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WIND TURBINES FOR ELECTRIC UTILITIES: DEVELOPMENT STATUS AND ECONOMICSi

J. R, Ramler* and R, M. Donovan**

National Aeronautics & Spave Administratfén
Lewis Research Center
Cieveland, Ohio

Abstract

The technology and cconemics of the Targe,
horizontal-axis wind turbines currently in the
Federal Wind Energy Program are oresented. Wind
turbine technology advancenents made in the last
several years arg discussed. It {s shown that,
based on current projections of the costs of these
machines when praduced in quantity, they should be
attractive for utility application. The cost of
electricity {COE)} produced at the busbar 15 shown
to be a strong function of the mean wind speed at
the installation site, The breakeven COE as a
"fuel saver” is discussed and the COE range that
would be generally attractive to utflities is
fndicated.

Summary

The technology for large, horizontal-axis wind
turbines (100 kW - 2500 k) has been under
development since 1973 as a major part of the
Federal Wind Energy Program which 1s sponsored by
the U.5. Department of Energy. Specific projects
are being managed for the Department of Energy by
the Lewls Research Center of the National
Aeronautics and Space Administration.

The objective of the Federal Wind Energy Program
is to accelerate the development of reliable and
economically viable wind energy systems and enable
the earliest possible commercialization of wind
power. To achieve this objective requires
advancing the technolegy, developing a sound
fndustrial technology base, and addressing the
non-technolegical 1ssues which could deter the use
of wind energy.

Significant advances have been made in the
technology of large, horizontal-axfis wind turbines
since 1973. Technical feasibility has been
demonstrated in utility service for systems with a
rated power of up to 200 kW and a rotor diameter of
125 feat (Mod-OAg. There appear to be no major
feasibility issues to be resolved. The activation
of larger prototype units in utility service 1n
1979 {Mod-1; 2000 kW, 200-foot diameter rotor) and
in 1980 (Mod-2; 2500 kW, 300-foot dfameter rotor)
arg expected to confirm this assessment.

The long term reliability of wind turbfne
systems is yet to be demonstrated. This will
require time to accumulate service experience. In
additien, machine capital costs must be further
reduced through a combination of conttnued rescarch
and technology development and quantity production.

*Head, Solar and Electrochemical Power
Systems Section.

**Systems Analysis Enginear,

TA1 costs in this paper are in 1977 dollars.
fsecond printing, Minor modifications were
made to the Summary for clarification.

The "second-unit" capital costs™ for large,
horizontal-axis wind turbines currently range from
about $8000/kW for operational prototype units in
the 200 k¥ class down to a 1ittle over 51000/kW for
advanced design prototype units in the multi-
megawatt range,

The 100th production unit of Mod-2 15 projected
to have a capital cost of ahout $750/kW and produce
electricity at a cost of about $.035/kkh at sites
with mean annual wind speeds of about 15 mph. As
large, horizontal-axis wind turbines reach a
mature product status their ccits are expected to
be even lower, This should make them increasingly
attractive to utilities. In addition, further
technology advancements should permit additional
capital cost reductions which, in turn, will make
them more cost competitive at lower wind sites or,
alternatively, further reduce theiy COE at the
better wind sites.

I addition to the projected favorable
econcinfcs, wind turbines appear to have no
stgnificant envirommental impacts and use a
replenishable, non-polluting source of energy.
These features make wind turbines teday one of the
most attractive potential solar options for
widespread ut{lity application.

Background

Since 1973, the Lewis Research Canter of the
National Aeronautics and Space Admirfstration
(NASA) has managed the technology development for
Yarge, horizontal-axis wind turbines. This
technology development effort is a major part of
the Federal Wind Energy Program for which the U.S.
Departmant of Energy (DOE) has overall
responsibility.

Four wind turbine projects designated the Mod-0,
Mod-0A, Mod-1, and Mod-2 are part of the current
development program for large, horizontal-axis wind
turbines in the U.S. The machine configurations
are illustrated in fig, 1.

The Federal Wind Energy Program had its
beginning in 1972 when a joint Solar Energy Pane!
of the National Science Foundation {NSF) and the
National Aeronautics and Space Administration
(NASA) recommended that wind energy be developed to
broaden the Nation's options for new energy
sources. In 1973, the NSF was given the
responsibility for the Federal Solar Energy Progran
and the NASA-Lewis Research Center was designated
by NSF to manage the technology development and
initial implementation of large wind turbines. In
the falt of 1373, a comprehensive government studyl
of the Nation's energy future recommended that a
S-year program be undertaken to develop wind
turbines. Early in 1974, MNASA was funded by NSF
to:
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{1} design, build, and operate a wind turbine
far resedrch purposes, designates Mod-0;

{2} inftiste studies of wind turbines for
ut1lity application {this eventually led to
undertaking the development of the Mod«], to be
installed a.d operatet in utidity service);

(3} undertake g program of supparting research
and technology deve!-pment for wind turbines,

By 1975, the responsibility within the Federal
government for wind turbinge development had been
assigned ta the newly created Cnergy Research and
Oevelopment Adninistration {EROA). Under ERDA's
direction (and subsequently the Department of
Energy {n 1977) additional tecnnology development
projects were tnitiated and placed under the
management of the HASA Lewis Research Center,
These included:

{1} Mnd-0A, aimed at placing several prototype
units of the Mod-0 class into utilities te gain
some garly in-service expertence;

(2} Mod-2, aimed at devaloping a MW-elass wind
turbine that is more advanced and generates .ower
cost electricity than Mod-1,

Four Yod-0A machines and three Moﬁ—? machings
are to be placed in utflity service,

The machine design and technology development
projects have been supported by substantial
analysis and hardware/matgrial testing. These
include efforts to improve the methods of
structural dynamic analysis, assessment of utility
interface problems, testing of component materials
and evaluation of new blade concepts by analysis,
Taboratory testing of blade sections and
operational testing of full-seale blades.

