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FOREWORD

In1981thesecretariatof theWorldMeteorologicalOrganisationeditedtheTechnicalNoteNo. 175,
(WMO—No. 575) “MeteorologicalAspects of the Utilisationof Wind as an Energy Resource“.This
documentfocusedmainlyon thedescriptionof windasa renewableenergyresourcefromameteorological
pointof viewandon theroleof theboundarylayerandatmosphericturbulenceforwindfields.Compiled
around1980,thisTechnicalNotewaseditedat thebeginningof thestormydevelopmentof windpower
exploitationtakingplace in Europe.Thereforelittlecan be foundfind on wind energytechnology,the
assessmentof windenergypotentialsandtheestimationof energyyieldatgivensites.This is notsurprising
giventheremarkabledevelopmentof methodsandtechnologyoverthelasttwentyyears.A recentlyedited
WMO report("MeteorologicalAspectsand recommendationsfor Assessingand Using theWind as an
energysourcein the Tropics",WMO/TD-No.826,June 1997)containsguidelinesfor prospectingwind
energyin thetropics,particularlyfor thenumerousislandsin this region.Basedon experiencesmadein
Hawaii,thisreportcanbeseenasa complimentarydocumenttotheabovementionedWMO reportNo. 575
forthosewhoplantoconductwindenergysurveysintropicalareas.Itcontainsmanydetailsandhintsunder
considerationof theuniquetropicalweatherconditions,compiledandpresentedfor directpracticalusebut
lackingthephysicalbackgroundinhydrodynamicsnecessaryforexampletoasseswindenergyyield.

This newreportwill thereforetry to fill thegapsin thecontentsof theabovementionedreports,
fromtheknowledgebasenowavailableatthebeginningof thethirdmillennium.Itwill reflectthescopeof
modernwindtechnologyandits closeconnectionwithmeteorology,to providea coherentpresentationof
the fundamentalaspectsof wind energyexploitationandthe technicaland physicalbackground.It will
emphasisethetechnicalsolutionsavailablein theexistingareaof knowledgeandthepartofmeteorology,in
particularthemathematical-physicalbasesfor theassessmentof windenergypotentials,theoptimalsiting
togetherwiththeevaluationof theenergyyield of Wind TurbineGeneratingSystems(abbreviatedin the
followingtextasWTGSS) - besideall practicalandtheoreticalaspectsreflectedin manytextbooksand
reports(e.g. inPetersenetal., 1998)thatalreadycontaina realmofwisdom.
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1 INTRODUCTION

A rangeof environmentalimpactsand resourceproblemshavealwaysemergedfromtheuseof
energytechnology.Formodernsocietiesthesupplyandsourcesof energyin theirmanyformshavebeenan
essentialsourceof economicandpoliticaltensionsbutalsoa challengeforscienceandtechnology.Together
withenvironmentalproblemsarisingfromenergyconsumption(increaseof carbondioxideandgreenhouse
effect,acidrain,radioactivewaste,oil pollutionof thesea,etc.),theproblemsof sustainabilityandpotential
socialconflictwhichmayresultfromunevenlydistributedresources,vulnerabilitydueto centralisationand
dangersfromnuclearproliferation,makeit imperativefor mankindto devisea setof energytechnologies,
whichcanmeethumanneedswithoutproducingirreversibleenvironmentaleffectsonaglobalscale(Elliott,
1997).This impliesbesidetherequirementtouseenergymoreefficiently,thepromotionof technologiesthat
userenewableenergyresourcesextensivelyneedstobeencouraged.

1.1 Facts about world energy consumption

Intheseventiesof the20thcenturypeopleworriedabouta comingshortageof energyresourcesand
thedirectconsequencesfor theenvironmente.g. acid rain.Fromthe 1980's,the indirectconsequencesof
highenergyconsumptione.g.globalwarmingandtheozonehole,becameagreaterconcern.

The outlookfor futureenergydemandis thatit is predictedtorisequitedramatically.It is supposed
(Greenpeace,2005)thatuntil2020theworld-wideyearlyelectricitydemandwill riseaccordingtoTable1.1,
with an averageannualgrowthrateof about2 percent.Until 2025,the consumptionof the developing
countriesis estimatedtoriseonthebasisof populationgrowthandincreasingindustrialisationbymorethan
100percent,followedby theformerSovietUnionandEasternEuropewithanincreaseof about80percent.
Althoughtheshareof fossilfuelsusedin theproductionsectorwill shrinkremarkably,theC02 emissions
will increaseby about50percentduetooverallrisingconsumption.TheG8 Governmentsintendtoestablish
nationalrenewableportfoliostandardstogenerateat least25%of electricityfromrenewableenergysources
by2025.

Table1.1:Forecastof annualenergyconsumption(basis2000)

until increase energyconsumption CO2 emissions

2010 30% 20852TWh 27715Mio tons
2020 ca.50% 27326TWh 37124Mio tons
2025 ca.2% yearlyincrease

Theaforementionedrisktothebiosphereandthelimitonfossilfuelenergyresourceswill forcenew
solutions.Oneof thebestsolutionsonthebasisof today'stechnologies,consistsof a combinationof saving
energyby differentmeasuresandtheexploitationof additionalsustainableresourcesof energysuchassolar
energy(photovoltaic,heatcollectors)andwindenergy.

1.2 The global situation in the use of wind energy - overview

Wind energyis thekineticenergycontentof a movingairmass.The kineticenergycontentof the
globalatmosphereequalson averagea turnovertimeof aboutsevendaysof kineticenergyproductionor
dissipation,alsoassumingaveragerates(Sorensen,2000).The annualstreamingenergyof theatmosphere
liesbetween8.2and13.6x1022J. Theentireelectricitydemandof theearthin2000couldhavebeencovered
by the use of only 0.045percentof this energy.The world’s total onshorewind resources(without



Antarctica,Greenland)areestimatedtobeabout53000TWh withthefollowingdistribution(M. Grubband
N. I. Meyer, 1993):WesternEurope4800TWh (UK hasherethe largestsharewith986TWh/a),Eastern
Europeand formerSovietUnion 10600TWh, Asia (withoutformerUSSR) 4600TWh, Latin America
5400TWh,NorthAmerica14000TWh,Australia3000TWh andAfrica 10500TWh.

Thereis alsoan enormouswindresourceto be foundin thecoastalareasof oceansaroundmany
coastlinesof thecontinents.The “Studyof OfifshoreWindEnergyin theEC” (byHassan,1995)performed
undertheEU’s JOULE programme,estimatesanoffshorewind potentialof 3028TWh in theEU (without
NorwayandSweden)undertheassumptionsof awaterdepthof up to40metersandupto30kmoffshore.
Herethe large(3MW andup)turbinescanbe usedwhichhasalreadygiventhewindindustryin Europe
new impetus.Additionally,becauseof environmentalconstraints,public concernsandminimizingvisual
impact,suitablesitesforwindturbinesinheavily-populatedregionssuchaswesternEuropearebecomingin
shortsupply.Offshorelocationofwindturbinesofferresourcebenefits,namely:

0 Low verticalwind shear,dueto relativelylow roughnesslengthsover thesea.The verticalprofileof
windspeedsis such,therefore,thatwindspeedchangeslittlewithhubheight.Underthesecircumstance,
it may be moreeconomicto use lowertowersthanwould be optimalon land (perhaps0.75 rotor
diameter,comparedtothemoretypical1.0timesrotordiameteron land).

0 Low turbulenceintensity,becausethetemperaturecontrastbetweentheseasurfaceandtheoverlyingair
will generallybelessthanthecontrastbetweenlandandair.Lowerstressesonturbinesshouldleadtoa
longerlifespanoffshore(perhaps25yearscomparedto20yearsforonshoremachines).

0 Generallyhigherwindspeedsdueto lowerdragcoefficients.This is a particularadvantageforcountries
with low-lyingterrain,such as Denmarkand theNetherlands.However,the offshoreresourcewill
generallynotexceedtheonshoreresourcefromhilltopsiteswherespeed-upeffectscanproducewind
speedsgreaterthanareexperiencedoffshore.Hence,for countrieswithundulatingterrain,suchas the
UK, ItalyandGreece,theoffshoreresourceoffersfeweradvantages.

However,costsof turbineconstruction,grid connectionand maintenancein the oftenhostileoffshore
environmentaresuchthatelectricityfromoffshoreturbinesis likely to bemoreexpensivethanfromland-
basedturbinesfortheforeseeablefuture.

1.3 Historical background of wind power usage up to the second oil crisis in 1980

The exploitationof thewindas an energyresourceby manbeganwiththetransitionof nomadic
tribesto settlementandagriculture.Itwasoneof thefirstnon-animalsourcesof energyto beexploitedby
early civilisations.The wind was harnessedto propel ships by meansof sails as early as the fourth
millenniumBC. It is thoughtthatthestaticexploitationof windenergyby meansof windmillshadbeen
goingon forabout4000years.EvidencethatGreeksorRomanshadsomeotherapplicationsofwindpower
is givenby Hero (in his Pneumatics)of the 1StcenturyAD. in describinganair pumpfor a waterorgan.
Later,windwasusedinthesymbiosisof sailandwhim-ginmills,whichweredrivenbydraughtanimals,for
grindinggrainand irrigation.In theMiddle Ages a shiftto windwheelswithhorizontalaxisto achieve
higherefficiencyoccurred,thoughmainlyin areaswherehydraulicpowerwasunavailable.Withincreasing
industrialisationatthebeginningof the 18thcenturymoreandmorefossil energywasusedthusreplacing
slowlyregenerativeenergy,untilfinallyattheendof the19thcenturythefossilfuelsovertookregenerative
energyuse (thetradestatisticsof theGermanempire1895providethe followingfigures:18,362wind
machines,21,350combustionengines,54,529watermachinesand58,530steamengines(Gasch,1991).The
20thcenturycaredlittleforwindenergyuntila renaissanceinthe70’sand80’sasaconsequenceof oil crisis
andecologymovements.



1.3.1 Wind wheelswith vertical axis

Wind wheelswith verticalaxis arebasedusuallyon the resistanceprinciple,whichwasalready
knownby earlycivilisationsaspowersources.Earlyevidenceof a simplewindmillwasfoundinEgyptand
Mesopotamia1000BC. wheretheywereusedfor irrigation.Anotherearlyoccurrenceis reportedfrom
Afghanistanin the 7thcentury.All theseearly power plantswere constructedaroundthe following
mechanism:Ina halfopentowera turntablewithresistancesurfacesfromroundtimbersorwovenmatswas
established,which was rotatedby one-sidedupwind.The disadvantageof this arrangementwas its
directionaldependence.This wasinitiallyovercomeby theChinesearound1000AD. by turningthesail-
matsoutof thewindon theirreturntravelagainstthewind.AnothersolutionVeranziodiscoveredin Italy
around1600by generatinga torquein asymmetricwind flow: He used resistancebodies,which had,
accordingtothedirectionof flow,largeror smallerdrag-coefficients—whichemploysthesameprincipleas
thecupanemometer(Gasch,1991).

Throughthestrikingsuccessof thehorizontalaxisrotorstheverticalaxisprincipleexperiencedno
improvementuntil 1924whentheSAVONIUS rotor,namedafteritsFinnishinventor,wasintroduced.By
theuseof thebuoyancyprinciple,a higherefficiencyis attainablewiththisWTGS. A furtherdesignstepin
competitionto thehorizontalaxis is theDARRIEUS rotor.Developedby theFrenchinventorDarrieusin
1929,this rotor can reach an efficiencyof 38percentafter steeredstartup to the rated-speedrange
(Molly,1990).

1.3.2 Wind wheelswith horizontal axis

Theverticalaxisturbinesthatexploitaneffectsailorshaddiscoveredearlyon, i.e.sail shipstravel
fasterif thewindcomesfromthesideinsteadof behind,spreadslowly.Thephysicalexplanationforthislay
in theuseof dynamicbuoyancywheremuchgreaterpowercan be generatedthanwiththeaerodynamic
resistanceprinciple.The firstwindmillsusingthisprincipleconsistedof up to tenwoodenbooms,rigged
withjib sails.Suchprimitivetypesof windmillsarestill foundtodayin theeasternMediterraneanregions
(sailwindmillsin Greece).The conceptof this 'propeller'windmillsarrivedin EnglandandFrancewith
returningcrusaders,whereit appearedin the12thcenturyin theformof thebuck-windmill,spreadingfrom
theretoHollandandGermanyin the13thcentury,andthencePolandandRussiain the14thcentury.During
thesubsequentMiddleAgesmostmanorialrightsincludedtherightto refusepermissiontobuildwindmills,
thuscompellingtenantstohavetheirgraingroundatthemill of thelordof themanor.Additionally,planting
of treesnearwindmillswasbannedto ensurefreewind(DeRenzo,1979).The oldestconstructionwasthe
so-called“post-mill”in whichthewholebodyof themill wasmovedarounda largeuprightpostwhenthe
wind directionchanged.This mill had to be broughtinto the wind by the miller or a donkey.The
disadvantageof thepost-millwasthatheavyloadslikemillstonesandgrainsackshadtobecarriedintothe
mill houseandthatit couldnotbeusedfor thedrainageof thecountrysideforwhicha highdemandhad
longexistedin Holland.A furtherdevelopmentof thistypeof mill tookplace300yearslaterin theformof
theWippmillwhichcouldbeusedforwaterpumping.Thedisadvantageremainedthattheentiremill needed
turningmanuallyintothewind(Gasch1991).

An essentialimprovementwastheDutchmanwindmillor towerwindmillof the17thcentury.Here
therotorandcap,astheonlymovingparts,weresupportedbya relativelytalltower.Thewingsturnedfairly
slowlytoprovidemechanicalpower.To turnthemill intothewinddirectionata slantingflow,a smallwing
rosettewasinstalledthatstoodcrosswisetothemainrotor.Anotherinnovationwasthedevelopmentof the
mill wingas an adjustableVenetianblind,whichenabledan easy-to-handlepowerreductionat any time.
Between1608and1612,BeemsterPolder,in theNetherlands,whichlaid 19feetbelowthesealevel,was
drainedby26windmillsof upto50hpeach.Herethefirstoil mill wasbuiltin 1682andthefirstpapermill
in 1686.At theirzenith,beforetheindustrialrevolution,it is estimatedthatin GreatBritainfor example
some10,000towermillswereoperated(Boyle,1996),formnga familiarfeatureof thecountryside.



Thethirdinnovationcamein 1759by J. Smeatonandwasthedistortionof therotorfoils,whichled
to a higherpoweroutput.By the middleof the 19thcentury,some9000windmillswerein use in the
Netherlandsbutwiththeindustrialisationtheuseof windpowerstartedto decline.By theturnof the20th
centuryonly 2500windmillswere in operationandby 1969only 1000werestill in workingcondition
(DeRenzo1979).

Inthe19thcenturyaquitenewwindwheeltype,theWesternMill, camewidelyintouse.Industrially
massproducedandcompletelymadeof metalit couldbe operatedfully automaticallywithoutsupervision
forthefirsttime,whichwasacrucialadvantageonthevastpasturesof theNorthAmericangreatplains.The
largenumberof bladesat slantingflow alloweda high staringtorqueand a low speedwithhighwind
velocities,thedirectionalcontrolgivenby awind-vane.Theperformanceof thiswindwheelwithadiameter
of approximatelyfourmetersamountedtoabout100to200wattwithawindspeedof 7m/sec.Inthemiddle
of the19thcenturyapproximately6millionWesternMills wereinuse(Hau1996;Molly 1990;Gasch1991).

Withelectrificationthewishemergedtoproduceelectricityfromwindenergy.To reducepriceand
keeptheweightof generatoranditsgearsmall,ahighrotorspeedisnecessarywhichmeansthatthenumber
aswell therealsurfaceof rotorbladesshouldbeas lowaspossible.A firstattemptintothisdirectionwas
made1939withthe2-bladeMW Smith-Putnamplantin Vermont,USA. The planthada hub-heightof
36m, a rotordiameterof 53metersandaperformanceof 1.25MW atratedwindspeed.Thismachinewasa
landmarkin technologicaldevelopment.Only 800hourswerecompletedsuccessfullybeforethemachine
failedby loosingabladeduetoa sub-standardsiteweldrepair.This failureandthelowpetroleumpriceled
to a shutdownof theseactivitiesconcerningwindenergyuntilthepetroleumcrisisof the1970's.Thenext
milestonein turbinedevelopmentwas theDanishGEDSER plant,installed1956-1957on the islandof
Gedser in the southeastof Denmark.With a 24metersrotordiameterand 200KW nominalpowerit
operatedfrom1958until1967.Itwasa simpleruggeddesignof a tubulartower,3 bladesandtipbrakesand
hadall theingredientsof thelatermainstreamDanishwindturbines.Thenextin theearly1960’swasthea
100KW plantof Prof.Huetter(Stuttgart,Germany)with34metersrotordiameter—a twobladed,teetered
rotorwithhightipspeed.ThesemachinescouldbeconsideredastheprototypesofmodernWTGSS.

1.4 Development in Wind energy technologies and markets since 1973

The firstoil crisis led 1973to a resumptionof researchanddevelopmentactivitiesin thefield of
windenergy:Sincethenmoderngridconnectedwindturbineshavebeeninstalledinmorethan50countries
aroundtheworld.Early installationswerepredominantlyin industrialisedcountries.Largeplantswithmore
than50meterrotordiameterand1Megawattnominalperformanceweredesignedforelectricitycompanies
andfortheprivateoperatorssmallerWTGSSwith10to 15meterrotordiameter.IntheUSA 1975theMOD-
0windpowerplantwith38metersrotordiameterand100KW nominalperformancewaserectedbyNASA,
followedin 1979bytheMOD-1 with61meterdiameterand2000KW. Thesetwoprototypeswerethebasis
for the 1987constructionof thebiggestwindpowerplantof theUSA, theBoeingMOD-5bwith97meter
rotordiameterand3.2MW poweroutput.This planthadtwometalrotorbladesthatwereprovidedonthe
perimeterwithflapsforthepowerregulation,similartotheseusedintheaeroplaneconstruction.As a result
of the flaps a contortionof the entirerotor could be avoided,allowingthe two rotor bladesto be
manufacturedin onepieceandinstalledona commutinghub.Duetotechnicalproblemsnonof thesethree
prototypesreachedseriesmaturity(Hau,1996;Thomas,1976;Gasch1991).

