ADVANCED HORIZONTAL AXISWIND TURBINESIN WINDFARMS
1.0 System Description

The system described here is a 50 turbine windfarm consisting of horizontal axiswind turbines for supplying bulk
power tothegrid. Theturbinesizechangesover time, asdescribedin section 4, causing thewindfarmtoincreasefrom
25 MW in year 2000 to 50 MW in year 2005 and beyond. There are many different system designs for current
commercial windturbines. Figure1 showsagenerichorizontal axiswind turbinesystem. Althoughthereisnostandard
systemfor classifyingwind turbine subsystems, thisdocument breaksthe componentsshowninthefigureinto4 basic
subsystems: (1) arotor, usually consisting of two or three blades, a hub through which the blades attach to the low
speed drive shaft, and sometimes hydraulic or mechanically-driven linkage systemsto pitch all or part of the blades;
(2) adrivetrain, generally including agearbox and generator, shaftsand couplings, anacellecover for theentiredrive
train, and often amechanical disk brake and/or yaw system including a motor and gears; (3) atower and foundation
that supportstherotor and drivetrain; and (4) electrical controlsand cabling, and instrumentation for monitoring and
control.
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Figure 1. Horizontal axiswind turbine and windfarm system schematic.

Theturbinescharacterized inthis TC are compositesthat represent multiple, evolving design configurationsfor each
5-year timeperiod. The generic turbine portrayedin Figure 1 can include any of these design features. For instance,
one of several mechanisms may be employed to keep the rotor oriented properly inthewind stream. Some machines
employ a non-motorized, or "passive" approach to control the turning, or yawing, motion while others have active
motor-drive systems controlled by microprocessors. On most of the recently installed horizontal-axis machines, the
blades are located on the upwind side of the tower; while a smaller number have been downwind. Some machines,
calledfixed-pitchturbines, havebladesthat arefixed tothehubinasingle, stationary position, thereby reducing design
complexity. Another design, called variable pitch, uses blades that can rotate (pitch) around their own axisin order
to aid in starting, stopping, and regulating power output by changing the angle at which blades go through the air.
Specific assumptions are made for each 5-year time period regarding the key design trendsthat are expected to drive
cost and performance improvements. These are discussed in Section 4.
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Asshownin Figure 1, awindfarmiscomprised of multiple turbinesand various supporting balance of station (BOS)
components exclusive of the turbines. These typically include roads, fences, ground support equipment for
mai ntenance, operation and mai ntenance buildings, suppliesand equipment, equi pment for control of power flow and
quality (e.g. switches, filters, and capacitors). Alsoincluded in BOS are electronicsto control and monitor turbines
inthewindfarm (amicroprocessor-based " Supervisory Control and DataAcquisition System,” or SCADA), electrical
wiring for power collection, and utility interconnection egquipment such as transformers.

2.0 System Application, Benefits, and I mpacts

Major Application: The major application for wind energy, in terms of potential for installed capacity, isthe bulk
power market. However, because of the changes underway due to utility restructuring, continuing low natural gas
prices, and improving gas generation technol ogy, the domestic market for wind energy isuncertain, especially inthe
near-term. Traditionally, the primary marketsfor windfarmswerethought to be conventional utility and Independent
Power Producer-owned projects. These markets may continue to provide opportunities. In the future, however, as
utility restructuring accel erates, additional typesof market opportunitiesmay emerge, providing morenear-termtargets
for wind energy.

Municipal or public utility-owned projectsmay be onesuch market. Other potential opportunitiesinclude ownership
by cooperatives, power marketers, or aggregators, who package generation from several technologies, including
renewables and (possibly) natural gas or hydroelectric, to add capacity value, and direct access customers. Smaller
clustersof turbinesowned by privateland ownersmay be another near-term niche. Highwind resourcesand favorable
financing mechanisms will be typical for near-term projects. In addition, wind energy will be most competitivein
applicationswhere value beyond short-term avoided cost isrecognized. Such applications could include distributed
generation, or "green” power markets, whereby theenergy isvauedfor itsenvironmental benefits, or reduction of other
impacts from fossil or nuclear power.

System Benefits: Astheutility market shiftsaway fromitsrecent structure, it will beincreasingly important for sellers
of wind energy to distinguish their product from other generation sources by emphasizing value that customers will
recognizeinthemarketplace. Thelntroductionand Overview chapter of the TC compendium detail sbenefitscommon
to all renewable energy technologies. Specific sources of added value from wind energy include:

Economic: Wind turbines located in agricultural areas can enhance land values by boosting rents and prices, while
leaving the majority of the land for continued agricultural use. Windfarms, because of their modularity, have the
potential for distributed and/or strategic siting, which can help power providersoptimizetheuseof existing transmission
anddistributionfacilitiesor defer theneed for equipment upgradesor lineextensions. Suchvauesarehighly dependent
on specific utility systems and wind sites.

Risk Management: Wind energy sharesmany of the positiverisk management attributesasother renewabl es, asdetail ed
inthelntroductionand Overview. Wind energy may beuniquely positionedto add valuein someinstances, e.g., where
coincidenceof resourceandload ishigh, or wherethe combinati on of economicsand environmental impactsisthemost
favorable compared with the alternatives.

Environmental: Onceinstalled, wind energy enjoys the advantages of zero air, water and solid waste emissions. In
addition, total fuel-cycleemissions, including emissi onsexperienced during construction, fuel extraction (zerofor wind)
and operations, arevery low incomparisontofossi| fuel combustion and other typesof generating technologies. These
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environmental advantagescan help power companiesmeet environmental regul ationsand satisfy their customers desire
for clean power sources.

System Impacts: Several potential |ocalized impacts that windfarm designers and devel opers pay close attention to
includeavianinteractions, visual or aestheticimpacts, land erosion around turbine padsor roads, and acousti cimpacts.
Wind power plantscan affect local habitat and wildlifeaswell aspeople. The degreeof impactsfromtheseissuescan
vary from non-existent to critical, depending on site-specific characteristics of each project, e.g., proximity to human
and avian population, typeand use of surrounding land, andlocal preferencesfor land use. Developersmust carefully
consider these characteristics when siting windfarms in order to mitigate potential impacts to acceptable levels.

Of the approximately 5 billion annual bird deaths reported in the United States, 200 million are aresult of collisions
with man-madeobjects[13]. Experienceover the past decadehasshownthat thelevel of bird mortality frominteraction
with windfarms can vary from nonein some areasto levels of concernin others, such aswherewindfarmsare sighted
in migratory pathways or in dense avian popul ation centers, such as Altamont Pass, California. Bird collisionswith
wind energy structures are the leading cause of mortality reported. Electrocutions are the second leading cause, but
solutions have been developed to mitigate this problem [14]. Other factors that influence the potential for avian
collisionswithwind energy facilitiesincludeland use, turbine design, turbinelocation, turbine orientation, operation
methods, bird species, habitat use, and avian perching and flying behavior. Researchers performing studies at wind
energy facilitiesin the United States and Europe report that mortalities are not considered biologically significant to
overall populations|14], indicating that theseimpactsmay belessthan from many other man-made objects. However,
regardlessof therelativesize of theimpact fromwind projects, minimizing thecumul ativeimpactson avian popul ations
isstill acritica requirement for wind energy growth domestically and abroad.

Windfarm devel opers and operators currently have the ability to mitigate alarge portion of avian impacts by proper
design, siting, and operation of wind turbines and windfarms. The ability to mitigate avian impacts is site-specific.
Inadditionto employing designtechniquessuch asusing tubul ar towersto reduce perching or buryingwiresor covering
connections to reduce el ectrocutions, developers may aso haveto avoid using all or parts of certain high risk areas.
Researchisongoing to devel op methodsto minimizeimpactsfrom current installationsand devel op theability tofurther
mitigate impacts from developments yet to be installed.

Wind turbines aretall structures, often located on the tops of ridges and hills, and can be visible from relatively long
distances. Thevisual impact of windfarmsisoften animportant issueto the public. Experience showsthat thelayout
of awind power plant, type of tower, and color of the turbine and tower affect some people's aesthetic sensitivity.
Finally, noiseiscaused by theair moving over the turbine blades (aerodynamic noise) and by the turbine'smechanical
components. Engineers have reduced aerodynamic noise by design changes such as decreasing the thickness of the
trailing edge of the blades and by orienting blades upwind of the tower. Since turbines still emit some noise, itis
prudent for windfarm devel opers to consider proximity to residential areas when selecting development sites.