In addition to the configqurations currently
under development for testing, efforts afmed at
achieving Tower machine costs will be initiated in
1979, These will include an advanced,
multi-magawatt wind turbineg project and an
advarced, multi-purpose, medium-scale wing turbine
praject.

Significant advances in the technology of large,
horizontal-axis wind turbines have been made in the
last several years. Qp the basis of cost
projections for production units, these machines
should be cost competitive for utility application,
This cost competitiveness will require further
advancements in technology leading to basfc cost
reductions and the development of designs to fully
realize the economies and cost reductions that are
expected Lo come from producing them In guantity,

Development Status of Large Wind Turbines

Mod -0

The current program of research and technology
development on large, horizontal-axis wind turbines
was initiated with the Mod-0, The Mod-0 fs 2
2-bladed, 125-foot diameter, research wind turbiine
rated at 100 kW. This machine was designed by the
tewls Research Center. The Mod-0 has aluminum
blades. The rotor is lacated downwind of the

tower. However, Mod-D has als- been operated with
the 7otor upwind of the tower 40 assess the effects
on system structural loads and maghing contral
requiremants, The eotor speed §s maintatned at a
constant RPM by rotating or pitching the blades
abgut thetr Tengthwise [spanwise) axes to contra)
the aerpdynamtc torque imparted to the rotor as the
wind speed varies, This type of speed control 15
referved to as full-span pitzh control,

The nominal rotational speed of the Med-0 is 40
RPM, but a belt drive incorporated in the drive
train system {see Fig. 2} has permitted the machine
to be run at several different spepds for test
purposes. Power 1§ transmitted from the rator
through a speed Increasing gearbox to a synchronous
genarator operating at 1800 rpm to produce 60=-hert:
power,

The entire assembiy {1lustrated in fig. 2 s
mounted on 2 steel, upen-truss tower. This
assembly fs orfented to the wind hy a yaw contro!
machanism,  With a change in wind direction, the
yaw contro) system orignts the entire assembiy
using a hydraulic yaw drive connected to a large
digmeter ring gear,

The Mod-0 is installed at NASA's Plumbrook
facility near Sandusky, Ohio, It becama
eperational ta the fal) of 1975, It 15 being run
in an avtomatic, undttended mode and synchronizes
routinely with the Ohto £dison ut{lity network. It
has proved to be a valuable enginegering test bed
for evaluating advanced desfign concepts and
validating the analytical methods and computer
codes which are being used to design advanced
machines. Scme of the tests that have heen
conducted and thase planaed in the near future are
discussed under "Technology Nevelopment™,

i"d-0A

The Mod-OA Project will place four prototype
units of the Med-0 class inta utilities to gain
some early in-service experience. The Mod-0A 1§
assentially the same design as the Mod-0 except for
a larger generator {200 kW) and laryger gearbox,

Yhe westinghouse flectric Corporatron of
Pittghurgh, Pennsylvania ts the prime contractor
responsible for assembly and installaticgn, The
blades are built by the Lockheed Ca'iformia Company
of Burbank, Calrfornia.

The first Mod«OA was installed at Clayton, tew
Mexica; first ratation gccurraed in Hovember of
1977, follewing a checkout period, Lewis turned
the machine over to the ¢ity of {layten in March of
1978 to operate as ¢n integral part of their
utiYity system, The machine has operated
successfully; 1t §s operationally compalibie with
the utility grid and has geserated 2 to 3 perzent
of the energy at Clayton since the machine was
activated, As expected of the first machine in
service, machine hardware problems have been
envuuntered and have been carrected as they ogcur.

5 second Mod~04 was installed at Culebra, Puerto
Ricy for the Puerto Rico Water Resources Authority
and was activated in July, 1978, A third Mod-0A
was fnstalled at Bleck Isiand, Rhode lsland for the
Block tsland Power Company and was activated in
May, 1879, The fourth Mod-0A §s planned for Hawaid



and will be activated in 1980 on the island of Oahu
for the Hawaiian Electric Company.

Tha Mod-0A project has demonstrated the
technical feasibility of wind turbines in utflity
application, It has also provided valuable
in-service testing of hardwarz and operations to
help guide technology development.

Mod-1

The Mod=1 project was started in 1974, The
Mod-l 15 a 2-bladed, 200-foot diameter wind turbine
with a rated power of 2000 kW, The blades are
steel and the rotor is located downwind of the
tower.  Full-span pitch is used to control the
rotor speed at a constant 35 RPM, The gearbox and
generator are similar in design to the Mod-OA but,
of course, are much larger. The tower 15 a steel,
tubutar truss design. The General Electric
Company, $pace Division of Philadelphia,
Pennsylvania {s the prime cor.ractor for designing,
fabricating and Installing the Hod-1, The Boeing
Engineering and Construction Company of Seattle,
Hashington, mapufactured the two steel blades.

The Mod-1 is scheduled to be operational by
mid«1979. A single prototype will be installed at
Beone, North Carolina and will supply power to the
Blue Ridge Electrical Membership Corporation,

Mod-2

The Med-2 project was {nitiated in 1978, The
machine fs currently in fina) design end is to be a
2-bladed, 300-foot diameter wind turbfne with &
2500 kW rating. This machine is being des{gned
with a new technology base developed as a result of
research and development efforts on Mod-0, Yod-0A,
and Mod-1. Because of this, the Mod-2 {s veferred
to as a second generation machine.