The constructionof vertical-axisturbineswas furtherdevelopedin Canada:1988a DARRIEUS
rotorwith4.2MW powerwasinstalledthatholdstheworldrecordingeneratorperformancesincethenand,
additionally,reachedahightechnicalavailability(95percent)in thefirsttwoyearsof operation.Becauseof
thehighcostthisdevelopmentwasnotfollowedupuntilnow. Also in Swedenmegawattgeneratorswitha
relativelyhightechnicalavailabilitywereinstalled.ThefirstSwedishprototypewastheMAGLARP WTS 3
with78meterrotordiameterand3MW performance,followedby thetwoAEOLUS plants,AEOLUS I



with2MW anda rotordiameterof 75metersandAEOLUS IIwith3MW and 80meterrotordiameter
(Molly, 1990).In Germanyof the 1980's,startingfromthe 100KW HUETTER machinewitha rocking
suspensionof a two-bladedrotorin theleeof thetower,a 3MW turbinewith100meterrotordiameterand
100metershubheightwaserected.This generatorwasnamedGROWIAN (=“GroBeWindAnlage”)and
completedonly420hoursinoperationduetomaterialfatigueof somecomponentsof therotorteeteringhub
andwasdemolishedin spring1988.In1989withtheMONOPTEROS 50thefirstlargersinglebladeturbine
with a rotor diameterof 56metersand a nominalpower of 640KW was erected.The goal of this
developmentwasto lowerthecostsby reducingmaterialexpenditurefor therotorbladeandby decreasing
thetranslationof thegear(single-bladedrotorscanreachessentiallyhigherspeedsas two-or three-blade
rotors).However,withincreasingspeedof thebladetips thenoiseemissionincreasesto the5thpowerof
speed,single-bladedrotorscouldnotsucceed.Anothermegawattplantfollowedin 1990withtheWKA60 of
60metersdiameterand 1200KW power,howevernoneof thesehad any effectson thecurrentWTGS
market(Hau,1996;Molly, 1990;Gasch,1991).

In Nordjfitland,Denmark, two medium-sizedinstallations,,NIBE A “and ,,NIBE B“ were
constructedin 1979and1980.Theirdesignwasbasedon theGEDSER turbine,erectedin 1957.Theyboth
had40meterrotordiametersand630KW power,butdifferedin thecontrolmechanism:oneunitcould
changetheangleof attackof theentirerotorblade,theotherunitcouldonlyvarytheangleof attackof the
bladetips in twopositions.This bladetip regulationis in fact cheaper,but producedlessenergyyield.
However,a comparisonof bothsystemsdidnot leadto a preferenceto oneof eitherconstructionprinciple
(Molly, 1990).

As earlyas 1977ona privateinitiativeof studentsinDenmarka 2MW plant,theTVIND mill,with
a 54meter rotor diameterwas built. It provideda pronouncedimpetusfor the Danish anti-nuclear
movement.But onlyconsiderablylater,in 1988,wasanother2MW plant,theELSAM-2000with61meter
rotordiameterinstalled,fimdedby the Danishgovernment.At the end of the 1970'sfrom small - and
mediumsized enterprisessmallerunitswith up to 15meterrotordiameterweredevelopedfor private
operators,all basedontheprincipleof theGEDSER design:This principleknownunderthename,,Danish
concept“marksWTGSSwithhorizontalaxis,wind-wardsiderotorwiththreeGFK-bladesona stiffhuband
with constantrotationalspeedpropellinga network-connectedasynchronousgenerator.The drive train
consistsof standardcomponents(gear,brake,clutch,generator)in linearorderon a machinebearer.The
windwardorientationtakesplacewitha yawmotor,thepowerrestrictionby flow separationat therotor
bladesandtheprotectionagainsthighwindsbymechanicalandaerodynamicbrakes(Gasch,1991).A more
extendedoverviewof theaboveoutlineddevelopmentis givenforexampleinQuartonetal.(1998).

Inthepastandpresentlydifferentmarketregulation,marketstimulationanddevelopmentincentives
areofferedby governmentsaspoliticalinitiativesto promotewindenergyusage.ThustheFederalPublic
UtilityRegulatoryPoliciesAct (PURPA)of theUS. Carter-Administration,passedin 1978,ledespeciallyin
California to the developmentof a market,wherea guaranteewas given for independentlyproduced
electricity,providingfavourableregulationfor feedingintothegrid andfiscal relief for theoperatingof
WTGSS. From 1982Danishcompanies,like VESTAS, could installthousandsof VESTAS-VlSs with
15meterrotordiameterand55KW performancein theTehachapiMountainsandontheAltamontPass,the
locationsof the largestCalifornianwind farms.The largeturbinesfromtheaeronauticsindustry(Boeing,
MBB, DORNIER) mostly failed due to technical or financial problems,but the Danish WTGS
manufacturershadrecognisedthedemandsof themarketandtookontheleadingrole in theworldmarket:
From 18,000erectedWTGSS in Californiathatwereerecteduntil 1990(total-performance1500MW),
45percentcamefromDenmark(Hau,1996;Gasch,1991).Butafterthisboomthegrowthofwindenergyin
Californiawasnotsustainedneitherwasanydevelopmentelsewherein theUSA andonly in 1997theUS
marketwasstartingtore-emerge.Incontrast,therehasbeenstrikingdevelopmentsin Europemarketsas in
Germanyin theearly1990’swherearound200MW of windpowerwereinstalledperannum.Sinceshown
in a studyby theEC of 1988thattheadvantagesof a promotionof theoperatorinsteadof themanufacturer
and additionally,thatmoreeffectiveplantsshouldget biggermarketodds, a supportof EU 0.03 per



generatedKWh wasguaranteedby the250MW-Programme(startedin 1991)By thisbuybackpolicyand
othermeasuresthe use of wind energyin Germanyboomed,and the annualinstallationhad reached
150MW in 1993,309MW in 1994and509MW in 1995(Energiewerkstatt,1993).This increasewasdueto
the enlargementof the generatorperformancefrom250 to 500/600KW, but in the followingyearsthis
generatorperformancewasquicklyraisedupto5MW andevenlargerareplanned.

Globalwindpowercapacityinstalledby theendof 2003wasin totalAmericas6905MW, in total
Europe29301MW, totalSouthon EastAsia 2707MW, totalOECD Pacific 1083MW, totalAfrica 211
MW andtherestof theworld95MW (RenewEnergyWorld,Rev. IssueAug.2004).Indiahasa capacityof
about46GW fromwhich2,125GW arealreadyusedin 2003(BTM report2003)beingthe5"[1largestwind
powerproducer.InChinathetotalpotentialof windenergyis estimatedwith3226GW fromwhichabout
253GW canbeusednot includingoffshorepotentials.The highestwindenergyresourcescanbe foundin
InnerMongolia.

Greatprogresswasmadeinthelastyearsin theoffshoreinstallationswhereEuropeleadsthewayin
offshorewindfarmdevelopment.Until theendof 2004thereexistin Europe326offshoreinstallationswith
604,46MW installedcapacity.The firstwind farm in EuropeanwatersunderoperationwasVindeby in
Denmarkwitha ratedcapacityof 4,95MW from11turbines;thelargestis buildin HornsRev, Denmark,
with160MW ratedcapacityfrom80turbines.The situationis changingveryrapidly,withnewinstallations
beingcommissionedall thetime.The goalsareambitious.Denmarkplansfor4000MW of offshore-based
powerby 2030,whichshouldmeetsome40%of nationaldemand.The UK plansfor 2600MW offshore
capacityby 2010.InSpainaroundCapeTrafalgar6 largeoff-shorewindfarmsareplannedwithanoverall
capacityof 2563MW.

The futureprospectsforwindenergyexploitationaredescribedin a Greenpeacestudy(Windforce
12,2005).The aimof thisstudyhasbeento assessthetechnical,economicandresourceimplicationsfora
penetrationof windpowerintotheglobalelectricitysystemsequalto 12percentof totalfuturedemandand
whethersucha 12percentpenetrationmightbe possiblewithintwodecades.Inthis 12percentscenarioa
carbondioxidereductionduetotheuseofwindpowerwill amountfrom13.3milliontonnes/yearin 1998to
1.780milliontonnes/yearin 2020whichgivesa cumulativereductionof 10.650milliontonnes/yearuntil
2020.

Wind powerutilisationcontinuesto growfurtherrapidlyandit is assumedthatthisrapidincrease
will go on so thatin 2035(afterBTM Consult,ApS, Denmark,2005)10%of totalelectricityconsumption
(=1.9TW) will becoveredbywindenergy.Afterapressreleasefrom17August2005issuedby theGlobal
WindEnergyCouncil(GWEC) theglobalwindenergymarkedwill doubletoa$25billionperyearby2010.
The totalcapacityof globalwindpowergrewto almost48GW during2004.Europemaintaineditsroleas
the largestwind power continentin 2004 with 73% of all new installation.Asia registeredstrong
developmentmainlydrivenby themarketsin China,IndiaandJapanandaccountedfor20.2%.Mostof the
capacityinEuropehasbeeninstalledincountrieswhichhavesetup legallysecuredconditionsforrenewable
energies(Germany,Spain,Denmark,Austria).Inthe1990andthefirstyearsof 2000manyprojectswhich
fulfilledsomelowestlimitforeconomicoperation(forCentralEuropeanconditionstheseare400hours/year
with full loadand220W/m2of sweptrotorarea)havebeensponsoredby manyEuropeangovernments.
However,thesemeasureshavebeenrevokednowin mostcountriesarguingthatthiskindof greenenergy
canalreadycompetein thecommonmarketfor energy.Industrystatisticsreleasedfor theEU windenergy
marketshowthatcumulativewindpowercapacityincreasedby 20%to34205MW attheendof 2004,up
from28568MW at theendof 2003andthewindpowermarketincreasedby 4%in thisyears.The two
largestproducers,namelyGermanyandSpain,haveherea shareof cumulativewindenergycapacityof
16629MW and8 263MW respectively.China hasby theendof 20041292WTGSS withaccumulative
installedcapacityof 764MW. TheseWTGSSaredistributedin 43windfarmsin 14provinces,autonomous
regionsandcities.Intheyears2000-2004theaverageannualrateof growthfor installedWTGSSwas22%
andtheratefor accumulatedinstalledcapacitywas36%(basedon thedataof theendof 1999).According
to the informationfromtheStateDevelopmentandtheReformCommissionof Chinatheaverageannual
growthrateof installedWTGSSwill be30%andaccumulatedinstalledcapacitywill reach4000MW until
2010.From2010to 2020therateof increasewill be 20%andthecapacitywill reach20 000MW until
2020.



Butthepenetrationofwindpowerof theworld‘selectricitysupplyis stillverylow,soattheendof
2004it reached0.54%(AWEA, 2005)andtheendof 20050.57%(BTM ConsultApS, 2005).The main
barriersto largescale implementationof wind powerare the perceivedintermittencyof wind and the
difficultyin identifyinggoodwindlocations,especiallyin developingcountries.Inthefirstcasea solution
maybea linkingof multiplewindfarmstogetheroverawideareatoreducespatialandtemporalcorrelation
ofwindspeedsandin thesecondcaseahighresolutionglobalassessmentofwindenergypotentialsstillhas
tobecarriedout.



2 SOME TECHNICAL ASPECTS OF WIND ENERGY UTILISATION

Utilisingwind energyentailsinstallinga devicethatconvertspartof the kineticenergyin the
atmosphereto,say,mechanicallyusefulenergy.This kindof conversionofwindenergyintothemotionof a
bodyhasbeeninusefora longtime.Almostanyphysicalconstructionthatproducesanasymmetricforcein
awindflowcanbemadeto rotate,translateoroscillatetherebygeneratingpower.Howthisworksis shown
inthenextsections.

2.1 The power of a moving air mass

Ifabodyofmassmmoveswithspeedv ithastheenergy

1 2(2.1) E = :2—mv

The massof air for a givenvolumewithknownair densityp (theheightdependencyof p is treatedin
paragraph3.1)is:

(2.2) m= ,0.V

ThevolumestreamingthroughtherotorcircleF ispertime-unit

(2.3) V = F.v

Figure2.1:MassflowthroughasurfaceF (Gasch,1991)

FromEq.(2.1)toEq.(2.3)thepowerof theairperunittimeresultsin

an P=%pfiF



2.2 The power of an ideal WTGS

Iftheoverallpowerof a givenwindvectoris known,thequestionariseshowmuchpowercanreally
beextractedfromit.Itis clearthatif aWTGS achievesnodecelerationof theairflowtheextractedpoweris
zero.If theairflowwereto stopattherotorlevela followingairparcelcannotblowthroughtheconverter
butonlyflowaroundit. This resultsagainin a performanceof zero.Betweenthesetwoextremesthereis a
rangewithinwhich the extractedpowerreachesa maximum.For the estimationof this maximumthe
followingshouldbevalid:Firstly,theairshouldberegardedasincompressible,whichis approximatelytrue
forwindspeedsbelow100m/sec.Secondly,theconvertershouldnothaveanyaerodynamicormechanical
losses,a so-calledidealWTGS (Hau,1996;Molly; 1990,Gasch,1991).

Figure2.2:Flowthroughanidealisedwindturbine(Gasch,1991)

Markingthepropertieswiththeindex1onthewindwardsideof theWTGS, withtheindex2 those
in theconverterlevelandwiththeindex3 thoseontheleewardside,theextractableenergyfluxorpoweris
givenby

(2-5) Pextr=Pl_P3 =%P(F1V13—F3V33)

Inconsiderationof thecontinuityequationforanincompressiblemedium

(2.6) Flv1= sz2 = F3v3

onecanexpressF3bysubstitution:

1
(2-7) Pexzr: EpFlVI (V12—V32)

In this equationF1 is unknown,becauseonly the surfacefacing againstthe wind is known.For the
modificationof Eq.(2.7)the factthatthe forceactingon theconverterbeingthesameas thatwhichthe
converterexertsonthemovingairmasscanbeused(Molly, 1990).Theextractablepoweristhen

(2.8) Pextr= sz
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with

(2.9) S =m(v1—v3)= ,on1 (v1—v3)

SettingEq.(2.7)equaltoEq.(2.9)it follows

1
(2.10) v2=E(v1 +v3),

whichis knownastheFroua’e-Rankine’theorem(Gasch,1991).ConsideringEq.(2.6)theextractablepower
resultsas:

l
(2.11) Pm,=2.0173(1)]+v3)(v12-V32)

DividingEq.(2.11)bythepower

1 3(2.12) P =5,0sz1

therateof effectiveextractablepowerof theWTGS, calledthepower-coefficient,yields

P 1
2.13 c = ex”=—1—x2 1+x,( ) p P 2( )( )

with x = v3/v1.Inordertodeterminethemaximumof cp,thefirstderivationof 0,,withrespecttox mustbe
setto zero and thenx determinedfrom this, introducingthis resultintoEq.(2.13)we getthe so-called
maximumpower-coefficient:

16
2.14 =— = 0.5926( 8') cpmax 27

1
(2.14b) v30!”=3121

(2.14c) vzop,=évl
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Figure2.3:Thecourseof thepower-coefficientwithrespecttotheratioof thevelocitiesin frontand
behinda rotor,x= v3/v,(Hau,1996)

The maximumpowerdensitythatcan be extractedby a WTGS from the wind flow will be
consequentlyata maximumat 59.26percent(Figure2.3)of theactualgivenwindpower.For comparison
caloricpowerplantshaveonlyanefficiencyof about30to40percent.

2.3 Aerodynamic concepts for power extraction

2.3.1 The aerodynamic drag

The utilisationof theaerodynamicdragrepresentsthe oldestformof extractingpowerfromthe
wind.Each surfaceF, standingverticallyin theflow,experiencesa forcewhichis equalto thedragof the
surfaceoppositeto thatflowandwhichactsin theflowdirection(Molly, 1990;Gasch,1991).This forceis
proportionaltoF, totheairdensityandtothesquareof thewindspeed:

(2.15) W=c ngzW

ThefactorCwis calledthedrag-coeflicientandquantifiestheeffectsfromtheformof theresistancesurface.
InTable 2.1thedrag-coefficientsof differentbodiesarelisted:

Table2.1:Thedrag-coefficientsof differentbodies(Boeswirth,1993)

BOdy Cw

Hemisphericcup,openoppositetothecurrent 1.33
Hemisphericcup,withsurface,oppositetothecurrent 1.17
Hemisphericcup,withsurface 0.40
Circulardisk 1.11
Rectangularstrip,w :h=4 1.19
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For a rotatingsystemof resistancesurfaces,whichis affectedonlyhalf-sidedby theflowanupwindspeed
resultswith

(2.16) vrsz—u2vw—wr

where12,.is thewindspeedandu therotationspeedof theouterpartsof theresistancesurfacerotatingwith
theangularvelocity (0andanaverageradiusr. For thedragforceWitcanbewrittenthereforeas

(2.17) W=cw§(vw —u)2F

Theaveraged- in realityslightlypulsating—propulsionpoweris then

and0,,

(2.19) cp =cw(1——u-)21
vw vW

Figure2.4:Flowconditionsandairforcesforaerodynamicdrag(Hau,1996)

The ratio u/vw=2. is generallycalled tip-speed-ratioof the WTGS. It is obviousthatwith
convertersbasedontheaerodynamicdragprinciplethistip-speed-ratiomustlie betweenzeroandone.The
optimalpower-coefficientis givenwith xi=1/3,hence

(2.20) cm“ 2 547%
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Assumingamaximumcw= 1.33(openhemisphereinflowdirection),themaximumpossiblepower-
coefficientamountsto cpmax= 0.197.Butwhenconsideringrealmachinesthesurfacesof thecoveredhalf-
sideexperienceadragforceproportionaltotherotationspeed,thepower-coefficientis furtherreducedandit
becomesclearlyevident,whythisprincipleplaysnocurrentroleintheexploitationofwindenergy.