3.0 Technology Assumptions and I ssues

Wind technology iscurrently commercially available, but limited production volumetendsto raise current prices. he
performanceand costindicatorsin thisTC arecomposite numbersrepresenting thiscommercially avail abletechnol ogy.
A high/low rangeisplaced onthisdatato portray an envel ope of cost/performanceprojections. A compositerepresents
acombination of different design characteristics-- that is, it reflectsdifferent designsand design pathsthat may achieve
similar resultsin terms of levelized cost of energy or other measures that combine cost, performance, and reliability.
Because this characterization presents composite data, the specific cost and performance characteristics of any
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commercid systemwill bedifferent fromthosepresented here. Theenvel opeof technol ogy representedin thisdocument
includesworldwidetechnology. Estimatesfor current and futuretechnol ogy are based on U.Sapplicationsand market
conditions. Theprojected technol ogy path assumesrobust R& D funding from publicand private sourceswill continue.

Thewind resource assumed in this TC analysisis characteristic of broad areas of land availableintheU.S. Aswind
energy technology improves, abundant lower wind resource areas will become cost effective. This section provides
annual energy projectionsfor windfacilitieslocated at Class4 and Class6 sites. Class4 siteshaveannual wind speeds
of 5.8 m/s(13 mph) and Class 6 siteshave annual averagewind speedsof 6.7 m/s(15 mph) at 10 metersaboveground.
A Rayleigh distributionisassumed for these annual average wind speeds and the 1/7 power law isused to account for
wind shear effectswhen scaling wind speed to hub heights. Moredetailed information onwind energy resourcesmay
befoundin[7]. Other useful referenceson resource assessment and turbine/windfarm siting include a handbook for
conducting wind resource assessment, recently completed for the National Renewable Energy L aboratory [15], andthe
recently developed EPRI primer for utilities on planning windpower projects [12].

R& D Needs: Manufacturersare devel oping the next generation of wind turbinesinthe U.Sand Europe. Government
support of marketsin Europe, India, and other devel oping countries, hasbeen largely responsiblefor burgeoning sales,
providing manufacturers with cash flow to conduct private development efforts. European manufacturers currently
supply most of the world market for utility-scale wind turbines and therefore provide the maority of the private
investment in R&D. Government-sponsored R& D, through national 1aboratories, also plays an essential role in
developing new wind energy technology. Thewind industry, asawhole, is still small enough, in terms of financial
resources, to require shared research and testing in certain areas. Continuing applied R& D to develop the technical
knowledge base necessary to design more cost effective and reliable turbines is critical to any company hoping to
compete successfully in the marketplace five or more yearsfrom now: competition will not only bewithinthewind
industry, but against improved fossi| generating technologies. Research and testing of current advanced components
and subsystemsis also critical for manufacturers to compete in near-term markets.

Thistechnology characterization does not address the specific and significant R& D advancesthat areimplicitinthe
technology trajectory presented. However, thisR& D will beessential to develop simpler, moreefficient, lighter systems
withlarger rotorsandtaller towers, whilemaintaining highreliability and equipment lifetimes. Althoughit may appear
simplein concept, achieving substantially improved cost effectiveness through larger rotor size and tower height is
technically challenging. Research will be needed to enableindustry to first understand damaging loads that increase
with larger systems, and then to employ methods to reduce or control the impact of those loads in the context of
improved overall system economics.

Research in other areas is essential to achieve the projected improvements. This includes developing a better
understanding of (1) the characteristics of the wind "seen” by the turbine; (2) how turbines interact with the wind
("aerodynamics"); (3) how turbine structures and material s respond to such interactions and how manufacturers can
usethisknowledgeto design stronger, less expensive components; (4) individual component advances and how they
may be combined with other componentsinto more cost effective systems; and (5) other ways of increasing thevalue
of wind energy, such asimproving the ability to forecast wind resource level s at longer timeintervalsinto thefuture.
TheU.SDOE Wind Energy Program regularly publishesdetailed descriptionsof itscurrent and planned R& D activities
aimed at these and other R& D opportunities.

4.0 Performance and Cost

Table 1 summarizesthe performance and cost indicators for advanced horizontal wind turbines in windfarms being
characterized in this report. The following sections contain detailed discussion of each indicator.
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4.1 Evolution Overview
Table 2 summarizes the projected composite technology path. It shows the progression of key turbine design

characteristicsbetween 1997 and 2030, and summarizesthe basisfor thesechanges. A detailed discussion of theseand
other characteristicsisincluded later in this Section and in Section 4.2.

Table 2. Projected composite technology path.

Turbine Rated | TurbineDiameter Hub Basis For Composite Technology
Year | Capacity (kW) (m) Height (m) Description
1997 500 38 40 Based on several commercia turbines.
2000 750 46 60 Based on severa preliminary DOE Next

Generation turbine designs, current prototypes,
analysis from R&D activities, and
manufacturer reports of next generation
technology plans.

2005 1000 55 70 Advances are driven by an additional cycle of
turbine research activities. Projections are
based on internal laboratory analysis.

2010 1000 55 80 Post 2005 incorporates incremental technology
2020 1000 55 90 advances. Modest cost reductions are primarily
2030 1000 55 100 from manufacturing improvements and

increased volume.

Figure 2 showsthe associated major technical trends expected in wind turbine development. One of the conceptsthe
figureillustrates is that while there may be major innovative advances in the technology which drive COE down,
simultaneously, therewill bean ongoing processof incremental optimization. Mgjor innovationisreflected by "jumps”
in both size and subsystem type from 1995 to 2000, and again from 2000 to 2005. The optimization processisshown
asthebottom arrow "feeding” the major improvementsabove. The"jumps’ intechnology showninthefigure denote
abroad technol ogy devel opment trend, but they do not indicate that asingle design pathisprojected. The remainder
of thisSection and Section 4.2 detail theassumptionsand rational eassociated with thisprogressionfor eachtimeperiod
addressed by the TC.

Multipledesignswill alwaysbepresent inthemarket, with different design characteristicssurviving or evolving from
onetimeperiod to another. Depending onthemarket application and customer needs, turbineswith different individual
cost and performance characteristics have the ability to compete in the market. It isrecognized that designs are not
driven solely by economic and technical factors; manufacturer philosophy and the nature of themarket al so dictatethe
length of timethat design featuresremaininthemarket. Additionally, designsaredriveninpart by theneedto conform
to certain design standards in order to receive certifications that enable sales in some
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Table 1. Performance and cost indicators.

Base Case
INDICATOR 1997 2000 2005 2010 2020 2030
NAME UNITS +/-% +/-% +/-% +/-% +/-% +/-%
Plant (windfarm) Size MW 25 37.5 50 50 50 50
Turbine Size kW 500 750 1,000 1,000 1,000 1,000
Hub Height m 40 60 70 80 90 100
Rotor Diameter m 38 46 55 55 55 55
Swept Area m’ 1,134 1,662 2,376 2,376 2,376 2,376
Performance
Net Annual Energy delivery +5/-15 +10/-20 +10/-25 +10/-25 +10/-25 +10/-25
Class 4 GWh/yr 57 99 154 159 164 168
Class 6 GWh/yr 78 133 199 203 210 213
Net Annual Energy/Rotor Area +5/-15 +10/-20 +10/-25 +10/-25 +10/-25 +10/-25
Class 4 (5.8 m/s @ 10 m) kWh/m? 1,011 1,192 1,294 1,334 1,385 1,412
Class 6 (6.7 m/s @ 10 m) kWh/m? 1,372 1,596 1,671 1,711 1,765 1,797
Capacity Factor +5/-15 +10/-20 +10/-25 +10/-25 +10/-25 +10/-25
Class 4 % 26.2 30.2 35.1 36.2 37.6 383
Class 6 % 35.5 40.4 453 46.4 47.9 48.7
Annual Efficiency % of
Class 4 theoretical 65.0 71.8 75.3 75.4 76.4 76.2
Class 6 maximum 70.4 78.9 80.2 80.3 81.3 81.4
Annual Losses
Class 4 % of gross 17.5 12.5 11.0 11.0 10.0 10.0
Class 6 energy 12.5 7.5 6.5 6.5 5.5 5.5
Availability % 98] +1/-2 98] +1/-2 98] +1/-2 98] +1/-1 98] +1/-1 98] +1/-1
Notes:

1. The +/- range bounds a technology envelope that includes emerging/leading technology characteristics on the + side for performance and on the - side for cost. The

range also includes uncertainty of achieving technical success and sales volume, and the natural variation in projects from no rmal market demands.

2. Net Annual Energy = Gross Annual Energy x (1- Annual Losses) x Availability

*  Annual O&M is expressed as $/kWh and $/kW-yr. These are two expressions of the same cost and are therefore not additive.
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Table 1. Performance and cost indicators. (cont.)

