, and the assembly and erection of the wind turbine

system. Land costs are not included.

It is estimated that a crew of 50 men would be required to erect a
horizontal-axis wind turbine. One crew could erect 10.5 wind turbines per

year.
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Equation DS-8 gives the capital costs of a small horizontal-axis wind
turbine as a function of rated capacity and rated wind speed; Eq. DS-9
gives the capital costs of alarge horizontal-axis wind turbine as a func-
tion of rated capacity and rated wind speed. Costs are given in 1975 dol-

lars.

Cost of a small horizontal-axis wind turbine as a function of rated

capacity can be calculated as follows:

W= B; + B,X + B3X? + B,X? + BgX* + BgY + B,Y? + B,Y® + BgY*

(Eq. DS-8)
where:

W = Capital Cost of a small horizontal-axis wind turbine ($/kW)

= Rated Capacity (kW) |

= Rated Wind Speed (m/s)
B, = .605775 x 10?3 Bg = .199046 x 10*
B, = =-.77470 x 10° B, = -.380795 x 10°
By = .108528 x 10° By = .302233 x 102
B, = -7.01642 By = -.864540
Bs = .165035

Standard Error: .107341 x 10°
2 S_X.i 20
4 S_Y < 12

Cost of a large horizontal-axis wind turbine as a function of rated

capacity can be calculated as follows:

W= B, + B,/X + By/X? + B,/Y + Bs/Y? (Eq. DS-9)

where:

Capital Cost of a large horizontal-axis wind turbine ($/kW)

Rated Capacity (kW)

Rated Wind Speed (m/s)
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B, = .317403 x 10° B, = .231098 x 10°¢
B, = -.283282 x 10* By = -.714143 x 107
By = .299949 x 10°

Standard Error: .643768 x 102
50 < X < 10,000
6 <Y< 12

Capital costs in 71977 dollars, of a two blade vertical-axis wind tur-
bine are given in Equation DS-10. This design has a rated wind speed
of 10 m/s and a height-to-diameter ratio of 1.0. The capital costs of
vertical-axis wind turbines are less than those of horizontal-axis wind
turbines because tower construction is simplér, the generator is located on

the ground, and no yaw mechanism is needed.

W= B, + B,X + BjX? + B,X® + BgX* (Eq. DS-10)

where:

Capital Cost of Vertical-Axis Wind Turbines, ($/kW)

X = Rated Capacity (kW)

B, = -1.62333 x 10° B, = 0.231821

B, = 2.34459 x 10? Bs = -1.60027 x 1073
By = -11.4057

Standard Error: 0.0
70 < X 5_600

Capital costs of wind turbines evaluated here are estimates based on
assumed values of several parameters; they are sensitive to the values of
these parameters; and they are liable to change. The parameters for which
values had to be assumed included optimum wind turbine design, production
level, the learning curve for production runs,‘and the costs of certain

wind turbine components, particularly the blades.
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The operating costs of wind turbines- consist of insurance, mainte-
nance, overhead, and other miscellaneous costs. Table DS-1 gives these

costs, on an annual basis, as a percentage of the capital cost of the wind

turbine.
The cost of energy will de-
Table DS-1 Operating Costs of : pend on the operating costs,'the cap-
'~ Wind Turbines ital costs, the cost of money, de-
preciation, and taxes.
Operating %Zof Capital
Item Cost
7 STATUS
Insurance : 0.2
Maintenance 2.0 Wind turbines can offer a re-
Overhead 1.0 liable source of energy. Present'
Other ‘ 0.4 technology can produce units that are

capable of competing economically

with conventional power sources.

The economics of wind turbines improve as the site mean wind speed
increases, bhut the rate of improvement diminishes for wind speeds greater
than 8 m/s. Thus, unique sites with exceptionally high wind speeds are not

a requirement for wind turbine installations.

The energy cost of wind turbines is relativeiy insensitive to opera-
tion at.off—design wind speeds, within a reasonable range. Therefore, it
is likely that only a limited number of standard designs will be required
for utility applications leading to the capability for routine'factory pro-

duction and the ensuing reduction in cost.

The largest uncertainty in wind turbine energy costs is the uncer-
tainty in the capital costs of the first production units and the learning

curve that should be applied to future units.

The economic characteristics of wind turbines may be improved by
technical advances on the blade and hub assembly, but the likelihood of

achieving such improvements and their effects is difficult to estimate.

Currently, both horizontal-axis and vertical-axis wind turbines are

in the developmental stages. Several demonstration units have been, or are
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being built to obtain performance data and to confirm the reliability and

stability of large units.

Studies are needed to determine the optimum locations for wind tur-
bine installations. Currently available wind ‘data are insufficient for

successful implementation of a large-scale wind energy program.,
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TECHNOLOGY EVALUATION OF

"WIND TURBINES

Prepared by John C.  Yeoman, Jr., ORNL INTEGRATED

COMMUNITY -
. ENERGY
Date : December, 1978 SYSTEMS

1 INTRODUCTION

1.1 PURPOSE AND SCOPE

The purpose of this technology evaluation is to provide information
on the performance characteristics, cosﬁs, and other factors relevant to
the commercialization of wind furbines. The evaluation divides wind tur-
bines into two groups: horizontal-axis and vertical-axis. The rated ca-
pacity of the horizontal-axis wind turbine evaluated here ranges from 200
to 20,000 W for currently available models and from 10 kW to 10 MW for
models that will be available soon. The rated capacity of the vertical-
axis wind turbines evaluated here ranges from 70 to 700 kw. These will be
available in the near future. The performance and cost data are in terms
of kilowatts of electricity, rather than shaft horsepower because this is

the accepted practice in the literature.

1.2 ORIGIN OF WIND

. Wind, a form of solar energy, is caused primarily by unequal heating
of the earth's surface by the sun. Air above bodies of water remains rela-
tively cool during the day, while air over land is heated. The heated air
over the land becomes less dense and rises. The heavier, cooler air over

the water flows in to replace it, creating local breezes.!

At night the process reverses. Air over land cools more rapidly
than air over water. The cool land air moves to replace the rising, warmer

alr over water.

Circulating planetary winds are caused by the greater heating of the
earth's surface near the equator than near the poles. This causes cold
surface winds to blow from the poles to the equator to replace the hot ai;
that rises 1in the tropics and moves in the upper atmosphere towards the

poles.
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The rotation of the earth also affects the planetary winds. Inertia
in the cold air moving near the surface toward the equator tends to twist
it to the west, while the warm air moving in the upper atmosphere towards
the poles tends to be turned towards the east. This causes large counter-
clockwise circulation of the air around low pressure areas in the northern

hemisphere and clockwise circulation in the southern hemisphere.