2.3.2 The aerodynamic buoyancy

Alreadyby the18thcenturypower-coefficientsfromtheDutchWindmillsreached0.28andpresent-
dayplantshavepower-coefficientsupto 0,0= 0.5. Theprinciplebywhichsuchhighefficienciesarereached
is aerodynamicbuoyancy.Similartoflowdragit is proportionaltotheairdensity,thesurfaceandthesquare
of the flow velocity. The buoyancyA acts perpendicularto the flow direction(Boeswirth,1993;
Schlichting,1967)

a(2.21) A = c ngz

ca isnamedthelift-coefficientandis dependentontheangleof attack a (theanglebetweenthesurfaceof
therotorplaneandtheflowdirection).For aflatplatethusit is valid:

(2.22) ea(or)= 27:sina

Mostaerodynamicallyformedprofilesfromaeroplanedesignreachhigher ca valuesbecausethey
possessa curvaturethatreinforcesthebuoyancy.Thedrag-coefficientsof theseprofilescomparedwiththe
lift-coefficientareverysmall:goodprofilesreacha lift-dragratio 3( = ratioof cato cw)of over150.The
pointof attackof theforcelies for smallanglesapproximatelywithinonethirduptoa quarterof theblade
depth.The lift-coefficientwith largeranglesof attackdeviatesmoreandmorefromthetheoreticaloneas
given by Eq.(2.22).If the angle of attackis largerthan a profile-specificthresholdthatusually lies
approximatelyaround15degrees,it decreaseswithlargerangles.The dragincreasesin thisrangegreatly:
By thestrongslantedpositionof thesurface,theflowovertherearcannotmaintaina regularform,bigger
whirls are formed, leadingto a separationof the regularflow from the surface.This condition(see
paragraph.5.1.4)is calledflow-separationorstall(Boeswirth,1993;Schlichting,1967).

To showthefunctionfor themostimportantgroupof WTGSS, (thebuoyancyusingturbineswith
horizontalaxis) in the followingthe distributionof forceson a rotatingrotorbladewith radiusR is
discussed.Firstly,we considera cross-sectionof the rotorbladeat a distancer from the rotationaxis
(Gasch,1991).Becausethebladerotatesthewindspeedis supplementedby thecircumferencespeedtothe
resultingupwindspeed.How this takesplace is shownin Figure2.5 wheretheangleof attackfl (with
respecttotheaxialdirection)canbeestimatedverysimplyfromthetip-speed-ratio:

3 r
2.23 tan =—/1-( ) fl 2 R



14

B

C
| v

I
C I l w; l

‘kr u“)w \<:— buoyancy
dr / l

resistance

Figure2.5:Air forcesinthewingpathplane(Gasch,1991)

For thisangletheforcescanbedeterminedin axis- andin rotationdirection.The forcein axisdirectionis
theshearstressa’Sonthesurface,theforce dU intherotationdirectioncausesapowerreduction:

(2.24a) a’U = €62 (cacosfl —cwsin ,6)a'r

(2.24b) dS = €62 (casin ,6—cwcos,B)dr

Two importantresultscanbederivedfromthis:Firstly,windturbinesbasedonthebuoyancyprinciplecan
reachtip-speedratios2.> 1.Presently,rotorswithhightip-speedratioreacha2 between5 and10.Because
theforceof theair dependson thesquareof theflow speedit is clearwhybuoyancyusingwindturbines
reachessentiallyhigherpower-coefficientsthanaerodynamicdragusingtypes.Secondly,thefastertherotor
bladesrotate,thelargertheanglef3becomes.Becausethelift-coefficientismultipliedby thecosineandthe
drag-coefficientby thesineit followsthatrotorbladesfor highrotationspeedsmusthaveprofileswitha
favourablerelationshipof caandcw(Hau,1996;Molly, 1990).

To reachtheoptimalrangeof attenuationof theair in therotorcircleplane(andwithit optimal
powerextraction),eachwingsectionmusthaveanexactlydefinedbladeshapeandangle.Accordingly,if
thespinof theairflowingawayistakenintoaccount,ornot,onespeaksof Schmitz’sorBetz’sdesignof the
rotorblades.AfterSchmitzthecordlengthof aturbinewithn rotorbladesis

(2'25) tschmitz=flSin2(la1)l ; With a1 = tan—1(3)
ca 3 n r/i
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Figure2.6:Comparisonof thedimensionlessrotorbladedepth(t)afterBetzandSchmitz,withreferenceto
thelocaltip-speedratio(Gasch,1991)
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Figure2.7:Angleof attackorintherotorplainwithandwithoutregardtothespinwithreferencetothelocal
tip-speedratio(Gasch,1991)

ThatWTGSScannotreachtheBetz'sefficiencyhasthreeaerodynamiccauses(besidetheelectrical
andmechanicalones):The lossesdueto theprofileresistance,theedgewhirlsatthebladetipsandthespin
thatis inducedby therotationin theairflowingaway.Theprofilelossesaredirectlyproportionaltothetip-
speed-ratioandindirectlyproportionaltothelift-drag-ratio8of theprofile.

(2'26) {profil: -

The lossesatthebladetipsdecreasewithincreasingnumberofbladesandtip-speed-ratio.
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(2.27) a. =1—(1— )2

Forhightip-speed-ratios,andastheyareusually two- andthree-bladerotors,thiscanbesimplifiedto:

1.84
(2.28) (tipR”Z
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Figure2.8:Thepower-coefficientafterBetz(without)andSchmitz(withwakespin).Thehatchedarea
representsthespinlosses(Gasch,1991).

The spin lossesbecomemoreinferiorwith increasingtip-speedratioandfor x1>5 they lie under
10percent.Generallyin high-speedWTGSS thepower-coefficientis almostonly reducedby the profile
drag,in low-speedturbinesonlybythewakespin(Molly, 1990;Gasch,1991).

A WTGS hashowever,asalreadymentioned,notonlyaerodynamiclosses.Therotorgivesitspower
to aworkingmachine,for examplea pumpor a generator,whichalsocausesa lossin performance.Beside
thisfurtherlossesoriginatefromthebearingsof theaxis(Franquesta,1989).

To illustrateall thisinformationaboutbladedepth,angleof attackandefficiency,thedataof a rotor
with4 bladeswithaClarkY-profileandplainundersidearegivenhere:

Table2.2:Designandgeometricaldataof a smallwindwheel

ROTOR 4.4

Diameter 3m
Numberof theblades 4
Tip-speed-ratio 4
Profile ClarkY
Profilethickness 11.7%of thewingdepth
Cord length,outsideradius(r=R) 0.149m
Angleof attack,outsideradius 9.4°
Cord lengthinsideradius(r=0.1*R) 0.389m
Angleof attackinsideradius 42.4O
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A quintessentialpointis thecalculationof thepower-coefficientin relationto theactualtip-speed-
ratio.Inthecaseof couplinga rotorwitha generatortherotationalspeed,whichcorrespondstothedesign-
tip-speed-ratio,is usuallyreachedonlyata certainwindspeed.Aboveandbelowthisspeedtherotorblades
arenotin theoptimaldirectionof air flow,resultingin a lowerpower-coefficient.Sucha CPAcurvefor the
Rotor4.4is representedinTable2.3.

Table2.3:Thepower-coefficientandthetip-speedratiodependentontheangleofattackof theflow

Angleof attack 0° 2° 4° 6° 8° 10° 12° 14°

Tip-speedratio?» 7.19 5.41 4.57 4.00 3.54 3.21 2.96 2.51
Power-coefficientcp .295 .352 .370 .375 .364 .349 .329 .292

The rotorhasa maximumpower-coefficientof 37.5percentatthedesign-tip-speedratioandfor a
widerangein angleof attack(between2° and10°)a power-coefficientover35percentis reached.These
valuescan indeednot be reachedby largeWTGSS, since the rotorworkswithmuch lowerReynolds
numbers.

0 2 I. 6 a 10 12 11.7,

Figure2.9:Thetorque-coefficientsforrotorsof differentconstruction(Hau,1996)

Fromtheop),curveforeachwindspeedthepowerandtorqueata rotationspeedof therotorcanbe
determined.Fromthetorquecharacteristicsanotherdifferencebetweenlow-speedandhigh-speedWTGSS
becomesevident:Low-speedoneshaveonly a verysmalltorque-coefficientin thestart-upphase(it= 0),
whichis inverselyproportionaltothesquareof thetip-speedratio(Franquesta,1989):

1
(2.29) cmOz 217
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Low-speedWTGSS withmanyblades(highareacoverage)are thereforeusedmostlyto drivea
pistonpumpforwaterpumping,becausein thiscaseahightorquein thestartphaseis required.Rotorswith
a high tip-speedratioare used in the generationof electricitybecausethesegeneratorsshowvery high
nominalrotationalspeedswitha lowgeartranslation,resultingina lowweightof thenacelle.For thetorque
requiredin thestartphase,eithertheangleof attackis changedor therotoris broughtfirstlyintoa high
rotationalspeedandthenbymeansof aflyballcouplingconnectedtothegenerator(Franquesta,1989).

The aerodynamicprincipleforpoweroutputis notonlyrestrictedtothegroupof thehorizontalaxis
WTGSS.Therotorswithverticalaxishaveseveraldifferentdesignswhichcanreachahighertip-speed-ratio
than1andconsequentlyusethebuoyancyprinciple.For exampletheSavoniusrotorconsistsof twocurved
surfaces,whichareinstalleddisplacedagainsteachinoppositionbetweentwoplates.Theadvantagesof this
rotortypearetheeasystart-up,operationatlowwindspeedsandindependencefromthewinddirection.The
disadvantagesare the high materialexpenditureand the low efficiency.So an in-seriesmanufactured
Savoniusrotorwith500KW reachesonlyanefficiencyof 9percent.A higherefficiencyis reachedby the
Darrieusrotorwhich is build like a "whisk"- or in H-form,the latterwithstraightbladesdevelopedby
MusgroveintheUK (lateradoptedin adirectdrivedesignofHeidelbergMachine).Thedisadvantageof this
rotoris thatit is notself-startingandonlydeliversanusabletorqueathighrotationspeed.Neverthelessthe
simpledesignof Darrieus-typerotorsled to severalcountriesexperimentingwith them.Problemswith
resonanceeffectsandtheinferiorenergyyieldduetothepositionof therotorin lowwindspeedzonesnear
theearthsurfaceresultedintheseverticalaxisrotorsrarelybeingbuilt(Molly, 1990).

AnotherverticalaxisrotorusingthebuoyancyprincipleistheGiromill,aH-shapedrotorwithcyclic
angle-of-attacksteeredrotorblades.In fact this designreachesevenhigherpower-coefficientsthanthe
Darrieusrotor,buttheadvantageof independencefromwinddirectionis tradedforthespecialkindof angle
steeringrequired.

2.4 Conversion of kinetic energy into other energy forms

Sincethemechanicalenergyof therotorhasonly limitedpossibilitiesin directapplications(e.g.for
grindinggrain,waterpumping)it is changedmostlyintoanotherenergyformsuchas heat,potentialand
electricalenergy.

2.4.1 Heat

Windenergyis convertedintoheatbymeansof aneddy-stream-brakein a liquidmedium.Because
thisprocessis a fluid-mechanicalone,thepowercharacteristicof theworkingmachineis identicaltothatof
therotor,whichenablesavirtuallyloss-freeconversion.Disadvantagesof thiskindof heatproductionresult
fromthesituationof themediumtobewarmed:Firstly,itmustbe locatedon thegrounddueto itsweight,
whichmakesit necessaryfor thehorizontalaxisrotorsto havea powertum-roundgearanda longshaftin
themast.Secondly,withheatconductionbig lossesare inherent,so proximityto theconsumersmustbe
given.This leadstooptimallocationswithwindenergypotentialoftennotbeingutilised.For thesereasons
and also on the basis of the advantagesof alternatives(bio-mass,sun-collectors)this kind of energy
conversionishardlyinuse.

2.4.2 Potential energy

Increasinglyimportant,especiallyin thedevelopingcountries,is theconversionfromwindenergy
intopotentialenergyforpumpingwater.Severaltypesof applicationcanbedistinguished:Drinkingwater
supply(for animalstoo),irrigationanddrainage.Anotherdifferentiationcanbemadeon thebasisof the
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locationof thewaterto be pumped.The hydraulicperformanceis proportionallyto theoutputM andthe
heightH (e.g.forpumping)namely:

(2.30) Phydr= gHMpw

pwdenotesthedensityof thewaterandg theaccelerationdueto gravity.This meansthatwiththesame
power,eithersmalloutputsfromdeeplocations(groundwater)or big outputsfromnear-surfacelocations
canbeachieved.

Whichwindgeneratorinwhichapplicationisuseddependsontheworkingmachine,inthiscasethe
pump.Whilepiston-pumpingusingslowup- anddownwardmovementof theplungercanpumpwaterfrom
upto300meters(typicalexampleis theWesternMill), quicklyturninggyroscopepumpscanworkonlyover
aheightof 10m.

A disadvantageof theconversionintopotentialenergyis againthelinkingof theWTGS siteto the
wateroccurrences,whichis thereasonwhy somewindpumpsystemsuseanelectricalenergyconversion
unit(Gasch,1991).

2.4.3 Electric energy

Theconversionof rotationalmovementintoelectricityusuallytakesplacewithgeneratorsof various
designs.The electricalenergyis fed eitherinto the existingelectricgrid (neMork-parallel—solution)or,
independentlyfromthegrid,is directlyusedoraccumulatedin somekindof storage(island-solution).

Inthelattercasethesupplysecurityof thesystemis of greatimportance.Becauseof thestrongly
fluctuatingwindenergypotentiallargestoragecapacitiesmustbeestablishedto attaina supplysecurityof
100percent.Thesestoragecapacities,in mostcasesbatteries,in rarecasesflywheels,arenotcompletely
ecologicallyharmlessin productionandraisethecostspergeneratedKWh considerably.ThereforeWTGSS
in islandsolutionsareusuallylinkedwithphotovoltaic(PV) units,or dieselgenerators.Islandsolutions
oftenworkasawind/dieselcombinationwithconstantfrequencyandwithvaryinggeneratorstoa PV/wind
compoundsystem.

In thenetwork-parallel-solution,onedistinguishesdirectand indirectfeedingintothegrid:Direct
feedingis allowedif thecurrentof thegeneratoris delivereddirectlyintothegridatconstantfrequencyof
50Hz (Europe).Indirectfeedingis possibleif a direct-currentconverterexistsbetweengeneratorandgrid,
i.e.thegeneratorcurrentis rectifiedandthenreshapedintoanalternatingcurrentwithconstantfrequency.In
thiscasea constantfrequencyatthegeneratoris notnecessaryandoperationwithvariablerotationalspeeds
is possible(Molly, 1990).

Advantagesof indirectfeedinginto the grid are thehigheraerodynamicefficiencyof the rotor,
whichcanoperateovera widerangeof designtip-speed-ratios,disadvantagesaretheadditionalexpenses
andlossesduetothefrequencyconversiontechnique.AlthoughthenumberofWTGSSwithindirectfeeding
intothegrid is increasingrecently,stillmostinstallationsarefeedingdirectlyintothegrid.Becauseof the
necessityof anapproximatelyconstantrotationspeed,whichis onlyreachedata certainwindspeed(where
thedesign—tip-speed-ratiois reached),theunitworksin all otherspeedrangeswithpoorerefficiency.To
widentheoptimalperformancerangemostdirectlyfeedingturbinesoperateaseitherahigh—ora low-wind
speedgeneratororapole-changinggenerator(Hau,1996).

A varietyof designsareusedfor electricalgenerators.InsmallerWTGSSmainlyfor theloadingof
accumulatorsgeneratorswithpermanentmagnetsarein usesincethesecangenerateelectricityevenif the
accumulatorsare completelydepleted.Beside the synchronousmachinesin rarer casesdirect-current
generatorsareused,theserequireno rectifierbuthavea highermaintenanceexpenditure(thevoltagemust
be takenfromthecollectorwith slip rings).An importantcharacteristicof generatorsis thenumberand
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orderof thepoles.Whenthespool is withinthemagnetfield, onespeaksof an externalpole generator,
whichhasthedisadvantagethatcurrentis collectedoverwearableslip rings.For internalpolegenerators
withpermanentmagnets,or in generatorswithelectromagnetsonly a lowpowertransferby slip ringsis
necessary.The largerthenumberof polesthemoreoftenthecurrentchangesitssign in onerevolution.To
attainthegrid frequencyof 50Hz witha greatnumberof polesa lowergeneratorspeedis required,which
enablestherotorto drivethegeneratordirectlywithoutgearing.This gear-lessconceptis usedmostlyin
smallerunitsbutcanbefoundin largesingleplantstoo.The disadvantagesarethehighweightandcostof
thegenerator,theadvantagesaretheloss-freetransferof powerfromtherotortothegeneratoraswellasthe
lackof noisepollutionandlackofmaintenance-intensiverotatingparts.

Unitswithdirectgrid-feedinghaveeithersynchronousormoreoftenasynchronousgenerators,while
in theindirectgrid-feedingunitsbothvariantsareapproximatelyequallyoftenapplied.This canbejustified
by thefactthatsynchronousgeneratorswithdirectfeedingcanbedisruptedby stronggustsduetotheexact
gridsynchronisationrequired,andleadsto infringementof thetiltingmomentwhichcanresultin stalling.In
contrast,theasynchronousgeneratorcanstandsmallrotationalspeedfluctuations,thatresultsin a simpler
gridsynchronisation.Furthermore,thiskindof generatoris simpleandinexpensivebut itsdisadvantageis
the needfor powerto inducethemagneticfield thatmustbe takenfrom the grid or reactance-output
condensers.