Base Case
INDICATOR 1997 2000 2005 2010 2020 2030
NAME UNITS | +/-% +/- % +/- % +/-% +/- % +/- %

Capital Cost
Rotor Assembly (including hub) $/kW 185 180, 190 160 150 140
Tower $/kW 145 145 185 195 215 235
Generator $/kW 50 45 55 50 45 40
Electrical/Power Electronics, $/kW 155 140 100 90 75 65
Controls, Instrumentation
Transmission/Drive Train, Shaft $/kW 215 50 40 35 35 30
Brakes, Nacelle
Turbine FOB $/kW 750 560 570 530 520 510
Balance of Station (BOS) $/kW 250| +5/-20 190 150 145 135 125

Total Installed Cost $/kW 1,000] +10/-20 750 720 675 655 635
Total Installed Cost $million 25.0]+10/-20 28.1]+20/-20 36.0[+20/-20 33.8]|+20/-20 32.7|+20/-20 31.7[+20/-20
Cost per swept area $/m? 4411+10/-20 338|+20/-20 303 +20/-20 2841 +20/-20 276 +20/-20 267|+20/-20
Operations and Maintenance
Cost
Annual O&M Cost" $/kWh 0.01]+20/-30 0.008|+20/-30 0.005(+20/-30 0.005|+20/-30 0.005(+20/-30 0.005(+20/-30

$/kW-yr | 22.9-31.1|+20/-30 | 21.1-28.3[+20/-30 | 15.4-19.9]+20/-30 | 15.9-20.3|+20/-30 | 16.4-21.0[+20/-30 | 16.8-21.3|+20/-30

Levelized Overhaul and
Replacement Cost $/kW-yr 4.8]+20/-50 4.3(+20/-50 3.6/ +15/-50 3.1|+15/-50 2.2(+15/-50 2.1 +15/-50
Annual Land Lease % of revenue 3.0] +30/-30 3.0{ +30/-30 2.5]+40/-30 2.51+40/-30 2.5]+40/-40 2.5]+60/-40

Notes:

1. The +/- range bounds a technology envelope that includes emerging/leading technology characteristics on the + side for performance and on the - side for cost. The range

also includes uncertainty of achieving technical success and sales volume, and the natural variation in projects from normal market demands.
2. Plant (windfarm) construction period is assumed to require 1 year.

*  Annual O&M is expressed as $/kWh and $/kW-yr. These are two expressions of the same cost and are therefore not additive. Range for $/kW-yr bounds class 4 to class

6 sites.
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Major design

innovations cause
technology "jumps" to 2005 Technology
occur from one box to
another. However, Variable speed, direct drive, permanent magnet generator;
design characteristics Generator control of rotor speed; Elimination of hydraulic
?:Y SuM\ée OZ:VO'VS systems; "Smarter” rotors and systems; Flexible turbine
anothar Mouxltiple ~_ systems driven with interactive controls; Larger, lighter rotors
designs will always be and towers
present in the market. 2000 TeChnOIOQY
\ Variable speed, synchronous generator,
low speed direct drive (Alternative: variable
speed, doubly fed or other generator with
gear transmission); Larger, lighter rotors
and towers
1997 Technology

Primarily fixed speed/inductance generator;
Variable pitch or stall regulated rotors;
Power electronics; Larger rotors designed
for wind turbines.

Ongoing Incremental Improvement and Optimization

Optimization of drive train system efficiencies. Incremental advances in larger & lighter rotors and towers,
and in power electronics costs. O&M and capital costs decrease as technology matures, cumulative
production volume increases, and advanced manufacturing is employed.

1997 2000 2005 2010 2020 2030

Figure 2. Wind energy technology evolution.

areasoverseas. Thediversity of designapproachescurrently being pursued by manufacturersincreasesthe probability
of successfully achieving the composite projections.

Basaline 1997 Wind Turbine

TheTCbaseline, 1997 turbine, describedinthe Overview of Wind Technol ogi es, representsacompositeof publicdata
collectedfor several commercially availablewind systems. Most of thesewind systemsincludefixed-speed generating
systems, usually coupled with a low-cost induction generator. Many systems use power electronics for power
conversion and/or dynamic braking, and advanced airfoil designs. A few current designs utilize variable speed
generation systems. The characterization includes turbines evolving along several design paths. The first may be
termed advanced lightweight designs. ThisincludesturbinessuchasFlowind'sAWT-27 and Northern Power Systems
North Wind 250, both devel oped under the DOE Near-Term Product Devel opment Project, and by other manufacturers
suchasCannon/Wind Eagle Corporation. Theadvanced lightweight design path continuesto be pursued for the2000
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Technology Characteristics
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Figure 3. Methodology for estimating annual energy production.

timeframe, including by manufacturersparticipatingin DOE'sNext Generation Turbine Devel opment (NGTD) Project
activity. Sometechnology in 2000 will also incorporate advanced components devel oped by industry, privately, and
in conjunction with DOE'sInnovative Subsystems activity. Lighter designsare also being developed or investigated
by several manufacturersin Europe.

A second design path originatesfrom the 3-bladed, rigid hub, fixed pitch design, sometimesreferred to asthe Danish-
style turbine. This design approach continues to be advanced by U.S. and European manufacturers. A recently
commercialized variable pitch design by Zond Energy Systems, Inc., in conjunction with DOE's Value Engineered
Turbine activity, has achieved improved cost effectiveness, as measured by the levelized cost of energy. European
manufacturershaveal so devel oped advanced subsystem featuresfor thisbasic design approach, including full or partial
variable pitch operation, and power electronics for rotor and generator control.

A third path, which may now be convergingwiththefirst two, can bedescribed by thetechnology developed originally
by Kenetech in the U.S. and by Enercon in Germany. Thisincludes turbines utilizing power electronics to achieve
variablespeed generation. 1n 1993, K enetech Windpower devel oped a33-meter, 3-bladed, variabl e speed turbinewith
several industry partners. By 1996, Kenetech had also designed and tested a 45-meter turbine. Although Kenetech
Windpower recently ceased operations, several of the design featuresenvisioned for itsnext generation of technol ogy
were similar to those now being investigated or incorporated by otherson thefirst two paths. Foremost among these
includevariablespeed, variablepitch, and direct driveoperation. Enercon producescommercial variablespeed, direct-
drivemachines, but further R& D isrequired to bring downthe cost of itsel ectronic componentsand optimizeits power
conversion efficiency such that its cost effectiveness is in the competitive range of projections for 2000.
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2000 Wind Turbine

The 2000 compositeturbineisexpectedto utilizeacombination of tested and devel opmental subsystems. Thedirection
of 2000 technology, as reflected in Figure 2, is generally toward larger generators and rotors; multiple speed or
advanced variablespeed generators, including i ncreased use of power el ectroni cs; moresophisticated control electronics;
advanced aerodynamic controls; tailored airfoil sfor specificwind regimes; taller towers; and early introduction of low-
speed, direct-drive generators[16,17]. It will be possible to design turbines for greater reliability based on a better
knowledge of wind inflow characteristics and how they impact structural design. It is expected that there will be
improvements in turbine blades, particularly with respect to better integration of blade structural and aerodynamic
design with appropriate manufacturing processes. Inaddition, developerswill improvetheir ability to siteturbinesin
order to optimizewindfarm operation and energy production [16]. Figure 2 liststwo alternativetechnol ogy pathsfor
2000: 1) avariable-speed, synchronous generator with fully rated converter (el ectronicsthat allow elimination of the
gear box), and 2) adoubly-fed generator, that is seen as an interim, low-cost, variable-speed generation option, with
ageared transmission. Thesetwo aternatives hardly begin to cover the possible configurationsthat could emergein
the market, but they provide examples of potentially common technologies for the 2000+ time period.

2005 Wind Turbine

Advancesin 2005 are expected to be driven in part by an additional cycle of government-industry financed turbine
research projects. Based onthe potential identifiedininternal laboratory analysis[18], the TC assumesthat themove
toward direct drive systems continues. Other improvements include lower cost power electronics, increasing
sophistication in electronic control systems, and more responsive rotor power control and associated load reduction
using ailerons, or pitch regulation, or other technologies. These advancesare combined in the compositetechnol ogy
path with the last major size increase in rotor diameter and generator rating. Although opinions differ on what the
ultimate optimumwind turbinesizewill beinthefuture, several industry scaling studieshaveindicated that sizesnear
1MW appear toyield the approximate optimal tradeoffsbetween cost, performance, andreliability for largewindfarm
applications. Permanent magnet generatorsstart to become cost-effectivefor windfarm-sizeturbinesin 2005. Finaly,
atrend towards incrementally higher towers is expected.

Post 2005 Wind Turbines

Turbinegenerator rating is not expected to increase significantly after 2005, because inverse economiesof scale may
hinder turbine devel opment of machineslarger than onemegawatt [ 18]. Tower heightsincreasethroughout theentire
projection period. Thisreflectsthebelief that systemsin thefuturewill trend toward higher towers, with the optimal
height determined on aproject- and site-specific basis. Not all turbines sold in the market will have towersastall, or
as short, asthe height specified in thewind TC. Improvementsin design software and general reductionsin turbine
weight per unit output will permit thistrend in the optimum design point for turbinetowers. Technical advancesafter
2005 area so expectedinthe areas of lightweight materials, especially blade materials, and advanced techniquesand
components to enhance turbine load shedding.
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4.2 Performance and Cost Discussion
Key Assumptions

Expected economic life (years): The expected economic life for the windfarm project is 30 years, based on
manufacturers field experienceof nearly 15 yearsand stated design goal s[19]. Periodic replacement or refurbishment
of major subsystemssuch asrotor bladesor generator windingsareassumed to be necessary during the 30-year period,
although not all manufacturersclaimto requirebladereplacement inthat period. Someresearchersfeel that sufficient
data on component cycle loads, composite material performance prediction, and extended operation over a 30-year
period do not currently exist to make accurate predictions of lifetime aslong as 30 years.