Because the earth's axis of rotation is inclined at an angle of
23.5° to the plane in which it moves around the sun, seasonal variations in
the heat received from the sun result in seasonal changes in the strength

and direction of the wind.

The manner in which the wind speed varies with height is important.
A well established formula relating wind speeds at two levels, 1 and 2, is

shown in Eq. 1.1:

V,/V, = (h,/h,)% (Eq. 1.1)
where:
V, and V, are the wind speeds at levels h,; and h,, and
a = the wind profile exponent dependent on atmospheric
stability and nature of the terrain upwind of the
wind turbine,
Some typical values of a are:
Oll6 for flat, open country,
0.28 for rough, wooded country, and
0.40 for urban areas.
the wind protile exponent is an important cost parameter because the
blade hub is at least 50 meters above the ground. Wind energy must be

integrated vertically over the blade disc to obtain an accurate projection

of the wind turbine energy extraction.?

1.3 TYPES OF WIND TURBINES

Wind turbines are divided into two categories: (1) horizontal-
axie for which the axis of rotation is parallel to the direction o6f the

windstream, and (2) vertical-axis for which the axis of rotation is
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perpendicular to both the surface of the earth and the direction of the

windstream. Each category is discussed below.

1.3.1 Horizontal-Axis Wind Turbines

Horizontal-axis wind turbines can be either lift or drag devices.
Lift devices are preferred, because they can generate more force than can
drag devices. Moreover, a drag device cannot move faster than the wind
speed. Consequently, lift devices can obtain higher tip-to-wind speed
ratios and thus, a higher power output-to-weight ratio and subsequently
a lower cost-to-power—output ratio. Systems can be designed with different
numbers of blades, ranging from one-bladed devices with a counterweight, to
devices with 50 or more blades.
Some horizontal-axis wind
turbines are designed to be
yaw-fixed, that 1is, they cannot
be rotated around the verti-
cal axis perpendicular to the
windstream. Generally, this
type would be used where the
prevailing winds blow from one SMASFN
direction. Most types are
yaw-active -and will rotéte S0

as to always face the wind.

Horizontal-axis wind

turbines may be designed with

either upwind or downwind
rotors, depending on whether
the blades rotate on the up-
wind or downwind side of the

supporting tower. ! Figure 1.1

shows a two-blade, down-
wind, horizontal-axis, wind

turbine with a rated capaciy of Fig. 1.1 Horizontal-Axis Wind Turbine

100 kw. with Rated Capacity of 100 kW
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Figure 1.2 shows the internal mechanisms of a horizontal-axis wind turbine.?

. GEARBOX

/"\ BLADES

[}
HYDRAULIC . 1
PITCH CONTROL J

L YAW CONTROL

Fig. 1.2 1Internal Mechanisms of Horizontal-Axis Wind Turbine?

1.3.2 Vertical-Axis Wind Turbines

Vertical-axis wind turbines also can be either lift or drag devices.
Vertical-axis wind turbines have a major advantagé over horizontal-axis
wind turbines in that ﬁhey do not have to be turned into the wind as the
direction of the windstream changes. This reduces the design complexity of
the system and eliminates gyro forces (due to blades yawing) that stress

the blades, bearings, and other components in horizontal-axis systems.

The major vertical-axis wind turbine is the Darrieus system.

Darrieus systems are lift devices, characterized by curved blades with
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airfoil cross-sections. Darrieus
wind turbines can be designed
with one, two, three, or more
' blades. One drawback of Darrieus
systems 1is that they are not
seiftstarting. Figure 1.3 shows
three-bladed Darrieus sys-

tem."

1.4 SELECTION CRITERIA

Selection criteria for
wind turbines in the ICES program

include:

(1) power generation potential,
(2) cost,

(3) reliability and maintenance,
(4) environmental effects, and- Fig.l1.3 Vertical-Axis Wind Turbine
(5) material requirements.

The performance, materials, and cost-data are presented graphically
and, as an aid to computer simulation, each graph is modelled empirically
by an equation.. Modelling was done with a computerized, unconstrained, un-
weighted, non-linear least-squares method. The particular form of equation
for each graph was determined by trying several equations and selecting the
one that gave the best results. The equations should not be used with

values of the independent variables outside the indicated ranges. There-

fore, the proper equations for each graph are given with the graph.

Standard error is presented to give an estimate of the accuracy of
the model in terms of its ability to characterize designs not included in
the original data set. The definition of standard error used in this eval-

uation is:®
_ Lzw - w2jt/?

N (Eq. 1.2)

Standard Error

where:

W = actual value of the dependent variable
W = calculated value of the dependent variable
N = degrees of freedom
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2 STANDARD PRACTICE

2.1 STANDARD RATINGS

Individual wind turbines are charactrized by their rated capacity
and rated wind speed. Rated capacity is defined as the-full-load continu-
ous power output. Rated wind speed is defined as that wind speed at which
the wind turbine is designed to produce its rated capacity. Constant-speed

operation is obtained by varying the pitch of the blades.

Because the power output of a wind turbine varies with air tempera- .
ture and air density, the standard air temperature for the performance data

is 25°C, and the standard air density corresponds to sea level air at 25°C.

2.2 MANUFACTURERS' DATA

Only horizontal-axis wind turbines are available at this time. Sizes
range from 200 to 20,000 W. Table 2.1 gives various manufacturers and
the specifications of their-eduipment."7’°J’ All the wind turbines listed
come in kit form, and the prices do not include the cost of trénsportation
or installation. The prices are in 1977 dollars and include the cost of

the tower.