2.5 Power curves of real wind turbines

To forecasttheenergyyieldfromaWTGS thepowercurveisusedasthetechnicalcharacteristicfor
evaluationof the availablepower dependenton the wind speed and other relevantmeteorological
parameters.Sincetheworkingmachine,includinggearsandbearingshasacertainresistanceagainstrotation
andasunitswithhightip-speed-ratioshowa lowmoment-coefficientwhenstill,WTGSS beginto operate
initiallyfroma certainminimumwindspeed,theso-calledcut-inwindspeed.This speedis definedby the
technicaldesignandisbetween3 and5m/sec.Withincreasingwindspeedthepoweroutputof grid-feeding
WTGSS show their strongestincreaseat 1.4 to 2 times the averageannualwind speed(Hau, 1996;
Franquesta,1989).Thepowerincreaseslowsupto theratedwindspeed(Vrated)atwhichtheratedpoweris
reached.Typical valuesof Vratedare for low-windunits 10 to 13m/secand for strong-windunits 14to
17m/sec.If theratedpoweris reachedtheoutputof theunitis limitedby a numberof controlsystemsto
preventoverloadof thegeneratoranddamageto thegearing.With furtherincreasingwindspeedtherated
poweroutputismaintainedapproximatelyuntiltheso-calledcut-outwindspeedis reachedandtherotation
of therotoris stronglybrakedor evenstoppedtoavoidtoohigherthrustloadingontherotorbladesandthe
tower.This cut-outspeedfor almostall grid-feedingunitsis at 25m/sec.Low-speedWTGSS, e.g.a very
smallaccumulatorchargerin the100W rangeoftenhavenocut-outspeed.As theseunitshavelowerblade-
tip-speedshaltingtheunitwill hardlycausea reductioninthethrustforcesonthemanyrotorblades.
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2.6 Control systems and yaw drives of WTGSS

For thenecessarylimitationof poweroutputfromWTGSSbeyondtheirratedperformancethereare
differentcontrolsystemsavailablebutthechoiceof pitchor stallcontrolis still a matterof discussion.In
smallunitsthetowerheadis ofteninstalledeccentricallybeforethemastaxisandheld in thewind in the
partial-loadrangebymeansof a spring.Abovetheratedwindspeed,thewindthrustpressestherotoroutof
thewindandreducestheeffectivesurfaceareafor powerproduction.Turningfromtheperpendicularinto
the so-called,,helicopter-position”allowspowerreduction.Biggerunitswithdirectfeedingintothegrid
oftenusetheeffectof stallingat therotorblade.Becausetherotoris strictlyboundto thegrid frequency
with constantrotationspeedfor increasingwind speedthe angleof attackof the rotorbladeprofile in
upwinddirection(seeparagraph2.3.2)is increased.If an angleof above15-20degreesis reachedflow
separationoccurs from the profile upperside togetherwith strongeddy development.From this the
resistanceis increasedstronglyandthepoweris reduced.Thegreatadvantageof thiscontrolsystemis thata
simpleconnectionof therotorbladeonthehubispossible.Forverybigunitsandunitswithindirectfeeding
intothegridusuallya blade-angleadjustment(pitch)is appliedforpowerlimitation.Throughthevariation
of the angleof attackand the resultingtip-speedratiothepowerand rotationalspeedis regulated.The
disadvantageof costliertechnicalregulationshouldbecomparedwiththeadvantagesof increasedefficiency
in thepartial-loadrangeandno additionalcut-outmechanismduringstorms.Withstall-regulatedunitsthe
cut-outduringstormsis by meansof aerodynamicbrakeslike adjustablebladetipsor movablespoilers.
AlmostallWTGSSwithstall- andpitchcontrol,havea secondarymechanicalbrakeforemergencies

The yawdriveof a WTGS withhorizontalaxiseithertakesplacepassivelyor actively.A passive
yawdriveis effectedby theattachmentof therotorin theleeof thetower,butforgeneratorswithhightip-
speed-ratioandlowareacoverageof therotor-circlesurfacethisprincipleonlyworksforamovingrotor.In
thecaseof stalleitherthenacellesidewallmustbeusedoranadditionalsurfacemustbeinstalledin thelee
of thetower.With thepositioningof therotoron thewindwardsideof thetowera passiveyaw driveis
possibleif awindvanewitha sufficientlylongleverarmisplacedin thelee.Thispossibilityis onlyusedat
smallerunits,becausetherequiredmaterialexpenditureis toohighfor largerWTGSS.Activeyawdrivewas
achievedpreviouslyby a slowerrunningwindwheelwithhightorqueattachedtothesideof thenacelle,that
startedto spinwhencrosswindcomponentsoccurredandtransferredthismovementby a wormgearto the
mountingringof thetowerconnection.Nowadaystheapplicationof anelectricsupportmotoris commonly
used,thatis triggeredby a smallwindvaneappropriatelymountedatthenacelle.The disadvantageof this
systemlies in thewind vane,whichcan for examplebe disturbedin its functionby icing (Hau, 1996,
Franquesta,1989).

2.7 Technical availability and life span of WTGSS

Underthetechnicalavailabilityof a WTGS oneunderstandstheratioof theactualoutputfromthe
converterto theextractableannualenergyyield.This ratioreachedin earlyinstallationsof theCalifornian
windfarmswasoftenonly 0.6butnowadaysthevaluereachesup to 0.98.The causesfor thetwopercent
lossin “mass-produced”WTGSS aremanifold.To gaina betteroverviewtheyaredividedintointernaland
externalcauses.Whereasthe internalfaultscauses(for examplefaultymanagementsoftwareor faulty
componentmaterial)arespecificfor certainWTGS-types,theexternalonesshowstrongsitedependence.
FromtheInstitutefor SolarEnergySupplyTechnology(ISET)attheUniversityof Kassel(Germany)the
followingtablewascompiled.
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Table2.5:Frequency(%)of externaldamagecausesfordifferentsitecategories(Energiewerkstatt,1995)

Region Grid-disconnection Lightening Icing Storm

Coastalarea(43%) 69 22 16 24
North-GermanPlains(36%) 8 21 19 29
Sub-alpinemountains(21%) 23 57 65 47

Of thefourmaincausesfor externalfaultsasgrid-disconnection,lightningstrikes,icingandstorm,
in thecoastalareaof NorthernGermanyup to twothirdsof grid-disconnectionwasresponsibleandicing
rarelyoccurred,whereasin theGermansub-alpinemountainsthemaincauseswerelightningandicing(c.f.
paragraph3.4.and3.5).

The life span can be dramaticallyinfluencedby lightning.Thereforeat presentthe following
lighteningprotectionconceptsareobserved:The useof a non-conductingrotorbladematerialwithoutan
additionallightningprotection,applicationof an aluminiumcap at thebladetopandan aluminiumband
alongthebladeedgeor applicationof a steelcapatthebladetipsandlightning-conductingcoppertissuesat
theotherbladesurfaces.

The firstconceptis technicallythesimplestandcheapestbuthasthedisadvantagethatby surface
contaminationandcondensationof waterconductivityon thebladesurfacecanbeestablishedandthenno
lightningprotectionexists.The secondconceptprovidessufficientprotectionfor thepartmostat risk,the
blade tip, howeverthe rest of the blade remainsunprotected.The third conceptprovidesthe highest
protectionforthewholebladebutisthemostexpensive(Dwenger,1995).

Inorderto reacha life spanof 20yearsormorea highstandardof durabilityof thecomponentsis
required.While for standardpartslikethegearingor generatorsthelongevitycouldreadilybeprovenfrom
reliableinformationof numeroustestsbutfortherotorbladesthisis rare.To reachhigherdurability,instead
of glassfibrea carbon-fibrereinforcedplasticcanbechosenwhichrequiresenhancedlightningprotection.It
is presentlyassumed,on thebasisof theeconomicinsecurity,thatthemaximumlife spanfor a unitis 15
years.
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3 METEOROLOGICAL PARAMETERS IMPORTANT FOR THE

SITIN G PROCEDURE AND THE LIFE SPAN OF WTGSS

The mainfactorsinfluencingthewindfield in theboundarylayerof theatmospherearethelarge-
scalegradientsof pressureandtemperature,theearthrotation,theroughnessof theearthsurface,thedaily
courseof stability,thedepthof theboundarylayer,horizontaladvection(of heatandmomentum),certain
meteorologicalconditionssuchascloudsandrainfallandtopographicproperties(influencingthelocaland
meso-scalecirculationasmountainwindsystemsandseabreezes).

Whereaslarge-scaledifferencesinwindclimatologiesallowidentificationof regionswithpropitious
windresources,thesmallscalephenomenonof theatmospherein spaceandtimee.g.turbulenceandrare
eventssuchashail,icingandlightning,areimportantfortheconstructionandoperationofwindturbinesand
fortheselectionof theoptimalsitefora giventechnology.This requiresexactknowledgeof thelocalspatial
variationof thewindvectorinthelowest100metersof theatmosphericboundarylayer.

The basis of yield estimatefrom wind energyfor certainsites is comprisedof topics from
meteorology,topography,technical constructionof WTGSS, economy, local infrastructure,people’s
perception,naturalandlandscapeprotection,landuse,noiseemission,safetyareasfor airportsandmilitary
facilitiesand others.Additionalmeasurementsof hourly or 10-minaveragesof wind speedand wind
directionmustbeavailableaswell as the2-dimensionalprobabilitydistributionof thesepropertiesandthe
gustinessand/orstandarddeviation(of.paragraph7.1.2).Additionallysomeclimatologicalfingerprintsmust
beknownastheannualcourseof windspeed,itsabsolutemaximum,thelong-termaverageof air density,
the 2-dimensionalfrequencydistributionof air temperatureandair humidity,the numberof hourswith
heavyrainorhailandthenumberof dayswithstormsand/orlightningstrikes.

The necessarymeteorologicalparameterscan be subdividedinto threegroups:The first group
determinestheamountof themomentarypoweroutputandcomprisesairdensityandwindspeed,thesecond
group determinesthe energyyield during the entiretime of operationand comprisesthe frequency-
distributionof thewindspeed,seasonalvariability,thenumberof thedayswithicingof therotorblades,and
finally the thirdgroupwithparametersimportantfor the live spanof theWTGS as thereare lightning
strikes,icing,hail andmaximumwindgusts.Soundemissionandshadowcastingaretreatedin chapter8
becausethesestronglyinfluencethe choiceof the site due to certainlegislativerestrictionsratherthan
meteorologicalconditions.Problemsof corrosionandhighturbulencearemoreanissueintropicalareasand
are addressedextensivelyin WMO/TD-No.826 ("MeteorologicalAspects and Recommendationsfor
AssessingandUsingtheWindasanEnergySourceintheTropics").

3.1 The air density

3.1.1 Definition

The air densityis definedas themassof an air-packagestandardisedwithunitvolume.The air
densityis a functionof spaceand time,whereespeciallytheverticalheightdependenceis essentialfor
questionsconcerningwindenergy.The air, showinga variabledensity,is consideredas a compressible
medium.For dry air at sealevelwithan atmosphericpressureof p = 1013.25hPa anda temperatureof
288K thepressureamountsto

(3.1) p0 =1.225 kg/m2
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3.1.2 The height dependency of the air density

Becausethereareonlyvery slightdifferencesin air densityduringa seasonata certainheight,for
reasonsof simplicitythe heightdependencyis takeninto accountonly for the hydrostaticfundamental
equation

(3.2) dp = -p(2 )gdz

For airwithgoodapproximationtheequationof statefor idealgasesisvalid

(3.3) p =RTp

with T theabsolutetemperatureinKelvin (K) andR thegasconstant,whichforairamountsto

2m
23.4 R=287( ) S -K

To calculatethefunction[9(2)andp(z) thetemperaturegradientT(2)mustbeknown.By appropriate
assumptionsaboutT(2)correspondingmodelsfor thedescriptionof theatmospherecanbederived.Linear
temperaturegradients(isentropicandpolytropicatmosphere)playthemostimportantrole.Isentropymeans
thatthereis no heatexchangewith the surroundings(adiabatic)andno friction-losses(reversible)if a
movementof theairmassto otherheightsoccursdueto externaldisturbances.For theadiabaticreversible
changein statefor idealgasesit isvalid:

(3.5) L: ’0K,=konst.
po ,00

TheparameterK’ is calledtheisentropicexponentandis forair K’= 1.4.FromEq.(3.5)it followsafterthe
integrationof Eq.(3.2)thedensitycourseintheisentropicatmosphere(H0=heightof thehomogenous
atmosphere)is:

K'—l z —1
3.6 = 1———— K'-1( ) p(Z) po( K, H0)

For thepolytropicatmospherethegeneral(empirical)formulationis:

(3.7) i: p n,=konst.
po ,00

withn’ thepolytropicexponent.For thepolytropicatmospherethesamedensitycourseasfor theisentropic
atmosphereis validwhere K’ is replacedby n’. For n’ = 1,235 and H0= 8434metersit followsfrom
Eq.(3.6)

(3-8) p(z) = po(1—0.0000226z)4'25532

Anotherapproachisthefollowingfrequentlyusedformula:
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(3.9) p(z) =1.2255—1.1743-104'z+4.0267-10‘922

An exampleforp(z)and,o(z)/,o0isgiveninTable3.1forthefirst3000metersofthestandardatmosphere

Table3.1:Densityandrelativedensityof airdependentonheight

Height(m) p (kg/m3) p/po Height(m) p (kg/m3) P/Po

0 1.225 1.000 1200 1.090 0.890
100 1.213 0.990 1400 1.069 0.872
200 1.202 0.981 1600 1.048 0.855
300 1.190 0.972 1800 1.027 0.838
400 1.179 0.962 2000 1.006 0.822
500 1.167 0.953 2200 0.986 0.805
600 1.156 0.944 2400 0.967 0.789
700 1.145 0.935 2600 0.947 0.773
800 1.134 0.925 2800 0.928 0.758
900 1.123 0.916 3000 0.909 0.742
1000 1.112 0.907

3.1.3 The effectsof air density on the energy yield of WTGSs

A reductionin air densitycausesa reductionin thepowerof wind.FromTable3.1 it canbe seen,
thatat 1000metersonly90.7percent,at2000metersonly82.2percentandat3000metersonly72.2percent
of thepowerat sealevel is available.This meansthat(apartfromotherpowerreducingeffects)thewind
speedat 3000metersmustbe about10.5percentabovethatat sea level in orderto balancethe power
reductionwiththedecreasein density.As anexamplethepowercurveof a VestasV63dependentonp and
wind speedis given in Table3.2. Additionally,with a lowerair densitydifferencesin the aerodynamic
behaviourof therotorbladesoccur,thatcausechangesinthecontrolbehaviourof theWTGS.

Table3.2:Changesof thepower-curve(KW) of theVestasV63with1.5MW withrespecttoair
densityp (kg/m3)andwindspeedu10(m/s)

stand.Atm.

um 1.225 1.06 1.09 1.12 1.15 1.18 1.21 1.24 1.27 p

4.5 19.4 12 13.3 14.7 16.0 17.4 18.8 20.1 21.5 KW
6 145 121 125 130 134 139 143 148 152
8 421 358 369 381 392 404 415 426 438
10 836 716 738 760 781 803 825 847 865
12 1267 1107 1139 1169 1199 1226 1253 1278 1301
14 1474 1396 1419 1434 1451 1459 1468 1476 1481
16 1500 1491 1494 1496 1497 1498 1500 1500 1500
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3.2 The spatial distribution of the wind vector

Much informationcan be found in the appropriateliteratureaboutglobal and regionalwind
meteorologiesand climatologies(e.g.WMO No.175,Mortensenet al., 1993;Dobeschet al., 1997).But
becausethis is an importantaspectin assessingwindpowerpotential,themainfeaturesof theglobaland
localwindsystemwill beoutlinedhere.

Usually one distinguisheswhen investigatingwind climates,the large-and small-scaleflows.
Whereasthe large-scaleflows are governedby the global distributionof the air pressuresystems
(Groflwetterlagen),thesmall-scaleflowsareadditionallyinfluencedbytheatmosphericpropertiesduetothe
changeof dayandnightandtothelocalorographicconditions.As a consequencequitedifferentapproaches
fordescribingtheresultingwindfieldshavetobefollowed.

3.2.1 Large-scale wind flows

The driving force for globalcirculationis the sungiving an averageflux of solarenergyat the
earth’ssurfaceequalto350W/m'2(Goodyetal., 1989).Of thisenergyapproximately31percentis scattered
backintospace,43percentis absorbedattheearth’ssurfaceand26percentis absorbedby theatmosphere.
Consideringtheback scatteredportion,thealbedo(ratioof outwardto incomingflux of solarradiation)
allowsanaverageof 225W/m'2availablefor heating,directlyandindirectlytheearthanditsatmosphere.
Fromthecurvatureof theearth’ssurfaceandtheseasonalvariationof thepositionof theaxisof theearthto
thesun,theirradiationis spatiallyandtemporallyverydifferentin itsdistributionacrosstheearth’ssurface.
Inconsiderationof thesedifferencesintheirradianceaswellastheregionaldifferencesinthealbedoandthe
black-bodyradiation,thatis proportionaltothefourthpowerof thetemperatureof theradiatingsurface,the
spatialdistributionof theannualtotalradiationbalanceof theearth’ssurfaceis establishedcausinglarge-
scaletemperaturegradientsresultingintheglobalcirculationsystem.

It is nowshownbrieflyhowtheglobalcirculationresultsfromthistemperaturepatternstartingwith
theequationofmotion.Inaninertiasystemtheforcesof pressure,gravityandfrictionhavetobeconsidered.
Forthepressureforceactingonamassmcanbewritten(Holton,1992):

(3.10)

The frictionforceresultsfrommolecularforcesof twoflow layersmovingwithdifferentvelocitiesandis
proportionaltothecurvatureofthevelocityprofileintheco-ordinateaxes:

2
(3.11) r" =Zv—a v1.

Becausetherotatingearthis usedas thereferencesystemthecentrifugalandCoriolis forceshaveto be
considered.The centrifugalforceactsverticallytotheaxisof rotationandisproportionaltothesquareof the
angularvelocityof theearth(Holton,1992):

(3.12) 2 =_w r
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The angularvelocity 0) resultsfrom the rotationof the eartharoundher own axis in 23h56min4s
(=1siderialday),itsvalueamountsthereforeto a)= 7.3x10'5rad/s.Becausethecentrifugalforcedepends
additionallyon thedistanceto theaxis of rotationits amountis greatestat theequatorandat thepoles
equallyzero.

—) —>
TheCoriolisforcecanbewrittenwiththevectorof theearth’srotationQ (a)=|Ql ) as

_)
K —) _.