Construction financing costs: These are not included in the $/kW capital cost estimatesin Table 1. However, they
should be incorporated into any COE calculation and they are included with COE's in the separate finance chapter.
Capital cost estimatesin Table 1 may therefore be termed "overnight” costs.

Profit: Turbine FOB (cost of turbine at manufacturer loading dock) costs include profit.

Windfarm Size: Fixing the number of turbines at 50 units alows cost trends to be examined more readily on the
subsystem level in terms of absolute dollars as well as dollars per rated-kilowatt.

Capacity Factor: Capacity factor, asusedin Table 1, isdefined asthe net amount of power produced annually by the
turbine divided by the amount of energy that would be produced if the turbine operated at full rated capacity for the
entireyear. Assuch, itisafunction of both wind resource (how often wind speeds are high enough for the turbineto
cut-in) and turbine reliability (how often the turbine is available for operation when the wind is blowing versus how
often it is unavailable due to scheduled and unscheduled maintenance).

Current Technology (1997)

Current Performance: Operational datafor current technology iswidely available from Californiawindfarmsand
other locationsaround theworld. Performanceindicatorsfor the baseyear areacomposite of commercial technology
availablein 1997, including turbinesfromthe DOE Near-Term Product Devel opment Project [20-22] and from several
other manufacturers[23]. Theseturbinesincludefixed and variabl e speed designs, most of which useoneor morelow
cost, induction generators. The 1997 technology compositeisdistinguished from earlier technology, |ate 1980s/early
1990s, by the substantial use of power electronics for power conversion and/or dynamic braking, and by the use of
advanced airfoil designs. Projectsusing thesetypes of technology currently exist. Additionally, manufacturershave
achieved high turbine availability with recent projects using these turbines or their direct predecessors [24].

As shown in Figure 3, the formulation of energy indicators for the 1997 base case and future years is based on the
turbine sizeand subsystem characteristicsfor eachtimeperiod. Specifically, acurve plotting the efficiency of power
conversion from thewind through the rotor (whichisknown asthe" coefficient of power" or C,) was devel oped to be
consistent with composite design characteristics of the turbines and includes the level of aerodynamic performance
expected from improved wind turbine rotors for each time period. For example, the 1997 composite turbine was
modeled as afixed speed, fixed pitch machine. Therotor, generator, transmission and power electronicsefficiencies
werethen incorporated directly into the C, curves. For eachtime period, acurve of the net electrical power output, a
"power curve," wasthen derived fromthe C, curve. Finaly, annual energy capturefor eachyear wascalculated using
these power curves assuming a Rayleigh distribution for wind speed classes of 4 and 6 (5.8 m/s, and 6.7 m/s average
wind speeds, respectively, measured at 10 meters above the ground). The sea level value for air density of
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1.225 kg/cubic meter isused for all energy calculations. A wind shear exponent of 1/7 isalso assumed. A modeling
tool developed for NREL was used to perform these calculations [25].

Toensurethat projectionsaresufficiently conservative, the energy production model wasused to calculateameasure
of efficiency for each year's turbine, relative to its theoretical maximum. The right side of Figure 3 illustrates this
process. To perform this calculation, the power coefficients corresponding to each power curve are set at their
theoretical maximum (0.593, known asthe Betz limit) from acut-in wind speed of 2 m/s, up to their rated power at 11
m/s. From 11 m/s, up to 30 m/s, the power output is held constant at rated power, while the power coefficients are
adjusted downward, i.e., therotor doesnot convert all of thepower that it theoretically canfromthewind above 11 m/s
becausethe generator would haveto belarger thaniseconomically optimum. Turbineefficiency, aslistedin Table 1,
isthusdefined asthe projected net energy produced by the TC turbinesystem, including all 1osses, divided by theenergy
generated fromthetheoretical best system, assuming no systemlosses. A moredetail ed discussion of thismethod may
be found in Reference 26.

Table 3 compares the 1997 wind TC energy indicator KWh per square meter of rotor area (kWh/m?) against the
calculated performanceof 17 recent turbinesfrom 11 manufacturers, including the Bonus600/41, Cannon/Wind Eagle
300, Enercon E-40, Flowind AWT-27, Kenetech 33M-V S, Micon M1500-750/175, and M 1500-600/150, Nedwind
NW41, and NW44, Tacke TW-600, Vestas VV 39/500, V 39-600, V42/600 and V 44/600, Wind World W3700/50, and
Zond Z-40 and Z-46. Publicly available power curvesfor these turbines are used to run the same energy model that
was used to calculate the wind TC composite energy production estimates to produce comparable energy output
estimates for class 4 and class 6 wind sites. For comparison, all turbines are normalized to 10 m hub height to
eliminate the effect of tower height on the annual energy produced by the sample of commercial turbines.

Table 3. Comparison of current turbine performance with 1997 TC composite turbine.

Annual energy
Turbine Rotor (kWh/m? normalized to 10 m hub
Rating Diameter height, no losses, 100% availability)”
(kW) (m) Class4 Class6
Minimum Vaue 275 26.8 519 790
Maximum Value 750 46.0 833 1,127
Mean Vaue 531 394 706 992
Stnd. Deviation 131 5.6 69 83
TC Vaue 500 38.0 777 1,088

10 metersis height at which wind speeds are measured. Normalization eliminates effect of tower heights.

Table 3 shows that the 1997 TC turbine rotor diameter and rating are similar to the mean values of the 17 turbines.
The 1997 annual energy estimates for the TC turbine are one standard deviation above the mean values for the 17
turbinesfor both the class4 and class 6 calculations. Sincetheturbinesin thisdataset are optimized for variouswind
regimes, the result of this statistical analysistendsto overstate the distance of the TC value fromthemean. That is,
the TC energy production would be closer to the mean of those turbinesif they were all optimized for the TC wind
resourceassumptions. Thus, thecomposite performanceestimaterepresentsleading commercial technology, butisstill
under the maximum valuefor current machines. Individual turbinesare not showninthetable because manufacturers
were not given the chance to optimize their turbines for the TC wind resource assumptions. However, it isassumed
that the large number of turbinesincluded providesareasonabl e range against which to benchmark the TC composite
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estimate for current technology. The uncertainty range for 1997 energy indicatorsin Table 1 is within the bounds
created by the minimum and maximum values listed in Table 1.

Windfarm Losses - A breakdown of assumed losses is shown in Table 4.

C ArrayLosses- Largedownwind spacing dimensions(2.5 diameterssidewaysx 20 diametersdownwind) have

been assumed for class4 sites because land ismost often found in flat plainsareas and is abundant for this
resource class. Based on judgement of DOE |aboratory researchers, this relatively large spacing is the
primary reason for reduction of array losses from levels currently reported in some large, densely-sited
windfarmsin California. Array lossesareassumed to bezerofor thehigher class5 and 6 sitesbecausethese
resources are often found in ridge or mountainousterrain and turbinesaretypically situated large distances
downwind from one another or in long, single rows.

C Soiling losses - 1997 values are based on (1) tests of airfoil designs developed by NREL and available

commercially, that exhibitlow sensitivity to soiling ("roughness") [27,28] and (2) theassumption that blade
washingisconducted at economically optimal levelsand theassociated cost isincluded intheannual O& M.
Introduction of variable pitch rotorsin the 2000 TC design further reduces soiling losses; the pitch control
isassumedto compensatefor degradati on of aerodynamic performancefrom soiling. Soiling losses decrease
slightly after 2010, indicating that airfoil design and materialswill not yet befully optimized for roughness
insensitivity until then.

Table 4. Windfarm loss assumptions (% of calculated gross energy).

1997 2000 2005 2010 2010-2030
Array 5/0° 5/0 4.5/0 4.5/0 4/0
Rotor Soiling 7.5 2.5 2.5 2.5 2/0
Collection System' 2 2 2 2 2
Control & Misc. 3 3 2 2 2
Total 17.5/2.5 12.5/7.5 11/6.5 11/6.5 10/5.5

" Pairsindicate losses for wind (class 4 sites/classes 5 & 6 sites)
" Includes wire and transformer losses

Current Cost: Using public price quotes and engineering cost studies as the primary basisfor the TC 1997 turbine
FOB price estimate raises several issues. Foremost among these include:

C

Differences may exist between advertised list prices, which are quoted by manufacturers for marketing
purposes, and actual market prices, which are project-specific, depending on what the market will bear.