Table 2.1 Manﬁfacturers of Hotizontal-Axis Wind 'I'nr-
" bines and Speqificarions for Equipment

Rated Rated Wind Rotor

Capacity Speed Weight Size Cost

Manufacturers (w) (m/s) (kg) (m) ($/xW)
Grumman 20,000 12.5 - 8.0 1,093
~ Kedco 1,200 9.4 91.6 3.6 1,912
- 1,200 7.1 98.4 4.9 2,412
2,000 11.2 114.3 3.6 1,297
2,000 9.4 121.1 4.9 1,597

Sencenbaugh 500 11.1 110.2 1.8 4,400
1,000 10.0 136.1 3.6 2,650
Winco 200 10‘3. 60.8 1.8 2,625
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3 MATERIALS BALANCE

3.1 HORIZONTAL-AXIS MATERIALS INPUTS

Horizontal-axis wind turbines require fabrication materials as pri-
mary material inputs. The availability of basic raw stock such as steél,
aluminum, concrete, and copper wire is critical for the development of wind
turbines. Figures 3.2 through 3.5, respectively, show the amount of steel,
aluminum, concrete, and copper wire estimated to be needed for construction
of horizontal-axis wind turbines of various rated capacities and rated wind
speeds.!? . Figure 3.1 shows the total weight of horizontal-axis wind tur-
bines of various rated capacities and rated wind speeds. The data in Fig.

3.1 were obtained by summing the data in Figs. 3.2 through 3.5.

W =By + B)X + BsX? + B,Y + BcY?
WHERE : »
W = TOTAL WEIGHT (METRIC TONS)
X = RATED CAPACITY (kh)
2000 =y _ parep wino sPEED () V=om/s
By = -164341 x 10‘; By = 17358
) = -335833 x 107 Bg = .287129 x 10 V=Tm/s
1500 | % = 185000 x 10° ) V=9m/s
STANDARD ERROR: 62741 x 10
723 1000 < X < 10,000
fz-’ 5<Y<9
o 1000 —
a
—
Lt
=
500 -
0 | l I 1 |
0 2000 4000 6000 8000 - 10,000
RATED CAPACITY (kW)

Fig. 3.1 Total Weight of Horizontal-Axis Turbincso
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W - 8, + X+ By By ¢ BV
WHERE : V:5m/s
| M. = AOUNT OF STEEL CETRIC TONS)
1000 X = RATED CAPACITY (xiN}
Y = RATED NIND SPEED (w/s) -
B e JUOxI0} B - OB VeTm/s
800 |- By = 15333 x 100 B = 156085 X 1075 V=9m/s
By - 7.95833 .
o STANDARD ERROR: 322176 x 107
F 1000 < X < 10,000 .
P 600 f-5<v¢9
(24
@
®
£
400 -
200 B
0 L 1 | 1 !
0 2000 4000 6000 8000 10,000
RATED CAPACITY (kW)
Fig. 3.2 Steel Requirements of
Horizontal-Axis Turbines
W =By 52)(‘83)(20 BHXS' asx“ +BY B7Y2' BSY"BQY“
WHERE ;
~ AOUNT OF CONCRETE (PETRIC TONS)
X = RATED CAPRCITY (x¥)
Y = RATED WIND SPEED (w/s)
800 |— By - 405701 x 10> B = ~.0568232
- IR0 By = 454368 x 1074 V:5m/s
By~ 508074 x 107 By = -.697293 x 108
By = 8.28520 By = 35011 x 10712 V:Tm/s
600 |— B = 428183 V=9m/s
) STANDARD ERROR:  -271915°x 102

METRIC TONS

g

0
0

1000 < X < 10.000
5:Y<9

L1 i A

2000 4000 6000 8000
RATED CAPACITY(kW)

10,000

Fig. 3.4 Concrete Requirements of

3.2 VERTICAL-AXIS MATERIALS INPUTS

primary material inputs.

Horizontal=Axis Turbines

METRIC TONS

Vo o B+ B UTantBy + By + 85y

WHERE :
- ¥, = NMOUNT OF ALUPINUS CETRIC TONS)
80 = \* . rateD capacITY (0 ViSmA
Y = RATED NIMD SPEED (ws)
8, = --708108 By = -.477637
By WS k107 Bg - 0260485
60 — By - 2.4%7 v
STANDARD ERROR: 617208
1000 < X < 10,000
|, 5:Y<9
9 V:TmA
°r /V'%h
0 = L 1 1
0 2000 4000 6000 8000 10000 .
RATED CAPACITY (kW)

Fig. 3.3 Aluminum Requirements of

METRIC TONS

S
!

113
|

Horizontal—Axis Turbines

Yoo =By * B+ B v By« BoY?
WHERE :

¥, = ADUNT OF COPPER WIRE (METRIC TOKS)
K = RATED CAPACITY (ci)

Y = RATED NIND SPEED (w/s)

By~ 61951 B, - 7963w x 1073
By - 110667 Bg - 640270 x 1077
B - 059722
STANDARD ERRIR:
1000 < X £ 10,000
5¢Y¢9

V=5m/s
V=Tm/s
V=9m/s

-418536

1 | | 1 1

2000 4000 6000 8000 10,000
" RATED CAPACITY (kW)

Fig. 3.5 Copper Wire Requirements of

Horizontal-Axis Turbines

Vertical-axis wind turbines also require fabrication materials as

Although the material requirements of vertical- |

axis wind turbines have not been analyzed as extensively as those of

horizontal-axis

wind turbines,

characteristics of each type:

several conclusions c¢an be teached from
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(1) Vertical-axis wind turbines will require about 30% less
copper wire than horizontal-axis wind turbines of the
same size. !° This is because vertical-axis wind tur-
bines do not need any yaw control.

(2) Vertical-axis wind turbines will require less steel be-
cause of simpler tower construction.

(3) Less concrete will be required because vertical-axis
wind turbines will weigh less and thus require smaller
foundations. '

(4) The amount of aluminum required will be about' the same,
because aluminum is used only in the blades in both
systems. )

3.3 WIND TURBINE LAND REQUIREMENTS

The distance between wind turbines affects their efficiency. Figure

3.6 shows the unit efficiency as a function of separation distance and the

number of units in tandem.?!

UNIT EFFICIENCY (P /P )

S

N WL o N

o

1

2 3 2 3
W =B + ByX + BsX® + BX° + BoY + BoY® + By¥
WHERE :
W = UNIT EFFICIENCY

X = NUMBER OF UNITS IN TANDEM
Y = SEPARATION DISTANCE (BLADE DIAMETERS)

By = 1.15745 Bg = 525895 x 10"
- - 394924 By = -133120 x 108
SEPARATION g, - 0513194 B, = 48645 x 10710

30D Dy - 260519 x 1072

250 STANDARD ERROR: .0271045
200 1<X¢6
150 15<Y<30

A | 4| - | . 1

2 3 4 ) 6
NO. OF UNITS IN TANDEM

Fig. 3.6 Effect of Separation Distance and Number of
Units on Individual Turbine Efficiency
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Unit efficiency, P/P is defined to be the power generated by a

s
fwind turbine (in a line of iﬁnd turbines) divided by the power that would
|have been generated had the wind turbine stood alone. The number of units
in tandem is the number of wind turbines aligned along the direction of
Jwind. For example, if five wind turbines, spaced 20 blade diameters apart,
are in tandem, along the direction of the wind, the uﬁit efficiency of the
third unit is 0.59. In other words, the effect of the first and second
units on the performance of the third unit is such that the third unit will
produce 59% of the power it would have produced had it stood alone. Figure
3.7 shows group efficiency as a function of separation distance and the

number of units in tandem.!?!