(3.13) C =—2(2xv, u[u,v,w]
m

Nowthemomentumequationsof theatmospherecanbesummarisedinvectornotation

—> —>—> —> —>I; —>
(3.14) E =—2§2xv——Vp + g+ " , g = [0,0,—g]

dt p m

In large-scaleflows, the friction can be neglectedso that for horizontalstationaryflows the
followingapproximationsyields:

(3.15) —d—u=():2wsin¢v_i@
cit p dx

(3.16) fizO:—2wsin¢u_i§£
dt p fly

Theseequationsarecalledgeostrophicapproximations.By meansof theserelationsit is possibletodefinea
windvector,theso-calledgeostrophicwind:

—> —> —>
(3.17) vg akx Vp

fcp

_,
k beingtheunitvectorin theverticaland)2theCoriolis parameter(=20)sincp= 1.45104s'1sintp).The
geostrophicwind afterEq.(3.19)howeveris only valid in uncurvedflow. To accountfor an existing
curvatureof the isobarstheamountof vghasto be modifiedby thegivencentrifiigalforcewhereasthe
directionismaintained.Thereforewiththecurvaturel/r itcanbewrittenforcyclonalcurvature

2
(3.18) i“—1": cv+3-

p é’n r

andforanticyclonalcurvature

2
123.14%);3.19 -

( ) p an r
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The wind resultingfrom this pressuredistributionis usuallycalledgradient-windwhich is smallerin
cyclonal flow and greaterfor anticyclonalcurvaturethanthe geostrophicwind with the samepressure
gradient.

3.2.2 Small-scale wind systems

Small-scalewindsystemsusuallyresultfrompressuredifferencescausedbythedifferentconditions
of theatmosphereduringdayandnight.Thesepressuredifferenceshavetheiroriginin thedifferentspeeds
andamountof thetransformationof radiationenergyintoheat(andViceversa),whichemergesfromthe
propertiesand conditionof the earth’ssurface.A typicalexamplefor this is the land-seabreezeor the
mountainvalleycirculation(seeparagraph5.2.2).Mathematicallya circulationcanbeformulatedas

(3.20) Z = 43.611;

—> —)
with V thevelocityvectorand d s thepathelementalongtheclosedcurve.By expressingtheacceleration

d v/dt inthepressuregradientform,it follows

dZ
3.21 —= ad( ) dt <1 p

witha thespecificvolume,theinverseof thedensity.A moredescriptiveformis obtained,if thespecific
volumeis substitutedbytheequationof statefor idealgases:

dZ
(3.22) E = RLCITdlnp

with RL the gas constantof the air and T the absolutetemperature.An estimationof the circulation
accelerationwheninvestigatingof sea-breezesin coastalregionsor largelakesforexamplecanbemadeby
thesimpleformula

d_2_ (TL _TW)3.23
( ) dt R,

-InAp

withTL andTWthetemperatureof thelandandwatersurfaceandAp thepressuredifference.Ingenerala
sea-breezecirculationcan reachhorizontallyup to 80km with a verticalextendof approximatelyone
kilometrewithwindspeedsof 5 to 8m/s.In Djakarta(Indonesia)closeto theequatorsea-breezeswere
observedwitha speedof 10m/sanda verticalextendof 4 km. In contrastto seabreezethe landwind
circulationatnightismuchlessdevelopedandreachesonlyanextentfrom300—500meters(Haeckl,1990,
WMO 175).

In morecomplexmountainregionsorographicalinducedwind systemsdevelop,beinggenerally
weakerthanthe land-and sea-breezesystemsbut considerablystrongerwhereadditionallychannelling
effectsoccur.A typicalexampleof sucha superimpositionrepresentsthewindsystemof LakeGarda,Italy.
Anotherpossibilityfor high andcontinuouswindspeedsin valleysoccur if themainwinddirectionlies
paralleltothevalleyaxis.A furtherdiscussionaboutorographicinducedflowsisgivenin chapter5.2.
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3.3 The temporal variation of the wind vector

Themotionsin theatmospherecanhavescalesin timeandspacevaryingfrom1secondtomonth
and 1 mm to thousandsof kilometres.In describingcertainatmosphericprocessestemporaland spatial
variationsneed to be consideredtogetheras can be seen clearly in Figure3.1, where small-scale
phenomenonappearonly short-termedand large-scaleonesonly long-termed(Oke, 1987).The changeof
high- and low pressuresystemsin the mid-latitudestakesplace approximatelywithin five days on a
wavelengthof about5000km.The land-seabreezecirculationonly lastsfor 12hourswitha spatialextentof
50 - 100km. Cumulonimbuscloudsreachan extentof approximately10km and have a life spanof
approximately4 - 6hours.Small-scalethermaleffectsreachdiametersof 100—200metersandlastupto 10
minutes.An impressiverepresentationin which someof thesedifferentphenomenonparticipatein the
prevailingwind climateat a locationis given in Stull (1988)as a the frequency-spectrumof thewind
measuredwithhightimeresolution.

Ic-MACRO-Dl
->lMESOl‘-

HLOCAL'H
|._MICRo—-l

19mm 1m 1"” 103mA 10 I I j 7 ' r I I I I3 Molecular'
Yr1...: diffusion

-:2 .0._ ' J“ mm“ m
8 / Anticyc/oneswkw

”HZ-lurricanes“
g 104 . 66.51winds daya. .... —‘2 -..-...t{.’..39'em°rm$./ h
z

/ I
atLl.)

_ .

5
mm

<a:
é

_.
u

l102 10‘ 106 ‘08

CHARACTERISTICHORIZONTAL
DISTANCESCALE(m)

Figure3.1:Timeandspatialscalesof atmosphericphenomenon(processesintheboundarylayerin
thehatchedarea);afterOke(1987)

ItwasshownbyVan derHoven(1956)thatthereexistsa considerablelackof windspeedvariation
(spectralgap) in the time scalebetweenabout20 and 120minutesthat is calledthe energygap. The
existenceof thisgapis describedby theinstantaneouswindspeedu,-asa meanflowcomponent27anda
shorttermfluctuatingcomponentu’ (Reynoldsaveraging)intheform:

(3.24) u = 17+u

Theaveragingperiod(‘) T0 ischosensothat17'= 0and17iscalculated,ideally,by

_ 1 T°
(3.25) u =—T—ju(r)dr

0 O



31

orsimplyfromN numbersofmeasurementby

(3.26) 17=— u.

Inorderto simplifythecalculationthisaveragevalueis usuallyassumedasergodicthatmeansthespatial,
temporalandtheensembleaverageareidentical.

To characterisetheshort-termfluctuationswithintheaveragingperiodthevarianceandthestandard
deviationof thewindspeedistakenas

N
(3.27) of =YL—Z(u, —u)2

i=1

and

(3.28) a, 2(u'2)“2

Furthermore,inhorizontalhomogenousterraintheturbulenceintensitycanbewrittenas

(3.29) I =0 /uu

The actualturbulencedependson thecomplexityof theterrain,theroughnessof the landsurface
includingsingle-standingobstacleson thewindwardsideof thesite,theexistingverticalwindprofileand
thedensitystratificationof theatmosphere.Typicalvaluesof theturbulenceintensitylie between0.08for a
smooth,evensurfacewith stabledensitystratificationand 0.5 for stronglyinhomogeneousterrainwith
unstabledensitystratification.Becauseincreasinglyfluctuatingaerodynamicforcesoriginatewithincreasing
turbulenceintensityattherotorblade,theknowledgeof thisparameteris foracertainsiteveryimportantfor
WTGS installation(Molly, 1990;Wieringa, 1973).The turbulenceintensitycan be simplified for
homogenoussurfaceroughness20andneutralconditionsto I z 1/ln(z/zo).

Throughdifferentinvestigationsit hasbeenshownthatthefrequencyspectrumof theturbulence
derivedfroma pointmeasurementonamastdiffersquintessentiallyfromthatata pointontherotorblade:
Infactforthelow-frequencyturbulencerangetheassumptionis validthattheeddyincludestheentirerotor
radius,consequentlyin thisregionthespectraareapproximatelythesame.Inthemedium-frequencyrange
theentirerotoris no longerinvolvedandasa consequencetherotorbladeenterstheeddyonly for a short
time.Becauseof thisthemedium-frequencyrangeis shiftedintothehigh-frequencyrangewhereat each
integralmultipleof therotorrevolutionadeflectionoccurs.Thisdifferencebetweentheturbulencespectrum
of ananemometerandthatof apointontherotorbladeis illustratedinFigure3.2.
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Figure3.2:Comparisonof thetheoreticalspectraof thewindspeedattherotorblade(straightline)
andfromapointmeasurement(brokenline);afterAsplidenetal.(1986)

Anotherparameter,thatis necessaryto describethe temporaldevelopmentof turbulenceis the
averageturbulentkineticenergy(TKE). Itresults,analogouslytothekineticenergyof theaverageflow,as:

(3.30) TKE =3230/2+72+W)

A simpleelementtocalculateis theso-calledgustfactor:

(3.31) G=umn7

whereumaxisthemaximumgustduringtheaveragingperiodof 37(cf.Eq.(3.25)).

Inorderto geta three-dimensionalpictureof theparametersof a windfieldmeasurementsneedto
bemadeatnumerouspoints,resultingin a hightechnicalandfinancialexpenditure.To reducetheseefforts
theTaylor-Hypothesisis oftenused,whichstatesthatfor somespecialcases(wheretheturbulenteddies
evolvewitha timescalelongerthenthetimeit takestheeddyto beadvectedpasta measurementdevice)
turbulencemightbeconsideredtobefrozen(frozenfield hypothesis)as itmovespasta sensor(Stull,1988;
Garratt,1992).IftheparameterX doesn'tchangeintime(dX/dt= 0),then:

(3.32) —=—u——v——w-

Having only one co-ordinate(for examplethe x-direction)and settingthe air temperatureas a
turbulenceelement,gives

(3.33) — =—u-

With a wind speedof 10m/sand a temporaltemperaturefluctuationof -0.5K/s a spatialtemperature
gradientof 0.0510misobtained.
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Howeverthevalidityof theTaylor-Hypothesisis restrictedfor:

63% [$05

wheretheturbulenceintensityis ameasureof stationarity.

For WTGSS withactivewindwardorientationthevariationof thewind in theminuterangeis of
greatimportancebecausegreaterchangesin winddirectioncannotbe compensatedfor overa very short
time,asthegyroscopicforcesdevelopedevokeextremestructuralloads.A consequenceof suchconditions
is that the plantexperiencessome crosswind and does not reachthe intendedperformance.Further
performancereductionoriginatesfromfluctuationsin thespeedcloseto thecut-inandcut-outwindspeed
distributingthecontinuousoperationinthesevelocityranges.

Frequentstrongfluctuationsin thewindcanoccurwithin24hours.Whileduringthenighttheair is
mostlystable,stratifiedinthelowermost50meters,unstableconditionscandevelopduringtheday.Thishas
theconsequencethattheverticalmomentumtransportis arrestedalmostcompletelyin thesecondhalfof the
night,whilein unstableair in theearlyafternoonhoursthisis reinforcedstrongly.Becauseairpackagesare
broughtby momentumtransportfromhigherlevelswithgreaterwindspeedsinto lowerlayersandvice
versa,thehighestspeedcanbe observedat heightsup to 50metersat approximately2:00pm. withthe
lowestduringthesecondnight-half(=daily courseof theground-typewind).The horizontalimpulseis
takenfromtheoverlyinglayers,consequentlytheseshowexactlytheoppositebehaviour(=dailycourseof
theheight-typewind).InFigure3.3thesetwovariantsinthedailycoursesofwindspeedareshown.
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Figure3.3:Daily courseofwindspeedatdifferentheightsfortheradio-towerinNauen(Haeckel,1990)

If thedemandforenergyis subjecttoseasonalfluctuations,e.g.in themidandhighlatitudesdueto
spaceheatingin thewinter,theseasonaldistributionof windenergyis of interestfor certainsites.This
distributionis a functionof thegeographicallatitudeaswell asthelocationof thesitewithrespectto land
surfacespropertiesandspecificorographicfeatures.
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Ingeneralhighwindspeedsatmid-latitudesincreasein thewinterandatthebeginningof spring.
The relationof thewindenergydensitybetweenwinterandsummerhalfyear(withoutconsideringtheair
densityfluctuationsandpossibleicing)is forexampleata typicallocationintheeastof Austriarespectively
0,62and0,38,andispositivelycorrelatedwithdemand.

In thetropicstheyearlycourseis determinedby themovementof the innertropicalconvergence
zone(ITK):Whileto thenorthandto thesouthof thiszonepowerfultradewindsprevail,only lowwind
speedscanbeobservedwithintheregions.Due to theelevationof thesuntheseregionsareshiftedin July
northwardandin Januarysouthward,thuscausinga lowwindenergypotentialon thenorthernfringeareas
of thetropicsaroundJuly,inthesouthernfringeareasaroundJanuaryandattheequatortwiceayeararound
MarchandSeptember(Asplidenetal., 1986).

Anotherimportantfactorfortheenergyyieldestimateof aWTGS is thedeviationof annualaverage
windspeed(measuredovera shorttimeperiod)fromthelong-timeaveragevalueastheforecastshouldhold
for thelife span(15-20years)of theWTGS. As a ruleof thumb,theuncertaintyintroducedby a one-year-
measurementofwindspeedin comparisonwiththelong-timeaveragefora confidencelevelof 90percentis
10percent,whichcausesanuncertaintyin theenergyyield forecastof approximately30percent.InAustria
a 114yeartimeseriesfor a locationin Vienna is available,therelativestandarddeviationof theannual
averagecomparedwiththeaverageof the long-timeseriesamountsto 8.1percent,thusbeingwithinthe
rangedeterminedbytheaforementionedrule.
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Figure3.4:Relativeerrorinthecalculationof thewindpowerdensitywithrespecttothemeasurement
period(Asplidenetal., 1986)

In Denmarkthe inter-annualvariationof the energyyield estimatedfrom a 22 year time series
correspondedto anaveragerelativestandarddeviationof 13percent.Becauseof theseasonalfluctuations
theextensionof themeasurementperiodleadsto an increasein theforecastaccuracy(Figure3.4).Indeed,
evenfor extremecaseswitha 10-yearmeasurementthedifferencesin windenergydensitycanamountto
30percent(Troenetal., 1989).

Whenin thesitingproceduretheproblemarisesthatonlya limitedamountof measuredwinddata
(typicallyone year) are availablea straightforwardtechniquemust be appliedto provide long term
predictionsof thewindcharacteristicsatthesiteinquestion.Forthisanalysisthreesetsof dataarerequired:

- Timeseriesdatafromthesitecontainingwindspeedanddirection(us)
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- Time seriesdatafrom a meteorologicalstationconcurrentwith the site datacontainingwind
speedanddirection(um)

- Historicaldatafromthesamemeteorologicalstationin theformof a timeseriesor a frequency
distributiontableforwindspeedanddirection.

The siteandmeteorologicalstationdataareanalysedto determinethecorrelationbetweenthetwo
setsof datain eachof a numberof directionalsectorson thebaseof hourlyvalues.This correlationis then
usedwiththehistoricaldatatopredictthewindclimatethatwouldhaveexistedatthewindfarmsiteduring
thathistoricalperiod.The windspeedsarebinnedintodirectionalsectors,andwithineachsectora linear
bestfit is appliedwhichrelatesthewindspeedat themeteorologicalstationto thatat thesite,i.e. for an
arbitrarydirection

(3.35) us= mm, + 6'2

The linearbestfit can be madee.g. by standardleastsquarestechniquesor theYork method(Presset
al.,1992).This York methodfitsa straitlinethroughtheN datapoints(us1,um1),..., (um,um) so thatthe
sumof thesquaresof thedistancesof thosepointsfromthestraightlineis aminimum,wherethedistanceis
measuredin thedirectioncalculatedby takingtherelativeerrorsof bothdatasetsintoaccount.Hencethe
chi-squaredmeritfunction

N (umi—C —C“Si 2(3.36) 12(01962)=Z 2 2 12

i=1 O'm+610'S

isminimisedwhichistheapproachbehindtheYorkmethod.

A furtherimprovementfor thedatafromthesite is thatthe frequencytable,generatedfrom the
correlationprocess,canalsobe correctedforwinddirection.The basisof theveercorrectionis to bin the
hourlydatafromthemeteorologicalstationand sitedirectiondatainto a squarematrix(withthe same
dimensionsas thehistoricaldirectionsectors).This matrixis thennormalisedandusedto redistributethe
frequencydatageneratedfromthemeteorologicalhistoricaldatatothefinalsitefrequencytable.

3.4 The influence of precipitation events

3.4.1 Heavy rain

Slightormoderateraindoesnotinfluencetheperformanceof aWTGS. Duringheavyrainhowever
massivedrop impactsoccurat the rotorbladesthroughwhichthe flow aroundtheprofile is disturbed
considerably.Frommeasurementspowerlossesupto 30percentcouldbe foundaccordingtotheintensity
of rain.The comparisonof powercurveswithandwithoutrain is illustratedin Figure3.5.How far heavy
raininfluencestheyearlyenergyyieldcanbemadeevidentfromthetwo-dimensionalfrequencydistribution
of precipitationandwindspeed.However,it is tobeexpectedthatstrongraineventswill affecttheoperation
of theWTGS duringpartialload,asthisrangedeliversthegreatestshareof theenergyyield.
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Figure3.5:exampleof theinfluenceof rainontheperformancecurveof aturbine(Energiewerkstatt,1995)

3.4.2 Hail

The occurrenceof bail representsa rareeventandthereforehardlymeasurablelossesin theannual
energyyieldareobserved.InViennaduringa timeperiodof 20years,26dayswithhailoccur,othertypical
Europeanconditionsaredescribedin Svabik(1998).Muchmoreimportantis, wheredamagecanoccurby
theimpactof hailstonesontheleadingedgeprofileof therotorbladeswhichcantakeplacewithspeedsof
over100m/s.Laboratoryinvestigationshavefoundnodamagesto thematerial,butfrominstalledWTGSS
withanoperationtimeof severalyearsit is knownthatslightdamagedoesappear.As anexamplethe1KW
WTGS at theSt.PoltenerMountainRefugein Austria,2481metersabovesealevel,experiencedduringa
hail-storman over-speedingeventwhich led to damageof the rotorbladenosethatfinally requiredan
exchangeof theblades.