The Mod-2 rotor will be upwind of the tower.
Rotor speed will be controlled at & tonstant 17.5
RPM, In order to simpiffy the configuration and
achieve a lower weight and cost (the cost of these
machines 15 closely tied to weight and complexity),
the use of partial-span pitch contrel is heing
incorporated rather than full-span piteh. In this
concept, only a portfon of the blade near the tip
(the outer 30% of the span) 1s rotated or pitched
to centrol rotor speed and power. Yo reduce the
loads on the system caused by wind gusts and wind
shear, the rotor is designed to allow teeter of up
to 5 degraes in and out of the plane of rotation.
This reduction in loads saves weight and,
therefore, cost in the rotor, nacelle and tower.

The Mod-2 tower {s destgred to be "soft"
{flexible) rather than “stiff" {rigid). The
softness of the tower refers to the first mode
natural frequency of the tower in bending relative
to the operating frequency of the system. For a
two-bladed rotor, the tower is “"excited” twice per
revolution (2P) of the rotor, If the resonant
frequency of the tower is greater than 2P it is
referred to as "stiff"., DBetween IP and 2P 1t {5
generally characterized as "soft" and below 1P as
"very soft". The stiffor the tower, the heavier
end more costly it will be. The tower's flpst mode
s3tural foeguency nust be selected to be
sutficiently displaced from the primary forging

frequency (2P) so as not to resonate. Care must
also be taken to avefd higher mode resonances.

The tower 1s a welded steel, cylindrical shell
design, This design 15 more cost-effectrve than
the stiff, open-truss tower. The gearbox is a
compact, epicyclic design which {s )ighter weight
than a parallel-shaft gearbox such as used on
Mod-l. The nacelle configuration of the Hod-2 {s
f1lustrated in fig. 3. .

The Boeing Engineering and Construction Company
s the prime contractor for designing, fabricating,
and Inscalling the Mod-2. QGurrent plans call for 3
prototype units to be {nstalled at a single site
during 1980-B1. The site has not yet been
sulected.

Second Generation Designs

Second generatfon machines such as the Mod-2,
wil1 incorporate advanced design features for
reducing machine weight and cost below first
generation designs (Mod-0A and Mod-1)},

The Improvement that is anticipated 1n the Mod«2
is 11lustrated below:

"Stiff" Designs  "Soft" Design
Hod-UA —~ Hod=I “Hod=2

itated Power (ki) 200 2000 2500
Wefght* (k Tbs) 90 655 600
Lbs/kW 450 328 240

* HWeight on the tower foundation

This design evolution s based, in part, on a
1977 study for Lewls, by the General Electric Space
Divisian, of an advanced concept called Mud-1A.

As the Mod-1 desfgn effort progressed, it became
clear that the Mod-1 would be relatively heavy and
costly and could not lead to a cost competitive
praduction unit. Weight and cost were being driven
by a number of factors, the most stgnificant of
which were the "stiff" design criteria, the full-
span pitch which required complicated, heavy
mechanisms and excessive Space in the hub area, and
a heavy bedplate supporting the woight on top of
the tower, At the same time, the analyticai
methods and computer codes required to analyze wind
turbine dynamics and loads and the Project Team's
understanding of the system's interactions advanced
markediy, thus enabling the team to identify a
number of configurational and design congepts which
could be highly benefictal. These could not be
incorporated into the Mod-1 without substantially
redirecting and delaying the project.

Consequently, General Electric was asked {n 1977 to
develop a conceptual design of a Mod-1 class
machine incorporating these concepts for weight and
cost savings. The rosulting configuration calied
Mod-1A, reflected a projected weight reduction of
more than 50 percent and a projected cost reductfon
of more than 40 percent from Med-1.

A comparison of the Mod-1 amd Mod-1A
conflgurations {s shown in fig. 4 {1lustrating the
reduced size of the Mod-1A nacelle and tower. Like
Mod=-1, Mod-1A is a 2-bladed, 200~foot diameter wind
turbine with a rated powar of 2000 kW, However, it



fs a "soft" design Vike Mod«2, uses partial-span
pitch control and a teetering rotor to reduce loads
and uses the gearbox as an integral load carrying
structure. Together, these features eliminate the
need for a bedplate. The tower 1s 2 welded steel,
cylindrical shell design (the Mod-2 tower concept
{s simlar to this design). Substantial economies
in wei?ht and cost were alse realized in the yaw
system's structure and control mechanisms relatfve
to the Mod-1 duwe to the reduced top weight, smaller
dfameter yaw bearing and simplified yaw mechanisms.

It is anticipated that furither weight and cost
reductions in future machines will be possible
through additional technology development.

Technology Development

As noted earlier, significant strides in large
wind turbine techneliogy have been made in the last
sevaral years. Analytic metbods and computer codes
have been developed, enabling the designer to
analyze, 1n detail, the dynamics and loads of large
wind turbine systems, These analytic methuds and
computer codes have been validated by comparing the
analytical results to the cperational data obtained
from the Mod-0 research wind turbine. The Mod-0
has been used extensively to test system controls
and various configurational changes and design
features which have helped to confirm contemplated
design improvements. Some examples are:

t} various concepts have been tested for
providing a sufficiently soft drive train to
prevent varfations in rotor input tourque from being
fed through the rest of the system. One result of
these tests was verifying that a fluid coupling
between the rotor and the gearbox could provide
adequate attenuation of torque variaztions. This
approach was incorporated fn the Mod-0A machines.