Group efficiency is defined as the sum of the
unit efficiencies of the units in a group divided by the number of units in

the group.

SEPARATION W = By + ByX + Byx? + BY + Bor?

P RN IVRT G T S~ SR - - I T- B o
T

;?
(2]
~
[«
o) 300 WHERE ;
> 250 '
L 20D W = GROUP EFFICIENCY
w 5k 15D X = NUMBER OF UNITS IN TANDEM
g . " Y = SEPARATION DISTANCE (BLADE DIAMETER) _
w4 ‘ By = -368086 B, = -188459 x 10_;
a ' o " By = -.156563 Bg = -.402026 x 10
33r ' By = .986607 x 1072
S 5 L STANDARD ERROR: .0173828
1<X<6
| 5¢Y<3
0 1 1 | 1 ' 1
12 3 4 5 6

NO. OF UNITS IN TANDEM

Fig. 3.7 Effect of Separation Distance and Num-
: : ber of Units on Group Efficiency
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Figures 3.6 and 3.7 show that minimizing the number of units aligned

in any one direction 1s much more 1important than the separation distance.

When wind turbines are

grouped together, certain
figurations minimize the amount
of land required for the in-

stallation. The land-use féctors
of a configuration is a measure of
the effectiveness of land use of
an installation. The land-use
density is defined as the total
rated capacity of an installation
divided by the land area it occu-
pies. Figure 3.8 gives the land-

use factors for multi-turbine

installations. The higher the
land-use factor, the higher the
land-use density. In each case,
the configuration shown is optimum
for that number of wind turbines.
The land-use factors apply only to
identical horizontal-axis or verti-

cal axis wind turbines. In each

case the minimum separation between

turbines 1s 1% blade diameters,
For example, with ;hreé units, each
with an output of 1500 kW, blade
diameters of 60 m, and a separation
between turbines of 15 blade diame-

ters, one would multiply the land-

con-

1

CONFIGURATION LAND- USE - FACTORS

Iz “3UNITS 6

m 4UNITS 4
éégE;p -SUNITS 2.5
I:::i::l 6UNITS 3
@ TUNITS 2.7
@ 8UNITS 23

Fig. 3.8 Land-Use Factors for
Multi-Turbine Installa-
tions with at Least 15
Blade Diameters between
Turbines

use factor, 6, by the ouput of one unit, 1500 kW and divide by the separa-

tion distance sqﬁared 810,000 m® (60% x 15%) to get a land-use density of

11,000 kW/km®.

ICES TECHNOLOGY EVALUATION

11



4 ENERGY BALANCE
4.1 PRIMARY ENERGY INPUTS

The total power available from the wind passing through a unit area
normal to the wind is given in Eq. 4.1.12

2000 .
P =1/2pV3A (Eq. 4.1) -
where: 18001— ¥ -3¢
., . WHERE :
P is the power in W ’ 1600 ¥ = PORR IENSITY (und)
: : . : [ X = WIND SPEED (ws)
P 1s the e;tmospherlc density B LI
in kg/m?; and 1400]_ ST ERRR: 0.0
V is the wind speed in m/sec. x| e
A is the windstream area in m?2. ?
, " 1200
Because wind power i roportional &
P S proportion 000
to the cube of the wind speed, <
. . . =
small 1increases 1in wind speed re- ano_
sult in significant increases 1in
wind power. Changes in the dens- 600}
ity of the atmosphere also affect 0
400|
the amount of wind power. Figure :
4.1 shows the power available in- 200
one square meter of windstream vs
. - 11 . ) 0 | ;| l |
wind-speed. Figure 4.2 shows the 0 2 y . s 0 12
effects of elevation on wind power,!? MEAN WIND SPEED, V- M/$S
and Fig. 4.3 shows the effects of Fig. 4.1 Windstream Power
temperature on wind power.!? Vs Wind Speed
.70I— o% -
LARM T ;_
o e S oso] MU 0%
75 '_ W - PERCENT REDUCTILN (N WIKD POER 25% [ve] WHERE:
> % o ELEVATION (Kn) © o .
5w e g = W = PERCENT CHANGE IN WIND HMER
z STAXARD ERRIR: 0.0 14 < X = TEMPERATURE (°C)
S g9} QR % e 2 095 | B = 6.9 5%
E = < By = -.38
o = [=]
& x Z 2 STANDARD ERROR: 0.0
g 85 15 E E’ w00 | 20 <X < k0 o
e 8 =
= : 0% = 2
£ sol- 1 g .
8 ' B o sk 5%
E —_
o T 5% < /
‘o \ ) A , . uo/ 1 1 1 1 *10%

s w0 2 -0 ot ¢ 20°C  30°C  40°
ELEVATION (km) . : TEMPERATURE
Fig. 4.2 Eftect of Elevation in Fig. 4.3 Effect of Temperature on
Windstream Power at Con- Windstream Power at Con-
stant Wind Speed : stant Wind Speed

PERCENT CHANGE IN WIND POWER
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The‘ amount of power délivered by a wind turbine, divided by the
total power available in the windstream, is defined as the efficiency or
power coefficient, Cp, of the wind turbine. From fluids theory, it can be
shown that Cp is limited to a value of 0.593.! Figure 4.4 shows the power
'coefficien't of various wind turbines versus -the ratio of the blade tip

speed to wind speed.! The values were determined experimentally.