3.4.3 Icing

Icinggives rise to themostfrequentdecreasein performancesof WTGSS at mid- or northern
latitudesby significantlyinfluencingtheaerodynamicandaeroeleasticbehaviourof theblades.Another
resultis the possibledamageto peopleandpropertyfrom ice sheddingawayfromthe blades.Icing is
thereforethesubjectof manystudies(e.g.theEU/JOULE projectWTGSO "WindEnergyProductionin
Cold Climates"orBOREAS III,1996andBOREAS IV, 1998).TheWTGSO projectaddressedawiderange
of icing problemsproducingicingmapsof EurOpe,modellingof ice accretionon structuresandblades,
modellingof theeffectof icedbladesonpowerproductionandloads,experimentaldatafromwindturbines
operatingundericingconditions,icefreeanemometers,icedetectorsandpublicsafety.
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Two prerequisitesarenecessaryfor theappearanceof icingon therotorblades:Firstlythesurface
temperaturemustlie beneath0°C andsecondlysupercooledwaterdroplets,i.e. liquidwaterattemperatures
belOw0°C mustoccur.It is valid thatthe smallerthe drop diameteris themore stronglywill be the
supercooling,reaching-40°Catitslowestlimit.

The icingprocessresultsfromeither

0 Impingementof supercooledwaterdropletsorwetsnowonthebladesurfacebywhichthe
innerstructureof the dropletis disturbedand the freezingpoint raisedto 0°C. Sudden
freezingistheconsequence.Iceaccretionisthereforefoundparticularlyonthosepartsof the
WTGS, thatareexposedtoa frontalimpactof thewaterdroplets.

o Sublimationontheblades

0 Energybalancefavouringiceformation

3.4.3.1Types of icing

In generalonedistinguishes4 typesof icing:Clear-ice(glaze,blueice),rough-ice,hoarfiostand
rimeice.

Clear-iceformsa transparenticecapwitha glassysurfacethatoriginatesby theaccretionof freezing
rainwithtemperaturesbetween0°Cand-4°C.The icecapadaptsitselftotheformof theenclosedobjectand
canhardlybe removedfromit. The very smoothsurfaceresultsfromthefactthatthedropletsduringthe
impactfreezenotimmediatelycompletelybecauseof thereleasedheat(335kJ/kgwater)duringthefreezing
processandsothewaterisevenlydistributedacrossthesurfacebytheflow.

Roughice isproducedif theraincontainscrystalsof ice,snoworsleet.The icecaploosesitssmooth
transparentsurfaceandbecomesgranulatedandappearingwhitish-opaque.This iceaccretionoccurswithair
temperaturesfrom-4°Cto-9°Candis amongthemostfrequentformsof icing.Fromtheinherentsnowand
sleeta stronginfluenceontheaerodynamicsof therotorbladescanoccur.

Hoarfiostappears,if finewaterdropletswithtemperaturesof lessthan-10°CimpacttheWTGS and
instantlyfreezecompletely.As thedropscanno longerflowtogethertheaccretiongrowsagainsttheairflow
aroundedgesin theformof humps.Fromtheaccretedsnowcrystalsa roughsurfacedevelopsappearing
brittleandmilky,alsocontainingairbubbles.Theprofile-formof thebladesis changedmassivelysuchthe
poweroutputis greatlyreduced.Furthermore,asfragmentseasyseparatefromtherotorblades,thesecanbe
hurledawayuptoadistanceuptothreerotordiametersduringoperation.

Rimeice is themostcommontypeof in cloudicingandformsontheupwindsideof structures.The
mostsevereoccurrenceis foundon widelyexposedmountainsandhills. Differenttypesof rimemaybe
distinguishedinaccordancewiththeirdensity,hardnessandappearance:

Hard rimeisgranularandadheresfirmlyonsurfaces;itsdensityrangesbetween100and600kg/m3;

Softrimeisa fragilesnow-likeformationwithadensitylessthan100kg/m3;

Metamorphosedrimeis rimeicealteredduetosublimation.

RimeicinghashardlyanyeffectsontheoperationofWTGSS(Eichenberger,1990).

3.4.3.2The physical background of icing

The physicalmechanismsassociatedwith ice accretionare numerousand complexand can be
dividedroughlyinto3 categories:
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0 Mechanicalandmeteorologicalprocesses,participatingin thegenerationof liquidwaterwithintheair
flowaroundtheobjectasrainandfogformation(Langmuir1944,1995);

o Processesassociatedwiththemotionof supercooledwaterdropletsthatstrikeandproduceicingon the
accretionsurface;theseprocessescanbedescribedby theequationsfromfluidandparticlemechanics
whichdeterminethetrajectorypatternof thedropletswithintheairflow;

0 Thermodynamicmechanismsinvolveddirectlyor indirectlyin theenergybudget(suchas latentheat
release,forcedconvection,evaporativeheattransfer,exchangeof thermalenergy(List 1977,Lozowski
1980,Makkonen1981,1982)

The intensityof icing dependson aerodynamicand meteorologicalfactors(WMO 1962).The
aerodynamicfactorsincludethe collectionefficiencyof theprofile for dropletsand the boundarylayer
heatingattherotorblade.The collectionefficiencydependsonthecurvatureradiusof theprofilenose,on
thespeedandtheangleof attackof thewindvector,andonthedropletsize.A basisfortheestimationof this
efficiencyis givesby thetrajectoriesof thedroplets.While smalldropletsaretakenaroundtherotorblade
withtheflow,big oneshitthebladessoonerbecauseof theirinertia.Additionallynarrowedgesandhigher
speedsyielda higherpercentageof cacheddropletswithrespectto thosecarriedthrougha cross-sectionby
theundisturbedflow.Thepercentageof dropletcaughtincreasesproportionatelywithupwindspeed.

An insignificantheatingof therotorbladeoccursfromthefrictionon theupper-andundersidesas
wellasby compressionof theairatthefrontof therotorblade(Schlichting,1967)whichamountsto

(3.37) AT = 0.87v02/2cp

For a rotorbladecrosssectionin a streamof 60m/s,a heatingof thebladesurfaceby about207°C
results.This enablesicingto startatapproximately-2°C.As thespeedincreaseswithincreasingradiusthe
maximumkineticheatingtakesplaceatthebladetips.However,thisdecreasingeffecton icingismorethan
compensatedforbythehighercollectionefficiency,thereforetheiceaccretionincreasesoutwardlinearly.
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Figure3.6:Therelativefrequency(in%)of observedcases(in%)withicinginrelationtoairtemperature
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As alreadymentioned,a prerequisitefor icingis supercooledwaterdroplets.Theirnumberdepends
besideotherfactorsontheairtemperature.Between0°C and-12°Cthewaterparticlesarein themajority,in
therangebetween-13°Cto -20°Cthenumberof ice andwaterparticlesis approximatelyequal,between-
21°Cand-40°Ctheiceparticlesprevailandbelow-40°Conlyiceparticlesexist.Becausetheiceparticlesin
theaircreateno icing,theicingprobabilitydecreasesstronglybelow-12°C.Inaviationthreequartersof the
icing casesare observedabove-15°C. The greatesticing probabilitylies between-4°C and -8°C. The
amountof icingdependsthereforestronglyon thetemperature.Becausethefreezingprocessof the liquid
dropletsis startedby freezingnucleiandisdependentontheirsize,largerdropswithadiameterof 1mmare
supercooledonly downto -15°C,while smallerdropletswith 10-20mmdiametercan reach-30°C. This
meansthatessentiallygreatericeaccretionis possiblewithtemperaturesjustbelow0°C,asthelargestdrops
existin thisrange.The relativeairhumidityplaysa role in thisrespecttoo,astheiceparticlesgrowduring
fog at theexpenseof waterparticles:This reducesthe relativehumidityto a valuethatcorrespondsto
saturationaboveice.The relativehumidityof air is thereforea criterionfor theratiobetweenwaterandice
particlesaswell.

Inadditiontotheabovementionedstudiestheeffectsof iceaccretionontheoperationof aWTGS in
theSwabianAlb, Germany,wereinvestigatedovera oneyearperiod.Duringthisperiodicingoccurredon
10-15dayswithhighwindspeedandon 10-15dayswithlowwindspeed.Usuallytheforemostpartsof the
bladeswerecoveredwithiceup to40percent,butduringfreezingrain,icingalsoappearedovertheentire
bladedepth.As a resulttheaerodynamicsof thebladeprofilewereextremelyaltered,theWTGS responded
as stall-regulatedwithessentiallylessnominalpoweroutput.Inorderto examinetheaerodynamiceffects
moreaccurately,plastercastsweretakenof thefrostedbladenosesandwerethentestedin a windtunnel,
whereprematureflowseparationandmuchhigherresistanceweredetermined.

Anotherproblemis the imbalancefrom the burdenof partialice-loadduringthe operationof a
WTGS. This leadstostrongvibrationsandtoprematurefatigueofmaterialortofractureformation.

3.5 Lightning strikes

Heavy damageor eventhe destructionof the generatorby lightningstrikesrepresenta serious
problemespeciallyinmountainousregions.Two typesof lightningimpactscanbedistinguished- thedirect
andtheindirectimpact.DirectimpactstakeplaceintheWTGS itself- usuallytherotorblade- fromwhere
thedischargetakesplaceover the rotorhub, thebearing,towerand foundationintothe soil. The most
seriousdamageinvolvesthe rotorbladesand electriccomponents.Indirectimpactstakeplaceover the
medium-voltagegrid, fromwhereexcessvoltagewavespropagatealongthe electricaldistributionlines.
Damageusuallyinvolvescomponentswhichareinsufficientlyprotectedagainstover-voltage.

Table3.3:Regionaldistributionof lightningdamageinGermany,1992-94(Energiewerkstatt,]995)

Coast North-German sub-alpine all
Plains mountains

WTGS number 584 455 263 1302
Yearsof operation 1251 936 465 2652
Observations(all) 85 64 109 258
Directstrike 25 16 22 63
Observations/WTGS-year 7% 7% 23% 10%
Directstrikes/WTGS-year 2.0% 1.7% 4.7% 2.4%
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InGermanyundertheframeworkof theMeasurement-andEvaluationProgrammeduringtheperiod
1992to 1994,258disturbancesfromlightningstrikesonWTGSSwereregistered,with195indirectand65
directimpacts(seeTable3.3).The essentiallyhighernumberof directlightning-impactsin themountain
regionswhencomparedtoNorthernGermanyis asexpectedandagreeswellwiththespatialdistributionof
thunderstormdaysperyear(Svabik1998).



41



42

4 SPATIAL DISTRIBUTION OF THE WIND SPEED ABOVE

HOMOGENEOUS TERRAIN

In generalthehorizontalcomponentof thewind velocityare typicallytwo ordersof magnitude
largerthanthe verticalcomponent,but they vary a greatdeal with heightunderthe influenceof the
conditionsin the boundarylayer of the atmosphereand the underlyingland surface.Thereforethe
informationaboutthe verticalprofile of the wind in the atmosphericboundarylayer and its physical
propertiesformsthebasisonwhichtoassesswindpowerpotentials.An overviewof themainpropertiesof
thisboundarylayerisgiveninthefollowingsections.

4.1 The atmospheric boundary layer

Thepartof theatmospherethatreactsto influencesfromtheearth’ssurfacewitha time-lagof about
onehouris calledtheatmosphericboundarylayer(ABL). Theseinfluencesconsistof thefrictionof flowat
theearth'ssurface,theheattransferfromthesurfaceintotheatmosphereandtheorographyof thelandscape.
On thebasisof theseconditionsthedailytemperaturevariationandturbulenceeffectsintheABL occur.

AbovetheABL is theso-calledfreeatmospherethatrespondsonlyveryslowlyto influencesfrom
theearth’ssurfaceandwherefrictioncanbeneglected.Differentiationof theABL intosublayersbasedon
theoccurringexchangemechanismsandthetemperaturestratificationisgiveninthenexttable.

Table4.1:Subdivisionof theatmosphericboundarylayer(Foken,1984)

Layer Transport mechanism Stability

Ekman influencedby
stability

Prandtl
Turbulent layer turbulent
layer

dynamical
sublayer

viscoussublayer turbulent/molecular no influence
by stability

molecularsublayer molecular
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4.2 The basic governing equations of the ABL

In boundary-layermeteorologyempiricalandtheoreticalapproachesfor thedescriptionof theair
flow are useddue to the stochasticcharacterof the turbulence.The theoreticalbackgroundcomprises
basically the following equations:the three componentsof Newton'ssecond law, the first law of
thermodynamics,theequationof stateandthecontinuityequation.The continuityequationaccountsfor the
conservationof mass and the Navier-Stokesequationsfor the conservationof momentum.The first
fundamentallawof thermodynamicsrepresentsa formof theenergyconservationandthemoisturebalancea
formof theconservationof waterin theatmospherein all phases.The equationfor idealgasesdefinesthe
conditionof themediumonthebasisof so-calledstatevariables(Stull,1988).

4.2.1 The ideal gas law

The stateof the air as a gas is given by the statevariablespressurep, densityp and virtual
temperatureTv

(4.1) p = pRLT,

whereRL is thegasconstantof dryair.Thevirtualtemperaturefor saturated(cloudy)aircanbecalculated
fromthewater-vapoursaturationmixingratiorm,andtheliquid-watermixingratiorL,respectively:

(4.2) T, = T(1+0.61rm,—rL)

Forunsaturatedairwithmixingratio r Eq.(4.2)reducesto Tv= T(1+0.61r).

4.2.2 Conservation of mass

Theconservationofmassisexpressedintheformof thecontinuityequation:

lig+fl:0
pdt o’x.l

(4.3)

Becausethecompressibilityof theaircanbeneglectedinvelocityrangesbelowthespeedof soundtheair is
regardedintheboundarylayeringoodapproximationasincompressible:

(4.4) —" = 0

4.2.3 Conservation of momentum

TheNavier-Stokesequationsintensornotationcanbewrittenas:

. . 37..

(4'5) film} 071,: —6i3g—28iijjuk __1_2+_1_,'J_
07 a} ,0 éki ,0 03C].



44

On theleftsideof Eq.(4.5)is thelocalchangeof speed(storageof momentum)andtheadvectionterm,on
therightsidethegravitationalacceleration(gravityactsvertically),theCorioliseffectaswellasthepressure
gradientforcesandthemolecularfrictionterm.With the assumptionof incompressibility,themolecular
frictiontermreducesto:

1 11 1(4.6) — = v-
p .

withthekinematicviscosity v. IntroducingtheCoriolisparameterfc Eq.(4.5)modifiesto:

at, m, 149 dzu,
(4.7) 7+uj§j:_6'3g+f°8'j3uj-;5CT+V036_2

J

For neutralstratification(adiabatictemperaturegradient)thesethreebasicequationsaresufficient.
For thecasesof unstableaswell asstablestratificationandmoistairtwofurtherconservationlawshaveto
be considered:theconservationof moisture(moisturebalance)andtheconservationof heat(firstlaw of
thermodynamics).

4.2.4 Conservation of moisture and the first law of thermodynamics

Undertheassumptionof incompressibleairthemoisturebalanceis

2 S
(4.8) fill-+2.1,% = vq__aq; +i

at ac, dc ,oL

withan thespecifichumidityof air,i.e.theentirewatermassinallphasesperunitmassofmoistair, vqthe
moleculardiffusivityfor watervapourand SqrSqr a netmoisturesourceor sink termfor all physical

processesnotalreadyincludedintheequation.

The first law of thermodynamicsdescribesthe conservationof enthalpy,which includes
contributionsfrombothlatentandsensibleheattransport.Itsformulationis

59 39 526
(4.9) g+ujgr=vgy—RB—QH

J j

with6thepotentialtemperature,v9thethermaldiffusivity,RB a termassociatedwithradiationdivergence
andQH atermwhichaccountsfor latentheatreleaseduringphasetransitions.

4.2.5 The equations in simplified form

In orderto simplifyEq.(4.3)—Eq.(4.9)twoapproximations,theshallowmotionapproximations
(MAHRT, 1986)andtheshallowconvectionapproximationsareoftenused.Thefirstrepresentsthebasisfor
thepreviouslyappliedassumptionof an incompressibleboundarylayerandstatesthatthevariationsof the
parameters,density,temperatureandpressure,areessentiallysmallerthantheiraveragevalues.The second
approximationconsistsof anadditionalassumptionthattheverticaltemperaturegradientis alwayssmaller
thang/R(=0.0345K/m),statingthatthereis anupperlimitfor stabilityandthattheverticalgradientof the
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pressuredeviationis smallerthanthebuoyancyterm.By usingtheseapproximationsandtakingintoaccount
theReynoldsaveraging(seeEq.(3.27))forthephysicalparameters,finallythefollowingsystemof equations
(Stull,1988)canberewrittenforEqs.(4.1),(4.4),(4.7)—(4.9):

(4.10) p/RL =79?»

du-
(4.11) , :0

dc}

5°7- —e”; — 1 a; 52; 367,277)
4.12 —'+ .__'=_5‘ + 8.. u. __—+V ,_ J
( ) a u] a]. 13g fc (J3j i a]? $1.

— — _ 2— a"u, '

(4'13) @110 aqT : Vqa qu +Sq /pL ' '“(—JqT )
OI dc]. 03C]. T 01.]

(4.14) gut—J.
2‘ _ _ a .'6?'(if—11-1-“! )

0:). ac.j J
=Vl9a

dc}

Whereasno changesoccur in Eq.(4.10)andEq.(4.11)comparedto Eq.(4.1)andEq.(4.4),the remaining
equationscontainadditionaltermsfortheturbulentfluctuations.

Consideringonlyflowsabovethelowermost0.1meterof theboundarylayeranothersimplification
ispossibleinEq.(4.12)by neglectingthelaminarfrictiontermin comparisontotheturbulentone.Eq.(4.12)
thenbecomes

du, —o"u,. 1 a} 304110)
4.15 —+u._=_5. + g,,;_:__( ) a J a] 13g .f; U3 j pai a].