Price estimates derived from engineering studies are based on production cost plus an assumed profit,
which may not match current market conditions. A major source of uncertainty in turbine capital cost
estimatescomesfromtrying toinfer turbineand windfarm costsfrom quoted prices. That is, competitive
pricing strategies can make it difficult to determine true costs.

Differencesin, or lack of definition of, thevolume of production associated with cost estimatesand price
quotes. Thisappliesboth tothecumulativevolume, which determineshow much cost reduction hasbeen
obtained through manufacturer "learning,” and to the volume of theindividual or annual production run
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associ ated withthe cost, which affectsthe cost of purchased subcomponents, manufacturing materials, and
distribution of fixed overhead costs. Normalizing estimatesfor thesefactorsmust often beattempted with
imperfect information. Turbine costsin the TC for 1997 assume that the manufacturer has achieved a
cumul ative production volumeof approximately 150 unitsprior to 1997 and that the size of theproduction
run associated with the cost estimates is approximately 150 units.

ThedifferencesbetweentheU.S. market and other marketsaround theworld, e.g. differencesin subsidies,
application sizeand type, ownership/financing, and exchangeratefluctuationsand that most recent projects
have been installed in countries other than the U.S., increase the difficulty of using recent market prices
and quotes that are directed primarily at those markets.

The difficulty in determining what costs are included in price quotes, e.g., substation costs or project
management fees.

Thereisalarge dataset of current pricesresulting from the substantial world-widewind turbineindustrial base. The
1997 TC cost composite draws from a combination of public information from manufacturers and published price
guotes[24,29,30]. A statistical summary of thisdatafrom References24 and 29isshownin Table5. Eleven turbines
from eight manufacturers areincluded in thisanalysis. Assumptions concerning associated cumulative and annual
production volume are not available from the data sources. European turbine list prices from [29] were reduced
15 percent due to the following reasons:

C

Reference 29 isadocument for general publicinformation. Actual market priceswill vary depending on
many project-specific factors.

It is assumed that manufacturers quoted prices for their primary current market, Europe, which is

supported by variousmarket subsidy programs, especially in Germany. Itisfurther assumed that subsidies
tend to support somewhat higher prices.

Table5. Comparison of current turbine costs with 1997 TC composite turbine

estimate.
Turbine List Price Total Installed Cost

($/kW, Jan. 1997 $) ($/kW, Jan. 1997 $)
Minimum Value 723 973
Maximum Value 841 1,091
Mean Value 758 1,007
Standard Deviation 35 36
Median Value 744 994
1997 TC Vaue 750 1,000
Number of Estimates 10 11
Mean Hub Height (m) 43.6 43.4
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Total installed costsarecalculated in Table 5 by increasing FOB cost by the 1997 wind TC val ue of $250/kW for BOS
costs. Sincethe FOB cost was not available for the Zond Turbine, the installed project cost estimate was taken from
a1994 public briefing by the manufacturer and is assumed to be an estimate for general analytic purposesonly [24].
Thetable showsthat the 1997 wind TC composite cost estimateis close to the average val ue of thisdata set, after the
15% turbine price correction.

The 1997 TC cost does not include data pointsfor two lightwei ght designs because they have not seen recent salesin
themarket. Nonetheless, costs associated with these designs appear to be significantly lower than those represented
inTable5. Reference 29 givesalist pricefor the Carter CWT-300 at $666/kW. Thisturbine was devel oped severa
yearsago. Inaddition, current experience with the production of six prototypesof thelater freetilt, free yaw Cannon
Wind Eagle 300 designindicatesthat the 1997 TC figure coul d easily bemet or surpassed with current technology [31].
In addition, adetailed engineering cost analysis performed under the DOE Near-Term Product Devel opment Project
estimated the on-site cost for 500 WC-86B turbines (the precursor to the AWT-27) including a 15% profit mark-up,
to be $568/kW in 1992 dollars. Total project cost estimates depended on site-specific assumptions, but were
approximately $800/kW [20].

This characterization assumes, as abaseline for calculating future cost reductions, that the nominal cumulative and
annual production volume for 1997 technology is approximately 150 units. However, it isnot possibleto normalize
thedatain Table 5 for different cumulative or annual production volumes because it is not known what production
volume assumptions are behind the prices.

A low rangeof uncertainty in 1997 costsisshownon Table 1, reflecting extensivecommercial experiencetodate. The
larger uncertainty onthelow sideof thecost indicators, reflectsthel ower costsreported for emerging technol ogy such
as the Cannon/Wind Eagle 300. Estimates for emerging technology are not considered validated until a sufficient
number of turbines have proven themselvesin thefield. Inaddition, market prices may be higher or lower than the
stated bounds, depending on project-specific detail ssuch asaccessto transmissionlines, and competitivecircumstances.

Technology Projections 2000 - 2030

Future Perfor mance: Manufacturers are pursuing multiple design pathsfor year 2000 technology with the goal of
achievingthesystem-level cost effectivenessrepresented by the2000 wind TC characterization. Performanceindicators
for year 2000 technology are based in part on information from the DOE Next Generation Turbine Development
(NGTD) Project. Datafrom that project is based on designs still in the pre-prototype stage.

Thefollowingtwoturbinesarecurrently beinginvestigated under theNGTD Project. Theturbinedescriptionsarefor
current concepts, but do not now represent actual turbines.

C The Wind Turbine Company WTC 1000 is a downwind two-speed, variable-pitch turbine rated at
1000 kW. The rotor incorporates variable rotor coning to attenuate loads and the drive train employs
multiple generators. The turbine employs a passive-yaw system to reduce mechanical complexity.

C TheZond Z-56 isan upwind, variable speed, variable-pitch turbine rated at approximately 1.1 MW. It

employs 3 blades in an upwind configuration, an active yaw system, a variable-speed, doubly-fed
generator, and advanced NREL airfoils.
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Table6 detailsthe projected performance gainsfor 2000 and each subsequent five-year interval upto 2030. Thetable
listsgainsasapercent of the 1997 baselineturbineand asapercent of thepreviousperiod'svalue. Thetablealso shows
thepercent of incremental increasesfromtheprevioustimeperiod for each 5year interval duetoeachdriver. Asshown
in Table 6, the three largest drivers of increased energy in 2000 are taller towers, larger rotors, and reduced system
lossesfrom soiling. The energy estimate for the 2000 composite turbine assumes a variable speed generator system
and a variable pitch rotor. However, because it is anticipated that variable speed systems will still be undergoing
substantial development for wind turbine applications, it isassumed that the associated el ectronic power conversion
system is not fully optimized. That is, due to limitations on individual component efficiencies, especially power-
electronic conversion capabilities, it isassumed that introduction of variable speed operationwill resultinonly modest
net performance gains. A recent investigation concludes that realizing the benefits of increased energy output from
variable speed operation requiresadvanced direct-drivearchitecturesand moreadvanced power el ectronic conversion
capabilities[32]. Thetablereflectsthese conclusionsby showing zero-to-modest gainsfrom variable speed in 2000,
with substantial gains still possiblein later years. This may be a conservative assumption, as industry is currently
pursuing several different approaches to variable speed configurations and preliminary projections of the net
performance/cost tradeoff for these vary.

A range of values is given in Table 6 for two primary reasons. The first is uncertainty related to technological
development. Thesecond, andlarger, isthat systemsutilize an optimized combination of varioussubsystemsinvolving
tradeoffs between cost and performance of each subsystem. That is, subsystems are combined to maximize the cost
effectiveness of the system asawhole. Since tradeoffs must be considered when employing various subsystemsand
design approaches, no single system can utilize every component or operational approach with the very highest
individual performance characteristics.

Table 6. Performance improvement drivers.

Increasein Net Percent of Incremental Increase from Previous Time Period
kWh/m? (percent) * (percent)’
Lower .
From From Larger Rotors | Assumed Vquable Speed -
. Taller Drive Train & Power
1997 Previous or Improved L osses : .
. : Towers : Conversion Efficiency
Baseline | Period Aerodynamics | from o
1 Optimization
Sailing
2000 16-18 16-18 50-70 5-10 27-31 0-40
2005 22-28 6-10 30-50 5-10 11-20 30-60
2010 25-32 3-4 50-80 small” small” 20-50
2020 29-37 4-5 70-90 small” small” 10-30
2030 31-40 2-3 70-90 small” small” 10-30

Notes:

Range for increases in energy estimatesisfor class 4 to class 6 sites

Range for contributions represents uncertainty and imprecision from using composite technology assumptions
*  Opinions differ on the potential for variable speed to increase energy capture. NREL and others are currently

investigating this topic [32]
#  Small incremental improvements are possible

+

The broader uncertainty range associated with year 2000 performance estimates, listed in Table 1, reflectsincreased
technology-related uncertainty compared to the 1997 range. The low sideisincreased again in 2005 for the same
reason.
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Generally, progression in rotor performance, from 1997 into the future, is characterized less by increases in rotor
aerodynamicefficiency (peak power, or C,) and moreby maintenanceof arelatively high efficiency over alarger wind
speed range. Additionally, alower turbine cut-in speed, made possible by larger, variable pitch rotors, isassumed as
an advance in 2000 and beyond (the impact of this latter assumption was not evaluated separately). Generator,
transmission and power el ectroni csperformance, efficiency, arenot explicitly modeled, i., explicit estimatesfor these
efficienciesarenot developed. Currently, theseefficienciesareembedded inthe curvesused to estimate energy output.