2) Mod-0 has also been used to test the
operational and control requirements of synchronous
and iaductfon generators.

3) Tests of the effects of a soft tower en
system dynamics and lpads have been performed by
fitting the Mod-0 tower with a flexible base
permitting different degrees of tower softness to
be simulated.

Some of the areas to be exawined in future tests
include:

1} partial-span (Lip) rotor speed control,
2) teetered hub,

3) passive yaw control using a downwind rotor
with a teetered hub,

4} microprocessor control strategies to
increase energy production,

5} fixed pitch blades,

6} different airfoil designs and shapes to
improve aerodynamic perfarmance,

7V multi-speed gencrators to permit multi-speed
rotor operation and increase energy production.

A technology development aeffort un blades {s
being conducted. A 150-foot fiberglass blade has
been fabricated and tested, and shows promise of
providing a cost-effective design approach.
Fiberglass blades of this nature will be tested on
the Mod-1 in 1980, The design of a wood blade is
also being pursued and appears attractive from a
cost standpeint.

Further technology development {s required to
reduce the cost and improve the performance of
futgrg machines. Areas for potential improvement

nclude:

{1} Irproved rotor acrodynamic efficiency and
energy capture;

(2) Improved component arrangements in the
nacelle to optimize structura) load paths and
reduce overall structure weight;

{3) Reduced blade and overall rotor weight with
attendant weight reductions throughout the system;
(4) More flexible ("very soft") tower;

(5) Improved drive train efficiency and reduced
weight;

(6) Systemn designs tu simplify erection and
installation;

(7) System designs for high reliability and
ease of maintenance to reduce operating and
maintenance costs.

Wind Turbine Costs

Elements of Capital Cost

The total capital investment for a2 wind turbine
consists of the following elements:

Installed equipment cost

Land cost

Intra-cluster costs (for clusters of machines)
Contingency

Allowance for funds during construction {AFDC)

Capital Cost of Prototype Units

The Installed equipment costs of the prototynes
of the large, horizontal-axis wind turbines
currently under development are {1977%):

Mod-0A Mod-1 Mod-2
Cost (3M) 1,61 5.40 3.37
{3/kW) 8050 2700 1350

Second-unit costs are quoted so as not to include
the nonrecurring costs associated with the first
prototype unit.

The Mod-0A second-unit prototype cost represents
Lewis' estimate of the cost that would be required
to build a second unit identical to the first unit
at the Clayton, New Mexico site and reflects the
knowledge and experience gained as well as the
actual costs fincurred in that first installation.
The costs for the Culebra, Puerta Rico machine (Znd
Mod=-0A installed) were not used because of the
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unusual costs associated with the transportation of
equipment, materfals and personnel to this {s)and
sitg and the site preparation and installation
costs,

For the Mod-1, the second-unit prototype cost {s
based upon an estimate made by the General Electric
Space Divisfon. Although only a single prototype
unit for the Mod-1 is to be built, this estimate
for the second prototype unit {s judged to be a
reasonable estimate for the second-unit ipstalled
equipsent cost.

The Med«2 second-unit prototype cost s based
upon the current estimate of the installed
equipment for the Second prototype unit to be buflt
by the Boeing Engineering and Construction Company.

It should be remembered that the second-unit
prototype cost estimates for the Mod-CA, Mod-1 and
Mod-2 do not {n¢lude land, intra-cluster costs,
contingency and AFDC. Inclusion of these elsments,
however, 1s somewhat academic for the prototype
units since these second-univ prototype costs would
not be generally competitive as a uti]ity
powerplant.

Capital Cost of Production Units

When wind turbines are designed for quantity
production end subsequantly produced in quantity,
tuefr capital costs are expected to decrease
substantially., Substantial economies are expected
whin production rates are large enough to benefit
from greater degrees of automation. Additiona)
reduction will result from discounts on quantity
buys of purchased materials and components., The
distribution of engineering and management costs
over a larger number of units will also reduce the
per-untt cost. Finally, the cost of production
wind turbines will not Tnclude the extensive test
and checkout costs associated with prototype units,

Current estimates for the capital costs of large
horizontai~-axis wind turbines, when produced in
quantity, are based on:

(1) projections of the 100th unft cest of Mod-2
?y t?e Boefng Engineering and Conmstruction Company
BEC),

(2} projections for the 100th unit cost of an
advanced, 200 kW wind turbine based on an in-house
conceptual deségn study by the Lewis Research
Center in 19782,

These projectfons are based on second~generation
technology. As will be indicated later, further
cost reductfons are feasibie and will result 1n
competitive wind turbine systems for a broad
segment of the market.

The current estimate of the installed equipment
costs {19774) for the 100th production unit of
Hod-2 1s shown below along with a current estimate
of welghts.

Keight on 100th Unit
Foundation,JLs Cost, $K

Machine {580204) (1163)
Rotor Subazsy. 169567 « 329
Drive Train Subassy, 103892 379
Nacelle Subassy. 63279 184
Tower Subassy, 251466 el

Transp. & Install. {328)
Transportation 29
Site Preparation 162
Erection & Checkout 137

Initial Spares & Maint. Equip. 35

Production Faci)ity Depreciation 35

Subtotal 1
Fee (10%) 166
Total Capital for Installed Equip. 177

These costs are per-unit costs assuming a 25-unit
cluster.

The overall configuration resulting from Lewis'
conceptual design study 1s shown in fig. 5.
breakdown of the estimated installed equipment
costs {19773} for the 100th production unjt is
shown below along with a waeight breakdowne.