A ey s B+ By B Cp =By + BX + By G Cr =By + BX s Byt
WHERE : WHERE : WHERE : .
Cp = IDEAL POWER COEFFICIENT Ce = TWO BLADE POWER COEFFICIENT Ce = DARRIEUS ROTOR POWER COEFFICIENT
X = TIP-TO-WIND SPEED RATIO X = TIP-TO-WIND SPEED RATIO X = TIP-TO-WIND SPEED RATIO
Bl = 278242 B) = -.377463 By = -2.48503
. By 138 B, = 319277 , B, - 970120
- By = -.006214 By = -.319277 By = - 0825023
STANDARD ERROR: 0163397 . STANDARD ERROR: -519951 x 102 STANDARD ERROR: 677752 x 1072
0<Xx<7 3.7<X<68 4.6 <X <6.8
06
IDEAL EFFICIENCY PROPELLER
L 05 TYPE WINDMILLS ,
(&} y
= 04 HIGH SPEED TWO
i - “BLADE TYPE
= SAVONIOUS ROTOR
[T
S AM%I;IgéN MULTI-BAND
c;, \ DARRIEUS ROTOR
£
DUTCH FOUR ARM TYPE

1 l | 1 1 1
S 2 3 4 5 6 7
RATIO OF BLADE TIP SPEED-TO-WIND SPEED

Fig.. 4.4 Power Coefficients of Various Wind Turbines
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Because. individual wind turbines must turn at a constant speed, the
blade tip sbeed mustlbe constant. Thus, as the wind speed changes, the
blade-tip-speed-to-wind speed ratio also will change. Wind turbines are
designed so that the blade-tip—speed-to-wind speed ratio maximizes the
power coefficient. This is done by gearing the drive mechanism so that the
optimum blade tip speed produces the proper generator speed. The power
coefficient of a wind turbine is a function only of the blade-tip-speed-to-

wind-speed ratio and the blade design.

4.2 WIND TURBINE SITING

The peak and annual power generation of wind turbines is highly
dependent on site-specific characteristics of wind. Figure 4.5 shows the

mean annual wind power across the United States.!'?

Mean Annual Wind Power (H/mz) Estimated at 50 m Above Exposed Areas.
Over mountafnous regions (shaded areas), the estimates are lower
Timits expected for exposed mountain tops and ridges.

Fig. 4.5 Mean Annual Wind Power
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Figure 4.6 shows the seasons of maximum wind power across the United

States.!?

SP = SPRING

R Sum‘s; of Maxfmm Wind Powsr. Over mcuntainous regions (shaded areas), the
3} indicated 1s for d sountain sites. Sessons are abbreviatad,
where necessary, as follows: ¥ = winter, SP « spring.

Fig. 4.6 Season of Maximum Wind Power

Figures 4.7 through 4.10 show the wind power available across the United

States on a seasonal basis.!?

Winter - Average Wind Power (Wm?) Estimated at 50 m Above Exposed Aress.
. Over mountainous regions (shaded.aress), the estimates are lower Vimits
expected for exposed mountain tops and ridges.

Fig. 4.7 Winter-Average Wind Power
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Spring - Average Mind Power (an) Estimated at 50 m Above Exposed Aress.
Over mountainous regions (shaded areas), the estimates are lower limits
expected for exposed mountatn tops and ridges. .

Fig. 4.8 Spring Average Wind Power

Sunmer - Aversge Wind Power (U/mz) Estimated at 50 m Above Exposed Areas.
Over mountainous regfons (shaded areas), the estimates are lower limits
expected for exposed mountain tops and ridges.

Fig. 4.9 Summer Average Wind Power
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/

Fall - Average Wind Power (sz) Estimated at 50 m Above the Exposed Areas.
Over mountainous regtons (shaded areas), the estimates are lower limits
expected for exposed tops and ridges.

Fig. 4.10 Fall Average Wind Power

These figures show that the maximum wind power is available in New England,
the Plains, and the Pacific Northwest. They also show that wind power is

at i1ts maximum in the winter and spring.

For maximum power generation, wind turbines should be located on
flat ground with little or no surface vegetation. Wind turbine efficiency
decreases as the terrain becomes -hilly and vegetation increases. Care
should be taken to locate wind turbines sufficiently far from buildings so
that they do not encounter backflow caused by the separation of the bound-

ary layer passing over the building.

Available wind power is a function also of the time of day. Wind
power in the United' States generally reaches a maximum somewhere between
noon and 2:00 p.m. local standard time (L3T). Wind power is at its minimum
between midnight and 6:00 a.m. LST. !! However, These are only general re-
sults. Wind power ‘is very site-specific; so before any large wind tur-

bines are built, much more detailed study will be necessary.
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5 ENVIRONMENTAL EFFECTS

5.1 THERMAL DISCHARGE

Wind turbines do not discharge significant amounts of heat to the

environment.

5.2 NOISE ATTENUATION

Noise is not a problem with wind turbines. Gear and generator noise
is masked by propef enclosures, and means are available to make improve-

fients, 1t neressary 9

5.3 AESTHETICS

»

Wind turbines are relatively large and highly visible. The largest
‘horizontal-axis wind turbines will have towers over 65 meters high and
blades of more than 120 meters in diameter. Tdeally, wind turbines will be
located in open flat areas which increase their visibility. If upwind
rotors are installed, a wide choice of tower designs will be available to

minimize aesthetic impact.?

5.4 CLIMATIC INFLUENCE

Wind turbines will represent such a small perturbation of the atmog-
pheric ‘energy .balance as not to be a consideration in climatic changes.?!®
However, the downstream wake of a wind turbine may have an adverse effect

on stack gases and other pollution sources.

5.5 COMMUNICATIONS INTERFERENCE

The rotating blades of a wind turbine can interfere with television
reception by producing video distortions; however, there is no audio dis-

tortion. 2

Television interference is caused by the Doppler Effect when
transmissions are bounced off the moving blades. Interference increases
with increasing frequency and is therefore worse on the upper UHF chan-

nels. Interference decreases as distance from the turbine to the receiver
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increases, but may be significant up to a few miles.!’ The interference is
|site-specific, being dependent -on the location of the transmitter, re-

ceiving antenna, and the wind turbine.
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6 OPERATING REQUIREMENTS

6.1 OPERATING RANGES

A typical wind turbine performance curve is shown in Fig. 6.1(a).
At a cut-in wind speed, A, the wind turbine begins to produce power and
monotonically produces more power as the wind speed increases until it
reaches the rated wind speed, B. Above this wind speed, the windAturbine's
power output is constant until the wind turbine's cut~out wind speed, C, is
reached. At wind speeds greater than the cut~out speed, the wind turbine

does not produce power.