Increasing hub height/tower heightisshownin Table6to beaprimary driver of performancegainsin2005. Other first
order driversin2005include moreefficient vari abl e-speed operation; larger rotors, including aerodynamicrotor control
for clipping gusts, which allowslarger rotorsto be used economically with agiven generator rating to capture lower
wind speeds; and further reduction of system losses.

Performance gains are expected to level off after 2005, with further improvements assumed to be incremental.
Increasing tower height isthe primary driver of performance increases during thisperiod. Progressis also expected
in areas outside cost and performance. More accurate micrositing model s are expected to be devel oped, which will
contribute to areduction in windfarm array losses. Improvements modeled into the energy estimate cal culationsfor
al years include cost/performance tradeoffs including increased tower heights (costs) for improved performance.
Future Cogst: Asseenin Table 7, the major cost changesin 2000 are driven by largeincreasesin the rotor diameter
and tower height, elimination of thetransmission, and introduction of variable-pitch rotors and new, advanced power
electronicsfor variable-speed operation and power control. Other low cost designswill bepresent inthemarketin 2000
-- adoubly-fed generator with ageared transmission is seen as one potential example. Lighter weight, moreflexible
systemsareexpected to appear, along with designsaimed at | ower cost manufacturing techniques. Changesinspecific
subsystems include:

C Transmission - While many of the subsystem cost figures are composite values that describe trends,
elimination of the geared transmission is a specific design feature that is explicitly assumed because it
represents a large source of weight, and therefore offers a substantial cost reduction. This is the only
subsystem that becomes a smaller fraction of thetotal cost for the 2000 system. The reduction from 22%
represents a large source of weight, and therefore offers a substantial cost reduction. This is the only
subsystem that becomes a smaller fraction of thetotal cost for the 2000 system. The reduction from 22%
to 7% of total system cost from 1997 to 2000 is based on arecent design study [20] which estimated the
transmission to account for 75% of the cost in the "Transmission/Drive Train, Shaft Brakes, Nacelle"
category.

C Towers- Although savingsintower costsarepossi blefrom reduced |oads, new tower designs, and advanced
materials, total tower costs still increase significantly in 2000 in both per-kW and absolute dollars. This
reflectstheincreasein height aswell asincreased thrust |oadsfrom thelarger rotor. Tower costisassumed
toscalelinearly with tower height and proportionately with thesquare of therotor diameter [33]. However,
calculation of the exact percentages of cost increase from each scaling effect, i.e., determination of
coefficientsin the scaling equation, is beyond the scope of this TC. Nonetheless, the costsin Table 7 are
believedtoreasonably reflect engineering scaling principles. Peak thrust |oadsfrom hurricane or maximum
anticipated windstend to drivetower costs. Sinceitisassumed that theseloadswill not bereduced by rotor
designs in year 2000, no cost reduction is included to represent the potential
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Table 7. Cost breakdown for 50 turbine windfarms (January 1997 $).

Major Subsystems 1997 | 2000 | 2005 | 2010 | 2020 | 2030
HKW
Rotor Assembly (including hub) 185 180 190 160 150 140
Tower 145 145 185 195 215 235
Generator 50 45 55 50 45 40
Electrical/Power Electronics, Controls, 155 140 100 20 75 65
Instrumentation
Transmission/Drive Train, Shaft Brakes, Nacelle, 215 50 40 35 35 30
Yaw System
Turbine FOB (including profit) 750 560 570 530 520 510
Balance of Station (BOS) 250 190 150 145 135 125
Total Installed Cost ($/kW) 1,000 750 720 675 655 635
$/Turbine ($thousands)
Rotor Assembly (including hub) 93 135 190 160 150 140
Tower 73 109 185 195 215 235
Generator 25 34 55 50 45 40
Electrical/Power Electronics, Controls, 78 105 100 90 75 65
Instrumentation
Transmission/Drive Train, Shaft Brakes, 108 38 40 35 35 30
NacelleYaw System
Turbine FOB (including profit) 375 420 570 530 520 510
Balance of Station (BOS) 125 143 150 145 135 125
Total Installed Cost ($Thousands/Turbine) 500 563 720 675 655 635
Percent of Total Initial Project Capital Cost
Raotor Assembly (including hub) 19 24 26 23 22 22
Tower 15 19 26 28 32 36
Generator 5 6 8 7 7 6
Electrical/Power Electronics, Controls, 16 19 14 14 13 12
Instrumentation
Transmission/Drive Train, Shaft Brakes,Nacelle, 22 7 6 5 5 5
Yaw System
Turbine FOB (including profit) 75 75 79 78 79 80
Balance of Station (BOS) 25 25 21 22 21 20
Total 100 100 100 100 100 100

Note: "Controls' includes yaw drives and gears. Numbers may not add to 100% due to rounding error.

6-24




ADVANCED HORIZONTAL AXISWIND TURBINESIN WINDFARMS

for load reduction that may beexperienced during normal operation of new variable-speed, variable-geometry
rotor systems emerging in year 2000.

C Rotors - Table 7 shows an absolute cost increase for the rotor subsystem from $93,000 to $135,000 per
turbine, reflecting the diameter increase from 38 to 46 meters, and also a trend towards more complex,
variable-pitch mechanisms. A percentage of rotor cost increases with the cube of the rotor diameter [33].
Aswasthe casefor estimated tower cost increases, scaling coefficientsare not devel oped for thisanalysis.
Thetrend towardslighter rotors al so hasadownward influence on costs. Therotor cost, asa percentage of
the total system cost, is at the high end of the preliminary estimates from the DOE NGTD Project.

C Electronics and Controls - Power and control electronics and other electrical costs show a significant
increase in year 2000, as more expensive or more complex electronics are required to implement variable
speed, direct drive generation.

C Generators - Generator costs are assumed to increase as a result of substituting higher performance
technologies for off-the-shelf induction units. Sample technol ogies might be synchronous or doubly fed
generators in 2000.

C Reliability- Itisassumedthat it will bepossibletodesignturbinesfor incrementally greater reliability based
on a better understanding of wind inflow characteristics and how these characteristics impact structural
design, and appropriately improved modelingtools. Itisexpected that therewill beimprovementsinturbine
blades, particularly with respect to better integration of blade structural and aerodynamic design with
appropriate manufacturing processes. Resultingimprovementsinreliability arereflectedinthedecreasing
O&M and overhaul/replacement costs.

The uncertainty bounds on cost in Table 1 are doubled for 2000 and beyond, reflecting the relative difficulty of
proj ecting turbine and project prices. The maximum upper bound for 2000 isassumed to be equal to thelower bound
of 1997. Thisprojection is conservative (higher) compared to preliminary estimates from the DOE NGTD Project.
Project. Thelower boundisalso conservative (higher) compared to thelower bound of the NGTD Project estimates.
The key 2005 cost changes are driven by the combined effects of the increase in rotor diameter and tower height.
Changes in specific subsystems include:

C Rotors - Cost increases from significantly larger diameters in 2005 begin to be offset from improved
manufacturing techniquesresulting largely from the DOE/industry cost-shared Blade M anufacturing Project
andto alesser extent fromincreased production. Thefact that thetotal rotor cost doesnot increasewiththe
cube of the diameter a so reflects the increasing use of lower cost paths such as 2-bladed designs, lighter,
more flexible structures, or pultruded blades.

C Electronics - Cost decreasesresult primarily from R& D advancesin power electronicsfor variable speed
generation systems.

C Generators - As in year 2000, generator cost increases, per kW, as a result of a trend toward higher
performancetechnol ogies such as permanent magnet generators, which may become cost effectivein 2005.

Key cost drivers beyond 2005 include:

C Rotors- As production volume increases, it is assumed that industry will be able to support larger-scale
advanced manufacturing improvements for rotor blades. Also, R&D isassumed to improve the ability to
understand the connection between aerodynamicinputsand component fatigueloads, | eading to useof lighter,
more reliable components, and optimized control systems for lowest-cost approaches. These factors,
combined with cost reductions from increased volume, account for the decrease in rotor costsin 2010 and
beyond. Because blades are currently a custom-made subsystem, they have the potential to realize larger
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gainsthan mature technol ogies such as steel towers. Therefore, approximately a10% cost reductioninthe
custom component of blade cost is expected for every doubling of cumulative production volume [34].