Height on 100th Unit.
Foundation,lbs, Cost, §

Hachine {72920) {153650)
Rotor Subassy. 9200 53840
Drive Train Subassy. 17600 38880
Elect. & Control Subassy. 3120 17140
Tower Subassy, 43000 43790

Transp. & [nstall, {z2710)
Transportation 3450
Site Preparation 14030
Erection & Checkout 5170

Suutotal 176360
Fee (15%) 26450
202610

These cost estimates were based on a combination of
vendor quotes and Mod-0/0A experience.

Operating and Maintenance Costs of Production Units

The operating and maintenance {08M) costs for a
large wind turbine will depend on the relfability
and maintaipab{lity of the system. They will alse
depend on whether a single machine or a wind
turbine cluster is to be operated and maintafned.
in the latter case, the fixed 0&M expenses can be
allocated to a numher of wind turbines thus
reducing the 0844 costs per machine,

In the Mod-0A project, data are currently being
collected on actua) Q&M costs at Clayton, New
Mexico and Culebra, Puerte Rico. Data will also be
collected at Block Island, Rhode [sland and at
Hawaii when these machines are fully operational,
From these data, an estimate will be made of
curgent and projected D&M costs for this size
machine,

In the analysis condunted by Lewis of an
advanced, 200kW wind turbine2, the machine was
designed with a view to minimizing D&M costs, An
average annual 04M cost of $4,000 (1977%) was
estimated. This estimate assumed that the machine
was located in close proximity to an existing



ut{lity plant and benefited frua having existing
084 personne) rross-trained to aperate, service and
maintain the wind terbine, It assumed & machipe
avallability of 0.9, f.e,, the wind turbine was
assumed to be avaflable for service 90 percent of
the time when the wind spead was in the range where
it could operate and preduce power.

An estimate of $4,000/year for the average
annual Q&M cost for an advanced 200 kW wind turbine
may be optimistic, However, until a more detailed
estimate 1s made or operational data become
avaflable, the %4,000 estimate will de used for
comput{ng the cost of electricity produced by
Intermodiate-size wind turbines (hundreds of kW).

BEC has conducted a detailed analysis of the 02M
requirements of the Mod-2 {n a 25-unit cluster,
The baseline maintenance concept includes:

{1) 25 wind turbines per cluster;
(2) 2-shifts, 2-man crews, 6 days per week;

(3) Use of outside services for shep repair,
special tasks and heavy equipment rental;

(4) 100% spares availability with small {tems
in panel truck; large items Stored at utility
substation.

Crew requirements were based upon a detailed
analysis of scheduled and unscheduled actions, mean
time to failure and mean time to repair, crow
queing and crew availability.

In the case of a single-unit Mod-2 installation,
it has been assumed that ft would be necessary to
have effectively one full-time employee for 0&M.
The resulting estimates of the average annual 084
costs for both a 25-unit cluster and a single-unit
installation are {1977%):

25-Unit 5ingle-

Cluster Unit
Labor (pro rata) . Sg,OOO $4;,goo
Parts and Qutside Service 000 00
Total $15.000 $45,600

It can be sern that the major dffference between
a single~unit installation and a 25-unit cluster is
the labor cost. The single unit case assumes ft is
necessary to have one full-time employen for Q&M
{2080 hours/year X $20/hour)., The 25-unit cluster
case is based on 2 shifts with 2-man crews, 6 doys
per week., The labor cost is based on the same
fully burdened labor rate ($20/hour) and prorating
the cost over the 25 wind turbines.

HWind Turbine Annual Energy Production

The annual energy produced by a wind turbine
depends on the machfne design and the available
wind energy at the wind turbine site. The design
of the wind turbine determines the cutput power for
any wind speed. The available wind epergy must be
determinegd for any given sfte. However, for
Mlanning purposes, the wind speed characteristics
are otten represented by a "nominal" wind model.
This will be discussed later,

Hind Turbine Power Qutput

The power output (P} of & wind turbine is
related to the effective wind speed, W, by the
following relationship: :

P «pn Coh3

Hhere P = tie electrical output power of the.
wind turbine at the bushar, typically
expressed fn kilowatts. Ejectrical
power 1s nominally limited to the
rated power of the generator.

W = the effective wind Speed, often
assumed to be the wind speed at hub
height and typically expressed in
meters/second or miles/hour,

Cp = the coefficient of performance of the
rotor. Thig is the aerodynamic
efficiency of the rotor and is usually
expressed as a function of the ratio
of rotor tip speed tc wind speed at
the hub.

n = the throughput energy efficiency from
the rotor output to the busbar. It
includes the efficiencies of the
gearbox, generator, accessories, and
step~up transformer, The officlencies
of the rotating machinery tend to
decrease at operation below rated
power,

p = the air density at the elevation of
the hub.

The machine produces power whenever the wind
specd falls within the operating range, Fig, 6
iMlustrates the power produced by a wind turbine as
a function of wind speed. Yarious wind speeds of
importance to the design of 2 wind turbine are
{ndicated tn fig, 6. There are two valuves for
cutin and cutout wind speeds as well as a wind
speed at which the machine reaches rated power.

The selection of these wind speeds involves «
aumber of trade-offs.

The wind turbine cuts in at Jow wind speeds (low
cutin) when the average wind speed is sufficient to
provide the required starting torque and to bring
the machine to its operating RPM for
synchronization with the grid, The wind turbine
cuts out at low wind speeds {low cutout) when the
average wind speed can no longer sustain normal RPM
at net power. The low cutout wind speed 1s lower
than the low cutin wind speed (typically about 1-3
mph less) to avoid excessive starts and stops in
1ight, variable winds.