A typical wind speed Z | () WIND TURSINE OUTPUT POWER
frequency dictribution io § VERSUS WIND SPEED
shown in Figure 6.1(b). §§
Only a small percentage of ’3§ A B C

< _

time 1is Aspent at either the EE) /:
extremely low or high ends é A i ‘
of the distribution. The > v (WIND SPEED)
convolution of the curves in %é (v) FREQUENCY DISTRIBUTION OF WIND SPEED
Fig. 6.1(a) and 6.1(b) ey 7\
" Tp(v) x p(v), yields the Egg : \
power frequency distribution gé II : I\
of the wind turbine's output & LA le(\VINl-)WSm}"’-EED)!vC —
as a function of the wind :
speed, Fig. 6.1(c). The %E «© gv;yoougggslg&?g{gldll%%WER
integral of the curve 1in é;g
Fig. 6.1(c) yields the aver- §§§
age expected .power output of &gg
the wind turbine. | é A :Bﬁﬁ_u c

The frequency distri- _ 4 VWIND SPEED)
tribution of the wind speed, Fig.. 6.1 Interaction of Wind Turbine Char-

. . acteristics and Wind Statistics

Fig. 6.1(b) is seldom known. to Produce the Wind Turbine Power
Usually only the annual mean ' Frequency Distribution
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;fnd speed is known for a particular location. The wind speed frequency
distribution can be approximated by the Rayleigh distribution. Only the
annual mean wind speed need be known to make the Rayleigh distribution
~approximation. Equation 6.1 gives the Rayleigh distribution of the wind

speed frequency.

- (V’“) _
Cp(u) = YT \AVE (Eq. 6.1)

2v?

where:

P(v) is the frequency distribution of the wind speed;
v is the wind speed; and

v is the annual mean wind speed.

The Rayleigh distribution is accurate when the annual mean wind speed. ex-

ceeds 4.5 m/s.

Table 6.1 lists the values of v P(v) vs v/v. This is the normalized

- Rayleigh distribution. As an example of how to use the normalized Rayleigh

‘Table 6.1 Values of Normalized Rayleigh Distribution

Rayleigh Distribution

TV ~-vig
P(v) =—— 2 xP
2 v2 4v?

Lowp(v) X wp(v) = wR(v) = VP(V)

v A\ v v
0.0 0.000 1.1 0.6680 2.1 0.1033 3.1 0.0026
0.1 0.1559 1.2 0.6083 2.2 0.0772 3.2 0.0016
0.2 0.3044 1.3 0.5415 2.3 0.0567 3.3 0.0010
0.3 0.4391 1.4 0.4717 2.4 0.0409 3.4 0.00061
0.4 0.5541 1.5 0.4025 2.5 0.0290 3.5 0.00036
0.5 0.6454 1.6 0.3365 2.6 0.0202 3.6 0.00021
0.6 0.7104 1.7 0.2759 2.7 0.0138 3.7 0.00012
0.7 0.7483 1.8 0.2219 2.8 0.0093 3.8 0.00007
0.8 0.7602 1.9 0.1752 2.9 0.0062 3.9 0.00004
0.9 0.7483 2.0 0.1358 "3.0 0.0040 4.0 0.00002
1.0 '0.7162 - '
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distribution, assume that a given location has an annual’mean wind speed,
v, of 10 m/s, and it is desired to know what percent of the time_the-wind
speed, v, at this location will be 20 m/s. 1In .this case, v/v equéls 20/10
equals 2, so from Table 6.1 the normalized Rayleigh distribution, vP(v), is

0.1358 or, because v = 10, P(v) = 0.01358. The wind speed will be 20 m/s
(19.5 to 20.5) 1.358% of the time.

The percentage of time that the wind speed is below the wind tur-
bine's cut-in speed plus the percentage of time the wind speed is above the
cut-out speed is called the percent down time. The percent down time can

be estimated using Eq. 6.2, derived from the Rayleigh distribution.

~a2 2 -2 2
e /Zq + o C*/2

Percent down time = 1 - (Eq. 6.2)
where:
a = cut-in wind speed
€ = cut-out wind speed
62 = 2v%/n

Figure 6.2 presents a graphical representation of Eq. 6.2, giVing

the percent down time as a function of the ratios of cut-in wind speed to

100 '
%0 CUT OUT VELOCITY
ANNUAL MEAN VELOCITY

§0

70 - 10
60 .
50

40

PERCENT DOWN TIME

30
20

10

1.0 1.2 14

CUT IN VELOCITY

ANNUAL MEAN VELOCITY

Fig. 6.2 Percent Down Time
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mean wind speed and cut-out wind speed to mean wind speed. For a wind tur-
bine with a given cut-in wind speed, a, and cut-out wind speed, c, the
annual mean wind speed, v, that will result in the minimum down time is
given by Eq. 6.3.

1/2
(c? - a?) /

v . . ul
min down time 4 (In ¢? - In a?)

(Eq. 6.3)

Substitution of Eq. 6.3 into Eq. 6.2 yields Eq. 6.4, a formula for
estimating the minimum percent down time for a wind turbine with a given

cut—-in wind speed, a, and cut-out wind speed, c.

a?(ln c? - In a?) cz(in éz - 1n a?)

. . 2 2 2 _ 2
Minimum percent _ ¢ a ¢ a

down time
(Eq. 6.4)

The percentage of time a wind turbine operates at its rated output
is the percentage of time the wind speed is between the rated wind speed
and the cut-out wind speed. Equation 6.5 estimates the percentage of time
a wind turbine will operate at its rated output.

Z time running at -b2/2g? -c?/2q?
u & = e / - e / (Eq. 6.5)

rated output -
where:

o
I

rated wind speed,

cut-out wind speed, and

2 2 ;2/ﬂ,

a
Figure 6.3 graphically represents Eq. 6.5.

100
90
80
10
60 [~
50
40
.3
2
10

. 0 . T\\ﬁ‘ﬂ
. 0 a2 04 a6 as 1.0 1.2 1.4 L6 1.8 20

RATED VELOCITY
ANNUAL MEAN VELOCITY

CUT OUT VELOCITY
ANNUAL MEAN VELOCITY

PERCENT TIME RUNNING AT RATED

Fig. 6.3 Percent Time Running at Rated Velocity
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6.2 OPERATING PROCEDURES

Wind turbines have control circuitry to provide fully automatic
operation and to protect the system. Human intervention is needed only

for periodic inspection, maintenance, and repairs.!®

The starting sequence initiates after three verifications have been
made. The first, adequtae wind, is satisfied by the average wind speed
being above a fixed value for about 2 min. The other two verifications-are
-|checks of the network and turbine conditions. Vertical-axis wind turbines
are brought up to speed by induction motors.!® Horizontal-axis wind tur-
bines are self-starting; the pitch control allows the blades to start if

the wind speed is sufficient.