4.2.6 The Reynold’s shear stressand the friction velocity

The lasttermin Eq.(4.15)canbeconsideredastheturbulentfriction.To ascertainthistheaveraged
valuesof theproductsof speedfluctuations(Reynolds'sshearstress)canbewrittenas

_ I I
(4.16) r,- = ,0 u, u,- ,

assuchtheturbulentfrictionis formallyanalogoustotheviscousfriction.Anotheroftenusedparameterto
characteriseturbulentmomentumtransportis thefrictionvelocity u.... Itisdefinedas
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(4.17) =(I(u'w')/,r—)

4.2.7 The Boussinesq approximation

A clear and often used form of the boundarylayer equationsis the so-calledBoussinesq-
approximationin whichdensityis replacedby a constantmeanvalue,everywhereexceptin thebuoyancy
term in the verticalmomentumequationEq.(4.12),and which still satisfiesthe shallowconvection
conditions.Fordryair(themoisturebalanceisnotconsidered),using

(4.18) i=é+23+§é+7vé
dt 61 ac ay 32

givesfortheaveragedconditionundertheassumptionof ahorizontallyhomogeneousturbulence

(4.19) d—“=—i@+f§—“u
dt p0 a’k dz

(4.20) fl=—ié’3— Z—flvw
dt ,00 Q” 35

(4.21) fl=—i@+gi+§ww
dt p0 oz 190 02

(4.22) d—9=—Wdg" + aw 6
dt dz dz

InEq.(4.21)thegravitationalaccelerationg wassupplementedby a termdescribingthebuoyancyof anair
parcel(theratioof thedeviationof thepotentialtemperaturetotheconditionof equilibrium).

Becausetheinertialforceis smallin comparisonto theCoriolisforce,pressuregradientforcesand
turbulentfrictionterms,theequationsforthehorizontalwindunderapplicationof thegeostrophicwindlaw
canbewrittenasfollows(Holton,1992):

3%'-
(4.22.1) f(v— vj)— “W =0; —f(u— uD-“V—W =0

andfortheturbulentshearstresses

(4.23) (uw'3): dvu
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(4.24) (v—'w')= 4,317,

_)
with v theamountof horizontalvelocityvector,thestationarycasefor theequilibriumbetweenCoriolis

force,frictionforceandpressuregradientisobtained:

kav =——1—Vp—C-
,00 h

VV

4.3 The vertical profile of the wind speed in adiabatic stratification

ForWTGSStheverticalcourseof thewindspeedin thePrandtl-layer(approximatelythelowermost
100metersof theatmosphere)is of specialinterest.In generaltheheightof this layer is definedby the
conditionthatthechangeof theshearstressamountsto a maximumof 10percent,thereforethis layeris
calledconstant-flux-layer.In orderto estimatetheaveragevaluesfor theparametersof theABL at each
heightz, therelatedequationsmustbesolvedunequivocally.ButthiscannotbeachievedasReynoldsstress
termsopposeas surplustermstheclosureof theequationsystem.Introducinghigherordertermsfor the
estimationof theReynoldsstressleadstoa systemofmoreunknownsthanequations.Thisproblemis called
closureproblem.Althoughmanykindsof closuremodelswithdifferentlevelsof complexityhavebeen
proposed,thesimplestwayforclosingtheturbulentflowequationsistorelateturbulentfluxesdirectlytothe
meanvariablesi.e.parameterisationasa functionof knownquantitiesandparameters.A simpleandoften
usedapproachbasedon thisconceptis thefirstorderclosureby theso-calledK-theoryandtheconceptof
themixing-lengthdevisedbyPrandtl(Stull,1988;Holton,1992).

4.3.1 The K-theory and the concept of the mixing-length

The gradienttransporttheoryor K-theorystatesthatanalogouslyto themolecularshearstressthe
Reynoldsshearstressisproportionaltotheverticalvelocitygradient:

(4.25.1) 2' w'=—Km(dd/dz)xz

(4.25.2) r v"w =—KAdv/dz)yZ

The factor Km is calledtheeddyviscosity,eddydiffusivityor turbulent-transfercoefficient.The essential
differencetothemolecularviscosityis thattheeddyviscositydependsontheflowandnotontheproperties
of thefluid.

Inorderto determinetheeddyviscosity,PrandtlhasprOposedthemixing-lengthhypothesis:An air
parcelwiththespeedu is movedupwardanamount2’ by a turbulenteddy,so u' is registeredin thenew
heightas horizontalspeedfluctuation.This u’ is proportionalto theverticaltransfer2’ andthevertical
gradientof thespeedu:

(4.26) u' =—z'o”il/dz
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SubstitutingEq.(4.26)intotheequationfortheReynolds’sshearstressEq.(4.25.1)yields

(4.27) u'w'=—z'w'a”17/dz

Withtheassumptionthatw’ is proportionaltou’ it followsfromEq.(4.27)that

(4.28) W = 4273—” 2
dz)

ComparingthisresultwithEq.(4.25a)givestheeddyviscosity

(4.29) Km=12|au/az |

with

(4.30) I: (cz'2)1/2

Theparameter1is termedmixing-lengthor,asa representativemeasureof thescaleof turbulence,turbulent
lengthscale.Itis proportionaltothevarianceof theaverageverticaldisplacementdistanceof theairparcel.
The ideabehindthisconceptis theaveragefreepathof thekineticgastheory(Stull,1988;Holton,1992).
Numerousproposalsfor describing [(2)can be found in the literature.An oftenusedexampleafter
Blackadar(1962)isgivenhereas:

KZ
(4.30.1) 1(2)=

1+KZ/lA

with [Atheasymptoticlengthscalethatvarieswithstability.

4.3.2 The logarithmic wind profile

BecausethePrandtl-layershowsin accordancewiththedefinitionsa constantverticalmomentum
transportforwhichthesquareof thefrictionvelocityu. canberegardedasrepresentativevalueata certain
level(e.g.10m).FromEq.(4.25a)follows

(4.31) 2.1.2=Kma°iildz=lz(o”’17/o"z)2

Withincreasingheightabovegroundlevelthemixing-lengthmustalsoincreasewithz (Holton,1992):

(4.32) l = K2

whereK‘is thevon Karrnanconstant.Itsvaluemustbe determinedempiricallyandliesbetween0.35and
0.42.SubstitutingEq.(4.31)inEq.(4.32)yields

(4.33) u.2= lvczzz(a°r.7/o"z)2
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Solvingthisequationfortheverticalgradientgives

0°37_u..1
(4.34)

dz K‘Z

IntegratingEq.(4.34)froma height20atwhichu=0until2 theverticalprofileof thewindspeedresultsfor
neutralstratification:

(4.35) 17(2)= u—*1n(z/20)
K

Theparameter20,theroughnesslength,isameasurefortheroughnessof thesurface.

Eq.(4.35)is notvalid in thelowermostpartof theboundarylayerhowever,becausetheroughness
objectsoccurverydenselyandtheK-theoryis no longervalid.It is necessarytherefore,to definea certain
height,abovewhichthelogarithmicwindprofilerepresentsa realisticassumption.Thisheightis namedzero
displacementor displacementheight(d) and is dependenton theheightof theroughnessobjectson the
earth’ssurface.Eq.(4.35)canbewrittenas

_ Ur.
(4.36) u(z) =—ln[(z —d) / 20]

K

Forverysmoothsurfacessuchaswaterorsnowd canbeneglected.

4.3.3 The power law

AnothermoreempiricalapproachisthepowerlawaccordingtoHellmann(inMolly, 1990):

u Z '
(4.37) —2= (—2)p

“1 Z]

A linkwiththelogarithmicwindprofilecanbeachievedif theexponentp’ isdeterminedasp’ = l/ln(10/zo).
Setting20=0.01meteryieldsavaluefor p’ = 1/7,thatis onlyvalidforsmoothterrain.

4.4 The roughness length and its estimation

The simple parameterisationof the wind profile as consideredabove is valid only for flat
homogeneousterrainas the presenceof obstaclesmay greatlyalterthe profiles.Furthermore,because
measurementsof windspeedaremademostlyatmuchlowerheightsthanthehub-heightof a WTGS it is
necessaryto knowquiteaccuratelytheverticalprofileof thewindspeedat leastup to thishubheight.For
thispurposetheoftenunknownvaluesof roughnesslengthanddisplacementheightmustbeestimated.Most
WTGSSareerectedin ruralenvironmentswithoutlargewoodyareassothatthedisplacementheightcanbe
neglectedandtheroughnesslengthbecomestheonlymeasureof surfaceroughness.For higherprecision
overinhomogeneousterraintheroughnesslengthmustbedeterminedfordirectionalsectors- usuallyin 8or
12(Barthelmieetal., 1993).



50

4.4.1 Estimation of the roughness length from measurements at two heights

Withneutralstratificationmeasurementsof thewindspeedattwoheightsaresufficientin addition
to theprevailingwinddirection.Inorderto havetrulyneutralstratificationit is recommendedonly to use
thisapproachforwindspeedsabove6m/s,becausestrongmechanicalmixingwill thenoccur.Additionally,
no largerobstaclesorsignificantchangesof thesurfaceroughnessonthewindwardsideshouldexistasthen
nouniformboundary-layerprofileis available.

Given111thewindspeedatheight21andthewindspeedu2atheight22thelogarithmicwindprofile
fromEq.(4.35)becomes

(4.38) ul ln(z2)—u1ln(zO)= u2ln(z1)—u2ln(zO)

fromwhichfollowsthat

(4.39) 111(20):“1111(22)—uzIn(zl)

“1—u2

Howeveras20is derivedbymeansof theinverselogarithm,largeerrorscanoccurif themeasurementsshow
uncertainties.

4.4.2 Estimation of the roughness length by means of terrain classification

A simple,yet subjectivemethodrepresentsthemethodof terrainclassification.Summarisingthe
resultsstatedin theliterature,whichwereattainedfor 20 frommeasurementsof windspeedanddirection
for severalheightsa tablecan be compiledwherefor eachsurfacetype a certainroughnesslengthis
assigned.Fromair surveysandmaps(preferablyfromthestandardscales1:10.000to 1:50.000)20 canbe
derivedbymeansof thesurfacetypeswithina radiusof somekilometresaroundthesite.Unfortunatelyin
the literaturethe tablesfor 20 differ considerably.The oldesttable comesfrom Davenportin 1960
(Table4.2) andwasproducedoriginallyfor the applicationof thepower-lawandwas adaptedlaterby
Wieringa(1986,1992)for thelogarithmicwindprofile(Figure4.1).This is for windenergypurposesthe
mostfrequentlyusedtoday.InFigure4.1a coarsedivisionintofourso-calledroughnessclasses(Barthelmie
etal., 1993;Troenetal., 1989)is shownwhichisusedintheEuropeanWindAtlasProgramme.

Table4.2:RoughnesslengthsderivedfromtheterrainclassificationofDavenport(Wieringa,1992).

Class Surface Landscapedescription zo(m)

1 Sea Opensea,fetchatleast5km 0.0002
2 Smooth Mudflats,snow;littlevegetation,noobstacles 0.005
3 Open Flatterrain;grass,fewisolatedobstacles 0.03
4 Roughlyopen Lowcrops;occasionallargeobstacles 0.1
5 Rough Highcrops;scatteredobstacles 0.25
6 Very rough Orchards,bushes;numerousobstacles 0.5
7 Closed Regularlargeobstaclecoverage(suburb,forest) 1.0
8 Chaotic City centrewithhigh-andlowrisebuildings >2
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20[m] Terrainsurfacecharacteristics Roughnessclass

1.00:— city
:- forest

0.50 *“suburbs
5- 3

0.30 -- shelterbelts

0.20 ”‘ manytreesand/orbushes

0.10“f farmlandwithclosedappearance 2

0.05 ‘” farmlandwithopenappearance

0.03 " farmlandwithveryfewbuildings,treesetc. 1
_ airportareaswithbuildingsand trees

0.01if airportrunwayareas
:: mowngrass

5 . 10’3 " baresoil (smooth)

10‘3“f snowsurfaces(smooth)

3 - 10‘4 “ sandsurfaces(smooth)
_- 0

10‘4‘” waterareas(lakes,fjords,opensea)

Figure4.1:Roughnesslengthsin relationtothesurfacecharacteristics.On therightside,thesimplified
classdivision(Troenetal., 1989)
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4.4.3 Estimation of the roughness length from the gustiness

InBeljaars(1987)andWieringa,(1976,1994)twomethodsweredescribedthatallowdetermination
of z, fromdataforagiventurbulenceconditionof thewindvector.

WhereasWieringausedthegustfactor,Beljaarsusedthestandarddeviationof windspeedwiththe
prerequisitethatatleast20valuesof therelatedspeedanditsstandarddeviationareavailable,thus

0.11(4.40) u = ln(z/zo)

wheref is anempiricalfactorwhichis a functionof thestandarddeviationandthefrictionvelocity.For an
averagingperiodof 10minutesandameasurementfrequencyof 3 secondsBeljaarssetf =2.2.

ThegustfactorisdefinedinEq.(3.36)with G = umax/uwhereu istheaveragewindspeedduringa
timeperiodT within umaxthemaximumgustof durationt is recorded.Itwasshown(Beljaars,1987)that
thestandarddeviationofwindspeed0;,increaseswithincreasingroughnessandin neutralstabilitywiththe
logarithmicwindprofilesuchthat o;/u= K (an/m)1/ln(z/z0)is valid. Furtherby Lumley& Panovsky
(1964)itwasshownthat o;/u*z2.5 andhenceoz/u= 1/ln(z/z0).

Assumingthatduringmoderateandstrongwindsthevariationabouttheaverageis nearlyGaussian,the
mediangustfactoris statisticallyrelatedto0;,afterWieringa(1994)by

(4.41) (G)/fT—1=E(°—“)= [1.42+0.3ln(—4+103/ut)](Lu)
u u

whereE denotestheexpectationof oz/uand ut thegustwavelength.f7 is dependenton theaveraging
periodof themeasurementsandfor a 10-minuteaveragefT = 1.1 andfor anhourlyaveragefT= 1.0.The
estimationof theeffective20 can nowbe madeby the inversionof thegust-modelin Eq.(4.41).Using
Eq.(4.40)inordertoreplacethestandarddeviationwith20it followsthat

—4813(3)

(Gm)—1+A—fTA
(4.42) 20(i) = 2 exp

withi thedirectionsector(width= 30°),2 theobservationheightand(Gm)-1= A((G) - 1)asrecordedgust
factorGmis smallerthanthisfor realwind.TheattenuationfactorA canbeset(Wieringa,1994)foraheavy
cupanemometerto0.86(ut=110m)andfora lightcupanemometerto0.93(ut=30m).

From differentstudies(Barthermieet al., 1993)wherebothmethodswerecomparedwithprofile
measurementsitseemsthattheWieringaapproachresultsinmorereliable20values.

4.4.4 Estimation of the roughness length from properties of the earth’s surface

Becausetheestimationof20bymeansof terrainclassificationrepresentsasubjectivemethodandthe
alternativemethodsmentionedrequireadditionalmeasurementsalternativesmostlybasedonthescalingof
thesurfacestructureneedtobefound.A solutiontothisproblemstatedfrequentlyintheliteratureexpresses
20asa functionof thegeometricalsizesof singleroughnesselements.Lettau(1969)suggested:
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1 s
4.43 z =—h-( ) 0 2 S

Whereh is theheight,s thefrontsurfaceopposingthewindandS thespecificareawhichresultsfromthe
totalbasisareaA andthenumberof roughnesselementsn suchthat S = A/n. Interestinglyherehowever,
onlytheheightandwidthof theelementareincluded,nottheirextendin thewinddirection.This approach
wasexaminedby Kutzbach(inOke, 1987),throughdistributingidenticalobstaclesuniformlyacrossan ice
surface.The comparisonwithmeasurementsyieldeda goodagreementprovingthe includedbaseS was
eithernotverysmallorverylarge.

0-5 r 1 1111111 Frwnnn 1 11111111

— d

0.1— —t
: Lettau(7969/ :I— 0-1

.c\ “ ...
On _ —.

0.01: :

O,CX)1 1 1 1111111 L 11111111 1 1 1111111
0.001 0.01 0.1 1.0

ROUGHNESSELEMENTDENSITY

Figure4.2:Therelativeroughnesslengthwithrespecttothedensityof obstacles(Oke,1987)

If theareaS is very smallthespeedbecomesvirtuallyzero in the interposedspacesbetweenthe
obstaclesandtheuppersidesof theroughnesselementswhichformanewsurfacewitha smallerroughness
ascalculatedinEq.(4.43).IfS is verylargewithfewobstaclesthecalculationyieldstoosmallavalueasthe
neglectedroughnessof thefreesurfaceinthiscasegainsmoreinfluence.

Kondo et al. (1986)give an approachfor non-uniformlydistributedroughnesselements.The
relevantgeometricalheighth, for thecalculationof 20is definedbothby thedifferentobstacleheightsas
wellasthedimensionof theinterveningfreeareas:

(4.44) h, = iZHHg,

withA thetotalarea,H,- theheightandg, thebaseof theroughnesselementi. Empiricallythefollowing
relationshipbetween20andh,wasfound:

(4.45) 20= 0.2511,
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Comparingthisapproachwiththatof Lettaufora horizontallyuniformgroundsurfaceby settingH,-= H in
Eq.(4.43),it followsthat

1 SI
4.46 z =— —-
( ) ° 4 SH

where 1representsthe lengthof the obstaclein thewind direction.For the particularcaseof l = 2H
Eq.(4.43)results.

Raupach(1992)deliversa morecomplexapproachthatalsotakestheheightof thedisplacement
layerthicknessintoaccount.He distinguishesbetweentheshearstressof thefreesurfaceandthatonewhich
resultsfromdifferentlyformedobjects.The startingpointfor considerationis therelationshipof 20to the
heighth, the widthb and the numberof the roughnesselementsoccupyingthe groundareaS and a
dimensionlessnumberintheform

(4.47) 2 = nbh/S

Existingdatashowthat za/hincreasesapproximatelylinearlywith1 upto a valueof 0.1to 0.15whichis
reachedfor a /1.from0.1 to 0.3, butwithA furtherincreasingza/hdecreasesagain.The locationof the
maximumandtheformof thecurvedescribedaredependentonthegeometricalformof theobstacles.The
existenceof a maximumandthedecreaseof zo/hareresponsiblefor theinvalidatingEq.(4.43)for a high
densityof obstacleelements.