The wind turbine cuts out at high wind speeds
{high cutout) when the average wind speed reaches a
level determined by design loads, Cutin at high
wind speeds (high cutin) occurs whan the wind speed
has decreased sufficiently below the cutout point
{high cutout} to avoid excessive stops and starts
in varfable winds. Typically, the high cutin wind
speed 5 about 1-3 mph lass than the high cutout
wind speed.



To generate the maximum amount of enargy, the
cutin and cutout wind speeds are selected to
provide as broad an operating range as possfble
subject to the constraints noted above,

The rated wind speed 1s that wind speed at which
the machine develops Jts rated power. Rated power
s selected to minimize the cost of electricity.

The cutin, rated and cutout wind speeds
{measured at hub height 1n mph) for the Mod-DA,
Mod-1, &nd Mod=2 are:

Mod=0A Mod-1 Mod-2
Low Cutout .0 15.6 13.0
Low Cutin 12.G 15.6 14.0
Rated 21.7 32.6 27.7
High Cutin 35.0 42.6 42.0
High Cutout 40.0 42.6 45.0

Wind Model

The mode] for steady wind speeds used to compute
the annual energy production 15 based on vef. 3.
The anpual distribution of steady wind speeds is
given by the following Welbull distribution:

P {VgdV) = exp [-(¥/C)K]
where P{¥53¥) = nrobabi}{ty that Yga¥
Vg » steady wind speed, m/s
V = prescribed value of Vg, m/s
K = constant & 1,09 + 0,20 V.
€ = constant = V/ P(1+ 1/K), m/s
I = Gamma Function
V = mean wind speed, m/e

Fig. 7 shows Steady wind speed exceedance curves
for wind specds measured at a 9,1m (30 ft) helght
for several mean wind speeds. These curves display
the number of hours per year that a wind speed is
exceeded for a piven site.

Basfc propertizc of the Weibull distribution are
discussed in ref. 3, This distribution model has
been found useful and appropriate by a number of
investigators for wind turbine performance
analyses.

Wind turbine performance is calculated using the
wind speed computed at the hub height. The
relationship between the wind spoed at a reference
elevation such as 9,1 m and the wind speed at the
hub 1s givea by & wind shear model. For nomina?
performance calculations, wind speeds at elevations
other than the reference elevation are given by the
following equations:

Y. Vr' (h/hrf

whore V » steady wind speed at elevation of
¢+ {nterest, n/s

Vp = steady wind speed at reference
alevation, n/s

h = elevation of interest, m

he = reference elevation = 9,1m (30 ft.)
and

a = uo(l * log ¥ /log Vo)
o ® (Zg/h 020 ‘
Ig ™ ;gfgace roughness length = 0.06m (0,20

Yo = 67.1 m/s (150 mph)

The above wind shear relatfonship is a
refgrmi'lation of the wind shear model of ref. 3 to
Include 25 (surface reughness) explicitly., This
permits a more straightforward evaluation of the
affects of wind shear for a variety of
topographical features which can be characterized
by the surface roughness length, 25, Typical
valges4 of surface roughness 1engtg range from
10=°m to dm. The selected roughness length (0.06
m) gives resuits consistent with the empirica)
values cited {n ref, 3.

The annual wind speed distribution for the
reference etevation of 9.1 m was defingd above. At
other elevations, the wind gradient power }aw is
used to mod{fy the Welbull parameters as follows:

K, = K11« ay(og{hth )/Nag ¥, )]
%
€y = C.(b/h)
where
ap, = a {1« log C./l0g V,)

Cr and Ky 3ra the Hetbull parameters at the
reference eTevation (9.1 m) and c? and Kp are the
corrsponding parameters at elevation, h, above
natural grade.

¥ind Turbine Enerqy Qutput

The annual energy ocutput for any horizontal-axis
wind turbine can be computed for & specific wind
speed duration curve by computing the power output
at each wind speed and iniegrating it over the
appropriate time duration for each wind speed.

The annual energy produced by the Mod-0A, Mods1,
and Mod-2 are f1lustrated fn fig, 8 as a function
of the mean wind speed at 30 feet above the ground.
These annual electrical energy praduction curves
account for the aercdynamic, electrical, and
mechanical losses up to the busbar {output side of
wind turbine's step-up transformer). They also
fnclude a 90% avaflability factor, 1.e., the wind
turbine is assumed to be available for service 90%
of the tfme that the wind speed {s fn 1ts operating
range.



Cost of Electricity from Large Wind Turbines

The cost of electricity ‘COE) produced by wind
turbines {s computed as foltows:

COE (cents/kKh) =

Capital) Cost Fixed Chavge Rate, %
(ﬁnnuai énurgy. EHE?
+ (Annual O8M costs.$) (Levelizing Factor} (100
ilnnua1 Energy, &Wh)

The cost of electricity is taken to be at the
output of the installation's step-up transformer.
Capital cost, O&M costs and annual energy
production were discussed in previous sections.
The two ecopomic factors, fixed charge rate and
leveiizi.g factor, are briefly discussed in the
foilowing paragraphs,

Fixed Charge Rate

The fized charge rate {FCR) 15 2 capital
levelizing or annualizing factor which accounts for
the return to investors, depreciation, allowance
for retiremant disperston, income and other taxes,
and other items such as {nsurance and working
capitat, It is a function of the dasign Vife of
the unit, the general {inflation rate, the
debt/equity ratio of the ut{lity and cother
financial parameters such as the weighted average
cost of capital. Methods for computing the FCR are
described in refs. 5-7,

A fixed charge rate of 18% has boen assumed in
computing the COE for large, horlzontal-axis wind
turbines, This is a representative value for
{nvestor=owned utilities, assuming a gengra)
inflatfon rate of 6%, no allowante for tax
prefecences, an after-tax weighted average cost of
??pital of 8.0% (10% before tax) and a 30-year

fe.