Two stopping modes are designated. An emergency stop is initiated
by mechanical or electrical ‘sensors indicating trouble, such as a loss of
line voltage or excessive vibrationl? Vertical-axis wind turbines use
spoilers for emergency stops. The setting on the spoilers is such that
they will automatically deploy at a few rpm above the normal operat-
ing speed." Horizontal-axis wind turbines use a brake, placed close to the

blades to minimize gearbox torque for emergency stops.!'®

A normal stop oc-
curs when the wind speed drops below the "cut-in'" speed or exceeds the max-

imum design speed.

Horizontal-axis wind turbincs reqniré piteh and yaw uquruls. Tho
blade rpm and power output, under varying Qind conditions, can be regu-
lated by varying the pitch angle of the blades around their longitudinal
axis.'® Yaw control is necessary to maintain the orientation of the blade
plane perpendicular to the wind direction. Yaw control is accomplished
by a hydraulic motor driving through a gear train. The gearbox is de-
signed so that the turntable will be held rigidly against the wind load.
The speed of the motor is limited to 1/3 rpm. This is required to limit
gyroscopic forces. Yaw coqtrol is intended only to trim the system to

the average wind direction, not to follow sudden wind direction changes.?!®
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7 MAINTENANCE AND RELIABILITY

7.1 MAINTENANCE

Wind turbines fequiré no special maintenance procedures. Typical
maintenance requirements are lubrication and replacement of parts subject
to wear. Maintenance will require that the wind turbine be unoperational
for 3% of the time. Wind conditions are such that most wind turbines will
operate only 60% of the time, so scheduled maintenance will not'requiré

shutting down.!®

7.2 RELIABILITY

It is estimated that wind turbines will be operational 98% of the

time that wind conditions are sufficient.!®

7.3 EXPECTED LIFE

The expected operational life of either a horizon;al-éxis or

vertical-axis wind turbine is 30 years.2?,!®

 ICES TECHNOLOGY EVALUATION

25




8 COST CONSIDERATIONS
8.1 CAPITAL COSTS -—- HORIZONTAL~AXIS WIND TURBINES

" The capital costs, in terms of $/kW, include the cost of manufactur-
ing the wind turblﬁe components, transportation to the site, ﬁrepafation of
the site, and thé~assemb1y and erection of the wind turbine system. Land
costs and costs for connecting with the user are not included as part of

the capital costs.'® All costs are in 1975 dollars.

Horizontal-axis wind turbines are categorized by size into two
groups for estimating capital costs. One group rénges in size from 1 kW to
30 kW; the other from 100 kW to 10 MW. Sizes in between will have charac-
teristics of both groups. Because wind turbines in each group are entirely
different in design concepts, capital costs df each are.based on different
considerations. The capital costs shown are for production quantities of

10,000 units per year for each group.!®

Figure 8.1 shows the capital cost and blade diameters of small hori-
zontal-axis wind turbine systems as a function of rated capacity and rated

wind speed.!®

40 \V~m/l

\ 4 COST INCLUDES: PRODUCTION,
N\ 6 . . TRANSPORTATION AND INSTALLATION

73]
COAT EXCLINFY: STORAGE, LAND, een e dinst s togerndond gyt
AND DISTRIBUTION LINES R : .
V- OPITAL (05T O A SWLL HRIZOMAL-AXIS V110 TURAIIE (3/e)
X = RATED CASIY (o)
¥ = RATED WD SREQ (w3}
§- BB e 196 1)
o <0 2100 By - .3000% u 10}
Nye 0B K e T 1
B - -1-060 P
B- 16505
SUASDARD LRRIR: 107531 + 10}
2:1: D0
I YR2% ]

DLATE OIARRTIR
veng e ag e ay e ny
R

CAPITAL COST {103 $/kw)

¥~ BLATE DINETER (F A SWLL HIRIJONTAL-AXIS 13D TRBIN (m)
A e RaTED LatALLEY ey
¥ = RATED WIXD SED {w/s)
90 kWHIYR X 1000 " T T
Bf roASIE By GB1553
by » ~010%627

6.1(20) et

9.1(30) ROTORDIA. M (FT)  '*':¥
d

1 | 1 | S N T I S | |

1 2 3 4 5 7 10 15 20 30

RATED CAPACITY (kW)

Fig. 8.1 1Installed Capital Costs of Small Horizontal-
Axis Wind Turbine Generating Systems
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The capital costs and blade diameter of large horizontal-axis wind
turbines are shown in Fig. 8.2 as a function of rated capacity and rated

wind speed.!®

CAPITAL COST ($/kw)
g

Fig. 8.2

cosT
5 2 2
W 81+B2/X*83/X*BQ/V’BS/Y
WHERE :
W = CAPITAL COST OF A LARGE HOR ZONTAL-AXIS WIND TURBINE (8/kH)
X = RATED CAPACITY (k)
Y = RATED WIND SPEED (w/s)
By = 317403 x 10° B, = .231088 x 10°
By = 283282 x 10 B = -.710143 x 10/
By + 299949 x 10°

STANDARD ERROR: -643768 x 102
50 < X < 10,000
6% <Y <12

BLADE DIAVETER
W= By + BX + BgxZ + B + B + By + B,y + BeyYS + By
WHERE :

W = BLADE DIAYETER OF A LARGE HORIZONTAL-AXIS WIND TURBINE ()
X = RATED CAPACITY (ki)

Y = RATED WIND SPEED (w/s)

By = 132099 x 10° B = -.366196 x 10
B, = -0674065 B = 4.90114

By = --192907 x 10 Bg = -.390765

B, = 257061 x 107 By = .012120

B = --120890 x 10712

STANDARD ERROR: 468568

B W12

50 < X < 10,000

By

*NOTE: WIND SPEEDS UNDER 6 M/X ARE NOT INCLUDED BECAUSE
AN ADEQUATE MODEL COULD NOT BE FOUND

QUANTITY 10,000
LARGE WT! — 1976 DOLLARS d

COST EXCLUDES LAND AND
DISTRIBUTION LINE TIE-IN COSTS
5

(125),
ROTOR DIAMETER ~ METER (FEET) 3

3 20 =
(220) H
1

Ratha (240 98
(280) (320).(380)

POWER RATING (kW)

Installed Capital Costs of Large Horizontal-
Axis Wind Turbine Generating Systems
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Figures 8.3 through 8.5 break down the capital costs of large
horizontal-axis wind. turbines. Figure 8.3 gives the costs of the gener-
ator, the foundation, transportation to the site, and the turbine con-
trols. Figure 8.4 gives the cost of the hub, the blades, the drive system,
the platform, and the gearbox. Figure 8.5 gives the costs of the tower,

the yaw control, assembly and erection, the power conditioning, and site

preparation.