C Power Electronicsand Controls- Power electronicsand control scostsare proj ected to decrease significantly
asaresult of technical advancesin componentsthrough R& D, wind turbine design advances, and increased
volume.

C Generators- Incremental cost improvementsfrom manufacturing, design, and volume effectsare assumed
to occur in permanent magnet generators after 2010.

C Towers- Cost per kW of towersincreases at arate |lower than the tower height increases due to assumed
advancesin the ability to shed aerodynamic loads and design lighter towers.

Thecost shownin Table 1 continuesto decrease after 2000 because of three cost drivers: higher volume, advancesin
manufacturing resulting from R& D efforts, and technol ogy advancesfrom R& D. Therefore, theuncertainty percentage
iskept fixed at +20% so that the absol ute upper bound, i.e, thelikely highest cost, islower for each successivefive-year
period. Thelower bound for 2005 is considered conservative because it iswithin the range of DOE NGTD Project
estimatesfor 2000 technology cost. Table 8 summarizesthe key qualitative subsystem cost drivers described above.

Table 8. Major wind turbine subsystem cost drivers.

1997-2000 2000-2005 2005-2030

Rotor Increase from larger size | Increase from size. Decrease | Incremental reductions from
Decrease from trend from advanced manufacturing | volume, and R&D and
toward lighter designs and lighter designs manufacturing advances: lighter &

Smarter rotors

Tower Largest increase from 2" |argest increase from Incremental increases with height,
largest height and rotor | height and rotor sizeincrease. | lessthan linear dueto lighter
Sizeincrease Decrease from lighter weight | weight from R&D

through R& D/design

Generator Synchronous or other First generation low speed Incremental reductionsin
intermediate, advanced | permanent magnet - highest permanent magnet generator costs
approaches - higher cost | cost from R& D and volume
than induction
generators

Electrica 1st generation variable Major cost drop as Incrementa improvements from
speed is expensive technology matures R&D and volume.

Drive Train | Direct drive- no Incremental refinements in design approaches
transmission.

BOS Increases from larger turbines and higher power Incremental from volume
requirements

Effects of Volume on Cost
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Although lower costsare not an automatic result of higher salesvolume, there are several specific volumeeffectsthat
can reasonably be expected tolower futureturbineand windfarm costs. First, increasing salesmay allow theindustry
to employ new manufacturing technol ogiesthat lower production costs. Second, thereisan established|earning effect
in similar products that indicates product costs decrease as cumulative salesincrease. Third, as annual production
volume increases, there may be an opportunity for larger volume discounts for off-the-shelf turbine components.
Reference 34 discusses these effects in more depth.

No assumptionswere madeinthiswind TC concerning projected wind energy market penetration sincesuch analysis
isbeyondthescopeof the TC. Instead, thissectioninvestigatesthelevel of increased cumulativeand annual production
volume that would be necessary to achieve the projected cost reductions, after accounting for cost reductions from
R&D. The following discussion concludes that the necessary production increases are well within conservative
assumptions for industry growth rates and market penetration levels.

Total installed cost per-unit-swept-areain Table 1 decreases 39% from 1997 to 2030. Since production volume will
belower aswind technology emergesin the near-term, the majority of the 23% cost reduction between 1997 and 2000
isassumed to be dueto technol ogy and manufacturing advancesfromR&D. Areasof expected cost reductionarelisted
inTable8. After 2000, aswind technology market acceptancebeginstoincrease, increasing production volumebegins
to have alarger impact on cost reductions. After 2005, as wind technology becomes more fully accepted and R& D
focusesonincremental improvements, cost reduction isexpected to occur largely fromincreased production volume.
Giventheseexpectations, theestimated rangefor the percentage of cost reduction dueto R& D between 1997 and 2030
is50-75%. Therefore, the remainder of the cost reduction between 1997 and 2030, 25-50%, is assumed to be dueto
volumeeffects. In absoluteterms, this25-50% reduction equatesto approximately 10-20% total cost reduction from
volume over the 1997-2030 time frame (i.e., 25-50% of 39% equals 10-20%).

According to Reference 34, cost-reduction rateswill tend to be higher for turbineswith higher percentages of custom-
built components versus off-the-shelf components. Assuming future turbine designs contain more custom-built
componentsthan current technol ogy, thisreferenceindicatesthat areasonabl eturbine cost reductionratefromvolume
effectsis approximately 5% for each doubling of industry-wide cumulative production. In addition, manufacturers
should expect to see volume discounts for non-customized components at a certain level of annua production
(Reference 34 assumes abaseline estimate of a10% discount at alevel of 1000 unitsor higher). Finally, themajority
of BOS cost reduction after 2005 is al so assumed to be dueto volume affects. Given these cost reduction effectsfrom
volume, approximately 2-3 doublingsof industry-wide cumul ativevolumewoul d berequired to achieve the projected
cost reduction between 1997 and 2030. Thisisaconservativelevel of required industry growth compared to private
and government projections of market penetration by 2030.

Balance of Station Costs

Balance of Station (BOS) costsinclude foundations, control/electrical hardware, site preparation, electric collection
system and transmissionlines, substati on, windfarm control and monitoring equipment, O& M facilitiesand equi pment,
initial spare parts, shipping, resource assessment, surveying, legal counsel, project management and administration,
permits, construction insurance, and engineering services. Sinceland costislisted on Table 1 asapercent of revenue
and not an initial capital cost, it is discussed in the O& M section.

A range of approximately 25%-33% of total project costswas estimated for BOS costsin arecent design study based
on a50 MW windfarm using 275 kW wind turbines [20]. Other recent estimates are that BOS costs account for
approximately 20 percent of the cost of energy from windfarms [19,35]. This indicates that BOS costs are
approximately 25% of thetotal project cost. Therefore, usingthe TC 1997 FOB cost of $750/kW yieldstheBOSvalue
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of $250/kW (250is25% of 750+250). Therange of +5/-20 shown on Table 1 reflectsthe possibility that developers
may be able to reduce BOS costs for current projects well below the level of $250/kW [20].

Themajority of BOScostsfor utility scalewindfarm projectsaredirectly dependent onthe number of turbinesinstalled.
Whileimportant, turbinerating hasasmaller impact on BOS cost. Since the number of turbinesisfixed for al years
inthis characterization, the primary driversof BOS cost changes areincreasesin turbine sizein years 2000 and 2005
(BOScost increases 20% from 1997 to 2005), and from learning effectsresulting from increasing cumul ative volume
after year 2005 (BOS cost decreases by 13% between 2005 and 2030). Learning effects apply to the design,
construction and management of projects. Thesmall increasein BOS cost per turbinein years 2000 and 2005 reflects
arelatively small amount of additional capacity- and size-related costs, e.g., higher cost power transfer and conditioning
equipment, heavier foundations, that areincurred for each turbine. That is, for a 50-turbine windfarm, the absolute
cost increases per turbine are small relative to theincreasein rated capacity. Asexpected, the tables show that costs
decline significantly on a per-kW basis in both periods.

Project Size Impact on Cost - BOS cost estimatesin Table 1 account for costs related to increasing turbine size, and
associatedincreasesin per-kW-rel ated costs, for afixed number of turbines. However, factorsto adjust total windfarm
project cost for increased numbers of same-size turbines are not included in Table 1. Wind turbines are a modular
technology. A widerangeof capacity may beinstalled withinashort construction period simply by varying the number
of turbinesadded to aninstallation. Therearetwo primary sourcesof potential cost reductionresultingfromincreasing
the number of turbinesin awindfarm. First, the manufacturer may bewilling to set alower pricefor alarger number
of turbines. Second, somewindfarm costsarefixed or exhibit diminishing costsper turbinefor each additional turbine.
Examplesof theseincludeinfrastructure-related costsfor roads, grading, and fences, O& M facilities and equipment,
project administration and permits, surveying, and legal fees. Asapreliminary guide, Table 9 taken from the 1993
EPRI Technical Assessment Guide [36], may be used to scale project costs for various project sizes.

Table9. Project sizeimpact on cost.

Plant Size (MW) Percent of 50 MW Cost
10 120
25 110
50 100
100 95
200 90

Operation and Maintenance Costs

Annua O& M Costs: Recent industry estimatesof O& M cost, including overhaulsand replacements, aretypically near
$0.0/kWh for turbinessizessimilar to the 1997 TC turbine and windfarmsin the 100 MW range[37]. Thiscost level
isalso consistent with an estimatefor 275 kW turbinesina50 MW windfarm made under the DOE Near-Term Product
Development Project [20]. Annual O&M is often quoted in units of $/kWh and $/turbine. Itisinaccurateto usea
single $’kWh estimate for al turbines and resource sites because alarge portion of theannual O& M isfixed for each
turbine, and the cost per kWh theref ore changes depending on the wind resource level and the output of each specific
turbine [37,38]. Despite this, only one composite valueis shown in Table 1 for both wind resource classes. Thisis
because the conservative assumption is made that the downward trend of O&M cost per kWh dueto thefixed O& M
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cost component being divided by moreannual kwh generatedin class6 siteswill be offset by higher maintenancecosts
due to the more demanding loads seen by the turbine in that wind regime.