Levelizing Factor

In order to correctly compote the total
levelized revenue requirement or COE of a wind
turbine (or any utflity powerplant for that
matter), expenses such as O8M costs which will tend
to increase with time due to inflation {and thus
result in a variahle stresm of anneal costs) must
be levelized before adding them to the levelized
capital fnvestment,

tevelization of expenses can be szcomplished by
multiplying the fgrst year's pxpense by a
levelizing factor®, The lewelizing factor 15 a
function of the general inflation rate, the cost of
capital and any real escalation {above inflatiaon)
to which the expense may be subject, Using the
assumed values of economi¢ parameters described
above and a 0% real escalation rate on Q2M casts,
the coresponding levelization factor 15 2.0.

Cost of Electricity

The cost of electricity (COE} for the second
prototype units of Mod-0A, Mod-l, and Mod-2 1s
shown in fig. 9 versus the site muan wind speed.

The Installed equipment costs shown earlfer for the
éggand prototyps units were used {n computing these
$e

Sufficient operational data 1s not yet available
to determine an appropriate 0fM cost for these
prototype units. Furthermore, because the
prototype units arp aimed at providing ineservice
testing and hardware qualifications, larger 08M
costs will be experienced in these parly prototypes
thon are expected from production units, Based on
the estimates made for productiop units, the
Snnual, leveltzed O8M cost for the prototypes was
assumed to equal 2% of the total capital
investment., A total fixed charge rate of 20% {1B8%
on capftat plus 2% for 08M} was thercfore apﬁlied
Eo %?e tgtal capital {nvestment to compute the COEs

n Qs Y.

As noted {n fig. ¥, the reduction In COF from
Mod-0A to Mod-l i3 main1y attributable to aconomy
of scale. The COE reduction from Mod-1 to Hod-2 is
mainly the result of improved technology, l.e.,
moving from & rather stiff and heavy des‘gn to 2
relatively soft and Vighter weight design.

The COES of the prototype units displayed in
fig. 9 are not low énough to be gencrally
attractive to ut{lities, However, in quantity
production the capital costs are expectad to
decrease substantially, as was discussed {n the
section, "Wind Turbine Costs".

A compartison of large wind turbines with
products that have reached a matura status and that
have similar functional requirements andd dosign
complexities (fig. 10} suggests that it is
reasonable to expect that wind turbines can achieve
2 prico of $2/1b to $£3/1b. AL this price level,
wingd turbines should be economical for a
substantial number of utilities.

Applying this range of anticipated mature
product costs to the Mod-2 gives the COEs shown n
fig. 11. The mature product cost was applied to
the estimated weight for Mod-2 {600,000 1bs}, To
this was added the cost of Site preparation which
1s a cost that is peculfar to wind turbines and not
accounted for in the mature product %/ib figures.

The COCs in fig. 11 assume 2 25-unit cluster
which 13 estimated to have a per-machine
availability of 0,96. This is higher than the
avaiiability estimated for a singie-unit
tastallation (0.90). This is due to a more
efficient use of maintenange personnel and
cquipment and being able to economically maintain a
larger inventory of spare parts thereby reducing
the waiting time for parts. An average annuval 04
cost of $15,000/unit was assumed which is the
current estimate for a 26~unit cluster of Mod-2
machines. A levelizing factor of 2.0 was applied
to this estimate,

The current estimate of COE for the Mpd-2 100th
production unft fatls within this range. For a
site mean wind speed of 14 mph, for which the Mod-2
is optimized, the COE of the Mod-2 100th preduction
unit ranges from $.035/k¥h considering only the
installed cquipment cost to about $.040/kih where
nomi{nal costs for land, cantingency, intra-cluster
costs and AFDC are Included. The total cost



including these adders would be more representative
of the total cost to a utility.

The range of $2/1b to $3/1b reprosents a
reasonable target for large, mature wind turbines.
To achieve this, howaver, will require that further
reduct fons in COE come from further weight
reductions while maintaining slmfllcity in design
and manufacturabilfty, This will require further
improvements in technology. Areas where furthor
technology improvements are axpected were discussed
under “Technology Development® in the section,
“Development Status of Large Wind Turbines®,

The question of what COE {s roquired for wind
turbines to he generally attractive to utilities {s
addressed fn the following section.

Wind Turbine Breakeven Costs for Utflity
AppUicatfon

Wind turbines 1n ut{)ity application can save
fuel and for somn utilities may he counted as a
capacity addition similar to the way in which
conventional powerplants are considered.

Fuel Saver Made

As 2 fuel saver, the power Froduced by & wind
turbine in a ut{lity system will enable the utflity
te reduce or shut down the generation from
conventicnal, fuei-burning powerplants that would
otherwise be required. The fuel thus saved ctw he
credited to the wind turbine. In this mode, wird
turbine pawer would be used whenaver it is
generated,

The abflity of wind turbines to save fuel will,
tn part, depend on how readily a utility's
conventional powerplants can respond to changes in
the wind power hofng produced., For modest amounts
of wind power, the wind power varfations are
expected to be _f the save order as normal load
variations and will appetr to be a negative load to
the rest of the system. At some Yevel of wind
power contribution (perliaps greater than 10X of
system prak load), the wind varfability may
adversely affect system stability in the absence of
short term storage, This level must be determfned
by each {ndividua) utility because it depends on
the conventional mix, the characteristics of the
load, the varfability of the wind at the wind
turhine sfte, etc.