It is estimated that a crew of 50 men would be required to erect
a horizontal-axis wind turbine. One crew could erect 10.5 wind turbines

per year.!?®

140 [
GENERATOR TRANSPORTATION
120 |— GENERATOR W =B + BX u-|31¢52x¢53x2
WERE : WHERE :
W = GENERATOR COST (8) W = TRANSPORTATION COST (3)
100 | S / X = RATED CAPACITY (ki) X = RATED CAPACITY (kH)
By = 18000 x 10 B, = 326392 x 10
FOUNDATION B, = -200000 x 107 B, = -490%87 X 107
- STANDARD ERROR: 0.0 By = 577614 x 10°
ep [ I 1000 < X < 6000 STANDARD ERROR: 853822 x 10
= 1000 < X < 6000
ik TOUNDATION
o // W=By + BX TURBINE CONTROLS
9 60 " WHERE : W =By +BX
TBANSPORIATON . W = FOUNDATION COST ($) WHERE :
S 5= ATEE wmg i W = TURBINE CONTROL COST (8)
40 / By SCALRB AL X = RATED CAPACITY (kN)
by liec X 10 B, = 877568 x 10
/ ~ TuRBIE coNTROLS iy RN W
20 100072 X < 6000 STANDARD ERROR: -487501 x 107
= 1000 < X < 6000
S
0 | ] | | | |
0 1000 2000 3000 4000 5000 6000

RATED CAPACITY (kW)

Fig. 8.3 Horizontal-Axis Wind Turbine Component Costs
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Fig. 8.4 Horizontal-Axis Wind Turbine Component Costs
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Fig. 8.5 Horizontal-Axis Wind Turbine Component Costs
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8.2 CAPITAL COSTS —- VERTICAL-AXIS WIND TURBINES

The capital costs, in 1977 dollars, of a two blade vertical-

axis wind turbine are given in Fig. 8.6 as a function of rated capac-
17

ity. These data assume a rated wind speed of 10 m/s and height to diame-
ter ratio of 1.0. The capital costs of vertical-axis wind turbines are
less than those of 600 —
horizontal-axis wind
turbines because of
500
the simpler tower con-
struction, location of ‘5;
the generator at = 400
-
ground level, and pre- -~
clusion of a yaw mech- t; '
ani S 300f— y-p +px+p2ep, B+
anism. However, the S B B)X + Bg M 5
capital costs of this - WHERE :
Cical-oaxi 4 = W = CAPITAL COSTS OF VERTICAL-AXIS WIND TURBINES (8/kH)
vertical=maxis wi & 200} X = RATED CAPACITY (kW)
turbine design begin <t By = -1.62333 x 10° B, = 0.231321
: © By~ 2.3H459 x 102 Bg = -1.60027 x 10
to 1ncrease above a %=-HA%7
rated capacity of 300 100 — STANDARD ERROR: 0.0
kW because of the need 70 < X < 600
for struts and strong- A 0 | - I 1 -
er blades. 0 200 400 600 800
POWER RATING (kW)
_ Fig. 8.6 Capital Costs of Vertical-
8.3 CAPITAL COST SENSITIVITY Axis Wind Turbines

The capital costs of wind turbines evaluated here are estimates,
based on assumed values of several paramefers. The capital costs are sens-—
itive to these assumed values and are subject to consideréﬁle uncertainty,
Parameters for which values had to be assumed included optimum wind turbine
designs, production level, the learning curve for production runs, and the
costs of certain wind turbine components, particularly the blades.? The
data presented on the capital costs of horizontal-axis wind.turbines

assumed production level of 10,000 units per year and a learning curve of
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907%. An illustration of the uncertainty in the capital costs is given
in the JBF study on wind energy system costs.? By combining and normaliz-

ing the results of six studies for 1.0 to 1.5 MW machines, the éapitalv
costs ranged from $405 to $889/kW. A 95% learning curve and a 100-unit/yr

production rate were assumed.

8.4 WIND TURBINE OPERATING COSTS

The operating costs of wind turbines consist of insurance, mainte-
nance, overhead, and other miscéllaneous costs. Table 8.1 gives these
costs, on-a yearly basis, as a percentage of the capital cost of the wind

turbine.

Table 8.1 Operating Costs of Wind Turbines -

Operating Item % of Capital Cost
Insurance 0.2
Maintenance B ' 2.0
Overhead 1.0
Other- . 0.4

The cost of energy will depend on the operating costs, the capital

costs, the cost of money, depreciation and taxes.

ICES TECHNOLOGY EVALUATION .

3




9 STATUS

"Wind turbines can offer a reliable source of energy. Present tech-
nology can produce units that are capable of competing economically with

conventional power sources.

As the site mean wind speed increases, the economics of wind tur-
bines improve, but the rate of improvement diminishes for wind speeds
greater than 8 m/s. Thus, unique sites with exceptionally high wind speeds

are not needed for wind turbine installations.?

The energy c&st of wind turbines- is-relatively insensitive to opera-
tion at off-design wind speeds, within a reasonable range. Therefore, it
is likely that only a limited number of standard designs will be required
‘for utility applications leading to the capability for routine factory pro-

duction and the ensuing reduction in cost.?

The largest uncertainty in wind turbine energy costs is the uncer-
tainty in the capital costs of the first production units and the learn-

ing curve that should be applied to future units.?

The economic characteristics of wind turbines may be improved by
technical advances on the blade and hub assembly, but the likelihood of

achieving such improvements and their effects is difficult to estimate.

Currently, both horizontal-axis and vertical-axis wind turbines are
in the developmental stages. Several demonstration units have been, or are
being, built to obtain performance data and to confirm the reliability and

stability of large units.

Studies are needed to determine the optimum locations for wind tur-
bine installations. Currently available wind data are insufficient for

successful implementation of a large-scale wind energy program.
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