Themajority of theO& M cost decrease portrayedin Table 1 isfrom economiesof scalefromlarger turbinesandtaller
towers. However, attaining these economies of scale are not automatic or ssimple-- R&D isrequired to design larger
turbines with the same or improved levels of reliability and durability. Preliminary indications from the DOE Next
Generation Turbine Development Project are that several manufacturers believe that the O& M cost per KW will be
significantly reduced for turbinesin the 750 kW-1000 kW size range, compared to 500 kW turbines. The 2000 and
2005 O& M estimatesin Table 1 are consistent with these projections. In addition, beyond 2005, some O& M costs
savings are expected to be realized through simplification of design, such asthe elimination of hydraulic systemsfor
brakes and/or blade pitch mechanisms, and through optimization of O& M practices.

Thewind TC 1997 annual O& M cost estimatein dollars per kWh and dollarsper kW isshownin Table 1 withalarger
uncertainty on the low side, reflecting the fact that the estimate is on the high end of recent industry estimates. Note
alsothat costsfor periodic overhaulsand replacement of componentsareincluded in someindustry estimates, but are
contained in a separate figure for the wind TC.

Actual O& M costs, as seen in the market, may not follow a smooth downward trend as shown in the TC. As new
turbines are introduced, annual O& M costs may be higher than for previous designs until sufficient experience is
developed in thefield. Thus, although a downward trend is expected, the actual cost may be "saw-toothed" as new
technology isdeployed. Thiscanbeespecially truewith atechnology intheearlier phasesof commercia development,
such aswind turbines, when significant improvements are realized with each new generation of technology. Because
the uncertainty bounds are already relatively wide for the 1997 estimate in Table 1, no changes were made to those
values through 2030.

Overhauls and Replacement Costs: These costsinclude periodic major component replacements and overhauls. For
1997, repairsinclude gearbox overhaul and generator bearing replacement in years 10 and 20 at a cost of 5% of total
installed cost, and replacement of the blades in year 20 at a cost of 10% of total installed cost [20]. Major
replacement/overhaul costsare estimated to be on the same schedul ein year 2000 because uncertainty with scaled-up
designisassumedto beoffset by increased resistancetofatiguefrom compositerotor material sand/or improved design
ability. Asmoreexperienceisgained with theselarger designsand newer material s, replacement costsfall to 5% and
10% of total cost inyears 10 and 20, respectively, for the 2010 turbine (2005 assumes alinear interpol ation between
2000 and 2010). Costsfall to 5% and 5% in years 10 and 20, respectively, for the 2020 and 2030 turbines. Theimpact
of these costs on COE variesfor different ownership/financing assumptions and wind resource levels. For investor-
owned utility assumptions, the effect ranges from 0.3 to 0.5 ¢/kWh in 1997, and from 0.1 to 0.2 ¢/kWh in 2030.

These estimatesare based on engineering judgement concerning the projected impact of improved design codescoupled
with an improved understanding of fatigue-failure modes. Overhaul and replacement costs have alarge uncertainty
associated with them, reflecting a wide range of estimates, including detailed engineering cost studies [20] and
manufacturer claimsthat turbines are designed to avoid major periodic repairs [19,37]. Compared to the average of
theseestimates, thevaluein Table 1isjudged to be conservative and therefore hasalarger uncertainty on the negative
side. This large uncertainty is carried through the time periods, reflecting the potential for lower costs (higher
durability) than those portrayed in the table. In the actual market, a tradeoff exists between initial turbine cost and
designlifetimeof turbine components. Thiscompositecharacterizationisbelievedtoreflectamiddlegroundrelative
to this tradeoff.
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Land Costs: Whilecostsfor land lease or purchasewill vary for individual projects, thevaluein Table 1 assumesland
isleased using royalty payments and is on the high end of the range quoted for current projects[24,39,40]. Regional
variationsin land availability may alter land costs. Estimates of regional land cost variations have not been madefor
thisanalysis. Therewill bedifferentinfluencesonlandleasevaluesinthefuture. Thedominantinfluenceisthat larger
and more advanced turbineswill produce morerevenues per unit of land. Therefore, land ownerswill tendtorealize
much larger revenuesfrom land leases, perhapsgiving devel operstheability to bargain the percentagedown. Thelarge
uncertainties associated with land lease costsin Table 1 reflectsthefact that it is unclear how costswill change over
time, and that there is always arange of costs associated with different parcels of land.

Uncertainty

Uncertainty reflectedin the +/- rangesin Table 1 comesfrom two sources. Thefirst istheuncertainty associated with
theaccuracy of thevalue, e.g., uncertainty of outcomeof R& D. Thesecondisfromthenormal variationindatavalues
for projects, such as the cost of land for different projects.

Reliability

Reliability and durability are reflected quantitatively in several waysin this characterization. First, availability is
already at high levelsfor given current initial turbine cost, O&M cost, and system lifetime. Second, the decline of
annual O& M costs after 2005 reflects increased reliability. The declinein per-kWh O& M costs between 1997 and
2005 is assumed to be due more to increased energy output per turbine than increased levels of reliability. Thisisa
conservative assumption, since R& D is expected to result in morereliable systemsin thistimeframeaswell. Third,
maj or overhaul sand repl acement costsdecrease over time, refl ecting anincreasein durability and maintenanceintervals
for each period's stated initial capital cost level. Finaly, thereductionsininitial capital cost for the samesizeturbine
and sameassumed turbinelifetimeafter year 2005 reflect theexpected trend towardsincreased lifetime/cost ratiosmade
possible by R&D.

Other Areas of Value

Inthelong-term, progressis also expected in areas outside of cost and performance of theindividual turbine and the
windfarm asawhole. For example, better local weather forecasting, a ong with appropriate system operator training,
is expected to raise the value of wind energy.

5.0 Land, Water, and Critical Materials Requirements

Asdemonstratedin Table 10, theamount of land required for windfarms depends on turbine size and number, turbine
spacing (distance side-by-side and between rows), and thenumber of rows. Therangeof land use per MW of installed
capacity in Table 10 covers two scenarios for turbine spacing: 2.5 rotor diameters (side-by-side) by 20 diameters
between rows, and 5 diameters (side-by-side) by 10 diameters between rows. Theserangesare shown for threearray
configurations of 5 rows of 10 turbines (more common in flat areas), 2 rows of 25 turbines, and a single row of 50
turbines (more common on ridged sites). A setback of 5 rotor diameters is assumed around the perimeter of the
windfarm. Whilethese scenariosrepresent arangeof possi ble configurationsfor a50 turbinewindfarm, actual project
configurationswill besite specific, depending onterrain, local wind characteristics (" micrositing conditions'), turbine
characteristics, environmental and aesthetic considerations, and cost and availability of land. Thetrendtowardslower
land use per unit of capacity in later yearsis dueto theincreasing rating of the composite turbines described in this
characterization.
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Table 10. Resource regquirements.

Indicator Base Y ear
Name Units 1997 2000 2005 2010 2020 2030
Windfarm Size MW 25 375 50 50 50 50
Land (50 turbines)
5turbinesx 10 rows | halMW 33-20 26-16 24-15 24-15 24-15 24-15
ha 825-500 | 975-600 | 1200-750 | 1200-750 | 1200-750 | 1200-750
25turbinesx 2rows | halMW 19-26 15-21 14-19 14-19 14-19 14-19
ha 475-650 | 563-788 | 700-950 | 700-950 | 700-950 | 700-950
50 turbines x 1 row ha/MW 29-46 23-37 21-33 21-33 21-33 21-33
ha 725-1150 | 863-1388 | 1050-1650 [ 1050-1650 | 1050-1650 | 1050-1650
Water m’ 0 0 0 0 0 0

Note: Rangeisfor 2.5 rotor diameters (side) by 20 diameters (deep), and 5 diameters (side) by 10 diameters (deep).

Land: Land doesnot haveto be purchased/| eased and dedi cated exclusively for wind energy production. Approximately
5-10% of awindfarm'sland areais actually utilized by wind turbines, leaving the majority free for other compatible
uses. Leasesare quite common where co-uses such aslivestock grazing reducethe cost to the windfarm owner while
increasing the land value to the land owner. Another possibility isto use former agricultural lands designated under

the soil conservation program to enhance the fixed per-acre revenues allowed by the government.

Water: AsshowninTable 10, windfarmshavenowater requirement for operation. Thisisadvantageousinareaswhere

competition for water isimportant.
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