Mast utilities use cconomic dispatch. Unfts
with the lowest operational ¢nst are dispatched
first and those with the highest operational cost
are dispatched last. With this strategy, wind
turbines will tend to save the most costly fuel
befng burned at any particular instant of time. At
timas, the fuel saved will be relatively expensive
9as turbine fuel (oi? or gas) while at other times,
relatively inexpensive baseload ceal (it is assumed
that nuclear plants would not be throttled to save
nuclear fuel). Thus, the first increment of wind
turbine power added by a utility will be the most
attractive., As more wind turbines ure added to a
system, they will tend to save less costly fue! as
they meet matre of the system load. Here again,
each utility's fuel savings per kWh of wind turbine
energy produced will be different depending on its
generation mix, its price of fuels, ete.

Nitmately, fuet savings attributzble to wind
turbines must be determined on an individual
utiifty basis. Tne Bépartmeng Tf Enargy (DOE) has
supported a number ¢f studiest~il aimed at
developing generls analytical techniques and
approaches that mey he used by utilities {n 'this
determination,

To obtain scne overall fenl for the COE
requiremants of wind turbines, one can examine the
price of fuels pafd by ut{litfes. As noted above,
the first increment of wind turbine power added by
a utflity will tend to save the most expensive fuel
being used at any instant of time when the wind
turbine ?roducus power.  Successfve additions will
save fuels that are decreasingly costly. Thus, for
modest ameunts of wind turbine power the average
price of fossil fuels pafd by a utflity affords a
ronservative measure of the COE that wind turbines
must achieve to be gonerally attractive to a
utility, This is a conservative approach in that
the average frice of fossil fuels for most
utitities will be heavily; wefghted to their
baseload fuel prices because of the predominance of
baseload generation.

The estimated average price of fossil fuels paid
by each of some 310 utilities 1n 1977 is
itlustrated in fig., 12, The utilities included
represent neerly 98% of all U.S. fossil generation.
Fig. 12 is based upon an analysis of data from
refs. 12-14,

In order to assess whether a wind turbine would
be an attractive {nvestment as & fuel savér, the
total life-cycle fue) savings over the lifetime of
the wind turbine must be compared to the total
Hfe-cycle cost of the wind turbine., This
approach, of course, determines the so-called
breakeven cost at which point any investor would be
indifferent {theoretically at least) to whether he
made the investmont or not. In any fnvestment
decisfon, the perceived risks and uncertainties
will play a major role. Thus, it is prudent to be
conservative in assessing the breakeven costs of
wind turbines to minfmize the percefved risks and
Seertainties,

One method conmonly used in breakeven analyses
is to compare the present value of a)l savings to
the present value of all costs or, alternatively,
to compare the annual level (zed savings and costs,
The latter is convenlent and easily understood
since the annual levelizud cost of a wind turbine
divided by 1ts annual energy output is the COE,
Thus a wind turbine that has a COE of $.02/kkh
would breakeven {f 1ts annual levelized savings
also equalled $.02/kkh.

Fuel costs {and therefore savings) will tend to
increase with time due to inflation. They may also
increase faster than inflatfon, f.c., escalate in
real terms. The annual fue) savings attributed to
the wind turbine at the beginning of fts iife may
be multiptied by a levelization factor to find the
annual levelized fuel savings over the life of the
wind turbine, This 15 analogous to the way in
which average annual O&M expenses are levelized to
determine thefr contribution to COE. Thus, if we
assume a 6% general {nflation rate and assume that
fuel prices will not escalate in real terms, the
appropriate lgvelization facter is 2,0, The



assumption that fusl prices (and therefore savings)
will {ncrease only at the gereral Inflation rate 1%
generally thought to be conservakive,

Based on the range of fuel prices paid by
utitities in 1977 and assuming that fue) prices
wil]l {increase at the rate of gensral {nflation, it
appears that a COE range of $.02,%%h to $.03/kkh
for mature wind turbines will mas+ them attractive
to a significant numbor of utilities. Achleving
COEs in this range 1s contingent, of course, on
utiiities having sufficiontly good wind sites, If
woe compare the COS rangu of the second generation
Mod«2 from fig. 1)1 with this target ronge we see
that a mature Mod-2 would be generatly competitive
at sites having mean wind speeds of 15 mph or
greater, Anticipated welght and cost reductions in
advanced machines are expected to bring ths COE
within the target range at more sites, thus
signiffcantly {Increasing the potentiai narket.,

Capacity Credit

in addition to fuel savings, “capacity credit”
myy increase the breakoven COE beyund that of a
“fuel saver". Capacity credit is defined as the
dmount of conventional capacity that may be
displaced by wind turbines divided by the amount of
wind turbine capacity added to the system while
maintaining the same system relisbility,
Determination of capacity credit 1s very dependent
on the varlability of the wind at a specific site
(which determines the coffective forced outa?e rate
of the wind turbine), the makeup of the utility's
gencration®?mix and the nature of fis toad profile.
Consequently, capacity credit can only be
adequately determined by examining {najvidual
utilities in some deta g. Based on a recent
Genera) Electric study!® of wind turbine cconomies
conducéed for EPRI, and several studies supported
by DOEB-10, tho contribution of capacity credit te
a wind turbine's value will be generally modest.
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Figure 2 - Mod-0/)A drive train assembly and yaw system.
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Figure 4, - Mod-1/Mod-1A comparison,
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