Consideringtheshearstresswithinthelayerthatreachesupto theheightof theobstaclesthetotal
shearstresscanbe seenas a combinationof theshearstresson theground2'sandthatof theroughness

elementsTR:

2
(4.48) 2'= pu. = TR+ rs

This I isproportionaltotheairdensity,a specificdragcoefficientof theobjectandthesquareof thespeedat
heighth. Subtractingfromtheseresistanceforcetheshadedsurfaces(inthecaseof thegroundsurface)and
shadedvolumeswherebiggerthanthebases(inthecaseof theroughnesselements),includingthevolumes
of theroughnesselements(asthespeedisalsozerowithinanareaintheleeof theelements)theentireshear
stresswithinthelayerof thicknessh canbewritten:

(4.49) 2'= ,0th |:CSexp[—C1[yij/t] +CRexp[—C2[Elli]
u: “at

whereCSis thedragcoefficientof the(unobstructed)ground,CR thedragcoefficientof anisolatedsurface-
mountedroughnesselementandUhasa referencewindspeed.Itis helpfultoconsidertheconstantsC; and
C2asofmagnitude1andtosetthemequal.Uh/u, is alsoa functionof theshearstress.For thesolutionof

Eq.(4.49)itcanbeconsideredasanimplicitfunctionof r andwithUh/u. a y andC]: C2 = c it follows

that

(4.50) 7 = (CS +MR)“ exp(cx17/2)
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With

(4.51) x=c/1.7/2

and

(4.52) a = (CS +ACRYch/z

anequationof thefollowingformresults

(4.53) xexp(—x)= a

whichcanbesolvediterativelygivingthefollowingexpression:

2 h—d
4.54 —°=( ) h exr)(‘Ph)elm-Kr)

Theprofileinfluencefunctionor stabilityfunction‘1’},canassumea valuebetween0.62and1.03andis set
here‘1’],=0.74(Raupach,1992).Theunknowndisplacementlayerthicknessisthen

(455) d=h (CR/CS” 1—c (Ly/Zr“
' 1+(CR/CS)/1 ‘1 7221

which finally enablesthe calculationof 20/h in dependenceon /I..From measureddataresults,best

agreementof thisrelationshipis foundwhencar= 0.6.

Figure4.3:Predictedvaluesof therelativeroughnesslengthon/1.forCR: 0.3;CS: 0.003,anddifferent
valuesof car(Raupach,1992)
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4.5 The vertical wind profile in non-adiabatic stratification

If temperaturedecreasesmorestronglywithheightthenin theadiabaticcaseunstablestratification
occurs.Becauseanairparcelwhichis transportedtoa higherlevelis therewarmerthanitssurroundingsis
acceleratedfurtherdue to the inherentbuoyancydeveloped.From this processa reinforcementof the
momentumtransportoriginatesandconsequentlya strongervelocitygradientin thelowermostlayerabove
thegrounddevelopsthanin theadiabaticcase.If temperaturedecreaseslesswithheightas in theadiabatic
case(orevenincreaseswithheightin thecaseof an inversion)stablestratificationresults.Inthiscase,the
mechanicalmomentumtransferis dampedandaweakervelocitygradientoccursin thelowermostlayer.In
orderto takethesedeviationsof the logarithmicwindprofileintoaccountit is necessaryto formulatean
additionaltermwhichdescribesthedependenceof thewindprofileontemperaturestratification.This canbe
achievedforexampleusing.theMonin-Obuchovlength(Holtslag,1984).

4.5.1 The Monin-Obuchov length

Theturbulentheatfluxis independentof theheightunderstationaryconditionsandcanbewrittenin
theform.

(4.56) Q, = cppw'T'

NeglectingtheCoriolisforcein Eq.(4.15),for a temporalvariationof theverticalcomponentwof thewind
speedthebuoyancybecomesmostinfluential.A lengthscalecomprisingof thethreeturbulencegoverning
propertiesg/To,ur, and QH/cpp isbydimensionalanalysistheMonin-ObuchovlengthL:

(4.57) L* =—u.3«ng'm

Becausethepotentialtemperature19is directlyproportionallyto thetemperature,T canbe simply
replacedby 19in Eq.(4.57)in orderto determinethe turbulentheatflux with Eq.(4.14).With stable
stratificationthe turbulentheatflux is negativein the z-directionand thereforeL* >0. With unstable
stratificationthe turbulentheatflux is positiveand thereforeL* <0.The velocitygradientfor the non-
dimensionalfunctionCD(z/L*)isgivenby (Holtslag,1984):

(4.58) E = ”* <I>(z/L*)
dz [(2

fromwhichfollowsin theadiabaticcaseby comparisonwithEq.(4.34)that (I)= 1 whichis an important
boundaryconditionforthedeterminationof thefunction(I)(z/L*)becausein thiscasetheaverageturbulent
heatfluxis zeroandthereforez/L*=0.

4.5.2 The vertical profile of wind speed in stable stratification

Inthecaseof stablestratificationforthefunctionCD(z/L*)usuallya linearapproachis chosen:

2
(4.59) CD(z/L*)= 1+a1E;
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wherethe constanta1=4.7 afterBusingeret al. (1971)and a1=5.0 afterDyer (1974).Integrationof
Eq.(4.58)from0toz yields

(4.60) u(z) = -l£-[ln(Z/ZO)—‘I’(z/L*)]

Thefunction‘I’(z/L)derivedfromEq.(4.59)as

Z
(4.61) ‘11=—a11:

The negativesign leadsto an enlargementof the termsin bracketsof Eq.(4.60)thatyields an
increasingattenuationof thewindin thelowermostlayerin connectionwitha smallerfrictionvelocity.This
canbe observedfrequentlyin thediminutionof thegroundwindaftersunsetwhentemperatureinversion
startscausedbythenegativeradiationbalanceattheground.

4.5.3 The vertical profile of thewind speed in unstable stratification

A morecomplexformulationfordescribingstabilityisusuallynecessaryforunstablestratification

—1/4(4.62) CD(z/L*)= [1—a, (z/L*)]

withanempiricalconstanta2withvaluesbetween15and16.Integrationyields:

2
(4.63) T(z / L*) = 21n(1+7x]+ln[1+2x ]— 2arctg(x)+7:/2

with

(4.64) x = [1—a, (z/L=°)]‘“4

IntheliteraturevariousfunctionsforCD(z/L*)canbefound(seee.g.WMO No.575).

4.5.4 The concept of the internal boundary layer

The verticalprofilesof thewind speedas describedin theforgoingparagrapharevalid only for
uniformsurfacepropertiesintheflowdirection.Inheterogeneousterrainthequestionariseshowthevertical
profile is influencedby surfaceareaswithdifferentroughness.Above an extendedsurfacea wind field
appearsinbalancewiththegivenroughness.If thereis a changein roughness,anewequilibriumdownwind
of thelinebetweenthetworoughnessareasis established.Theboundarylayernearthegroundconsiststhen
of twolayersoneclosetothesurfaceinfluencedby thenewroughnessandtheotherontopof it dominated
stillby theoriginalroughness.This is inprincipletheconceptof theinternalboundarylayer.Thehorizontal
distancex (fetch)downwindfrom the point at which the two differentsurfacesmeethas an essential
influenceatwhichheightthechangeof theverticalprofiletakesplace.Theheightof theinternalboundary
layer6}-atwhichtheroughnessof theimmediatesurroundingsof a siteis validcanbewrittenasa function
of thefetchx andthetworoughnesslengths201,202(upstream,downstreamroughness):
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b

(4.65) i = {1)

z
A 3
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Figure4.4:Increasesof theinternalboundarylayerheight5asa functionof thefetch(Stull,1988)

The exponentb = 0.8 for neutralstratification,beinglargerfor unstablestratificationandsmaller
whenstable.Theparametera canis formedasa functionof thetworoughnesslengths:

(4.66) a = 0.75+0.03111(202”01)

4.5.5 Comparison of extrapolation procedures to hub-height from a lower level

The hub-heightof newgenerationWTGSS in theperformancerangearound1megawattlies over
60metersabovegroundlevel.This requiresa highmeasurementtechniqueandfinancialexpenditure.In a
studyof the GermanWind Energy Institute(DEWI) for theAEOLUS II generatorwith 80meterrotor
diameterand92meterhub-height,windspeedvalueswhichwereextrapolatedfrommeasurementsat lower
heightswerecomparedwithmeasuredvaluesin 5 levelsupto 126meters.For extrapolationthelogarithmic
wind profile,thepowerlaw andthe logarithmicwind profilewithstratificationcorrectionafterMonin-
Obuchovwereused.InFigure4.5therelativedeviation(=[calculated—measuredvalue]/measuredvalue)is
shown.Theunderestimationof themeasurementbymeansof thepowerlaw(He!)aswellasthelogarithmic
profile(Log) is confirmedwhereastheMonin-Obuchovapproach(Obu)hasonly a relativedeviationof
2 percent.Withverylowwindspeedsall threemodelsgavequitehigherroneousvalues.As a consequence
of thesefindingsa surveyof thepowercharacteristicseemspossiblebymeansof extrapolationof thewind
speedwith considerationbeing given to temperaturestratification,thoughfurtherlocationsshouldbe
includedinthevalidation.
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Figure4.5:Averagerelativedeviationoverthemeasuredwindspeedataheightof 92meters;
forannotationseetext(Stracketal., 1996)

4.6 The representativeness of wind measurements

It is a fact thatwindmeasurementsat 10metersheightarevery oftencorruptedby the specific
surroundingsof themeasuringsite.Hencethequestionarisesare suchmeasurements“climatologically“
representativeandthedatacanbeusedequallyoptimalfordifferentpurposes.Weknowwelltheregulations
for anemometermeasurements(WMO No.8, VI.6.6. 1973): "Measurementsof windfor synopticpurposes
shouldrefertoa heightof] 0minanunobstructedarea,andshouldconsistofthemeanofvaluestakenover
a period of about 10 minutes". And furtheron for non-idealsites: ,,Whena standardexposureis
unobtainable,the anemometershouldbe installedat such a heightthat its indicationsare reasonably
unaffectedby local obstructionsin thevicinity.Thiswill usuallynecessitateplacing theanemometerat a
heightexceeding10mbyanamountdependingontheextent,heightanddistanceoftheobstructions,butit is
impracticabletogiveanygeneralrulefor determiningthissincelocalconditionsdiffersowidely

The definitionof representativenessis difficultdueto the applicationsthatmay havetheirown
conditionsin time and spacefor whichthenthedatahaveto be representative(Wieringa,1994). This
imposesthatsomekindof generalisationis necessarytoachievea regionalrepresentativenessthatholdsfor
differentapplications.
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4.6.1 Exposure correction method for wind measurements

A goodcompromiseforwindmeasurementsata site(togetherwithaccuratemetadataaboutthesite
itself)is forawindspeedu>5m/switha 150meterfetchasaminimum,noobstacles(withheightH) nearer
than 15 timesH and the anemometerheight 2 2 2020.Then the followingsimplerelationshipfor two
heightsof thewindprofileisvalid:

112/111= ln(Z2/Z0)/lll(Z1/Z0).

Withtheassumptions

u, in28 inmoderatelyopenterrain,20,,
u, in 10m potentialwindaboveaflatreferenceterrain,20r=0.03,
ub inzb resultingwindfromtheupwindmeso-scale(£10km)roughnesseffectsbut

withoutinfluenceof thelocalroughnesselements
2;,=blendingheight: heightabovewhichthereisno influencefroma local20,

theobjectiveexposurecorrectionmethodfromWieringa(1976) canbeapplied.Takingintoaccountthatat
theearth’ssurfacethemaximumheightof roughnesselementsareusuallyin therangeof 20-30metersand
knowingthattheindividualeffectof anobstacleis smoothedoutconsiderablyfor z z 2H (WMO 1964)the
blendingheightcanbe setatzb=60m. With theseassumptionsa transformationis possiblein the form
(geometricalrelationsin Figure4.6)of havingonly geometricalquantitieson the righthandside of the
followingequation:

(4.67) ur/us= [ln(zb/zos)ln(z,/zor)]/ [111(25/203)ln(zb/zo,.)]

inZb

lnz

In2r

1’ 'I
In2 2'05 x x;I

or 1 I : u

Figure4.6:Transformationmodelforexposurecorrection(afterWieringa1994)
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Theadvantagesin usingthepotentialwindinsteadof originalwinddataare-,,standardisation“of so
called ,,designvalues“ and having representativeinput data for models and other applications.The
disadvantagesarethattheprocedureis applicableonlyforwellkeptstationswithdetailedinformationabout
thesurroundings,thathomogenisationof theseriesis necessaryin casethestationis movedto anothersite
orchangingsurroundingsandforwindspeedsu>5m/s.
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5 FLOW FIELDS AND OROGRAPHY

Inhomogeneousterrainformationscan changethewind field in comparisonwith a homogenous
surfacein twoways.Firstly,a changein thepressurefield canbeevokeddynamicallyby theorographyon
anexistingflowandsecondly,pressuregradientscanbegenerated,evenin windstill periods,attheupper
levelof theboundarylayercausedbythermallyinducedwindsfromvaryingenergyabsorptionof theearth’s
surfacedependingonhillsideinclinationandorientation- theso-calledthermalinducedwinds.Thefirstpart
of thissectiondealswiththe influenceof topographicelevationson a flowwhichresultsfromthespatial
pressuredistribution,thesecondpartwiththermallyinducedflows.

5.1 Flows over and around hills

Flowsaboveandaroundelevationsarestronglydependenton theheightandshapeof thehill or
mountain,aswellasthevelocityof flowandprevailingtemperaturestratification.The differentflow forms
canbe distinguishedby theresultantforcesto be considered.Firstly somecharacteristicpropertiesof the
flowandatmospherearediscussed.

5.1.1 The Brunt-Vfiisala frequency and the atmospheric wavelength

Ifanairparcelis liftedina stablestratifiedflowa restoringforceis generatedthattriestobringback
theparcelto theoriginallocationcausedby differentialbuoyancyof theairparcelanditssurroundings.On
thebasisof thisrestitutionforceoscillationsof theairparceloccurin theverticalwiththeso-calledBrunt-
Vdisa'la'orbuoyancyfiequency(Stull,1988;Holton1992):

d6 1/2
(5.1) Nf 2&5)

where6 (z)is thepotentialtemperatureattheoriginalpositionz. If a stablestratifiedflow is liftedwiththe
speedu by a hill or mountainthen in front,aboveand behindthis elevationwavesare formed.The
atmosphericwavelengthxiaresultsfromtheBrunt-Vaiséiléifrequencyandtheflowvelocityuas

u
5.2 1:2-() a ”N

f

Takingan averagevalueof 0.003510mfor theverticalgradientof thepotentialtemperaturean average
valueandforthevelocityu= 10m/stheatmosphericwavelengthemergesasapproximately5 kilometres.

Whichwaveformdevelopsduringtheflowoverthemountainisdependentontherelationshipof the
characteristichorizontalextendL of themountaintotheatmosphericwavelength

L _L-Nf

062.,- rt-u
(5.3)



63

5.1.2 Wave regimes of flows over hills

The followingconsiderationswill focusfor simplicityon two-dimensionalelevationssuchthatthe
windvectorhasonlytwocomponentsu andw.Concentratingonlyonmountainrangeslimitedlaterally,the
effectsresultingfromCoriolisaccelerationcanbeneglected.Startingwiththeboundarylayerequationsand
thenon-averagedBoussinesq-approximation(Holton,1992)(c.f.paragraph4.2.7)withouttheCoriolis term
wehave

(5.4) £122 _1@
dt ,00k

dt ,0 dz

dd
5.6 — = 0( ) dt

andusingcontinuityequationfor an incompressiblemedium(of.Eq.4.4)thegoverningequationsfor the
deviationfromthebasicstateareobtainedbyuseofReynoldsaveragingandlinearization,neglectingeffects
of rotationyields:

(5.7) (2+fiéju'+ii=0
dt dk p0 o’k

(5.8) (2+fiijw'+iép — i=0
dt o’k po 62 6

011' o’W'
(5.9) —-+ = 0

0k dz

(5.10) (é+fi£)6'+w'y= O
01 0% dz

Eliminatingthepressuredisturbanceby subtractingEq.(5.7)fromEq.(5.8),andsubsequentlyu’ and6’ with
thehelpof Eqs.(5.9)and(5.10)onederivestheconditionalequationforw"

2 2 r 2 I 2 r
(5.11) [gm—4) 32’3”," +Nf2—5’2"=0

a ac ex 0% ac

This waveequationdescribestheso-calledinternalgravitywavesin thegeneralformalso allowingfor
temporalchanges.In thecaseof flowingoverhighmountainsthis temporalchangeis not possibleand
stationarywaveareformed(Holton,1992),becauseof theaveragehorizontalwindspeedandterrainheight
(thecausefortheflowlifting)beingconstant.ThereforeEq.(5.11)simplifiesto
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dzw' dzw' N 2 ,
(5.12) 0&2 + a? + 1.7!;w =0

Partsof this equationcan be neglectedaccordingto thehorizontalextendof elevation.For hills, whose
lengthis smallerthantheatmosphericwavelengthin flowdirection,nowavesdevelopandthethirdtermin
Eq.(5.12),responsiblefor wavedevelopment,can be neglected.The remainingtermsyield the Laplace-
Equation

(5.13)

This formresultsfromtherequirementthatthegradientfieldof a scalarpotential(in thiscasethevertical
deflection),thatfulfilsthenon-vorticalcondition,mustalsobenon-divergent.Therefore,flowsthatfulfil the
Laplaceequationarenamedpotentialflows.As theseflowsarealsovalid in thecaseof stablestratification
thesolutionsforEq.(5.13)will bediscussedin section5.1.4.

Inthecasethatthehorizontalextentof thehill reachesapproximatelytheatmosphericwavelengtha
non-hydrostaticwaveregimeis establishedandall termsin Eq.(5.12)mustbe considered.Thenwavesare
generatedwhich extendthemselvesin the horizontaland verticaldirectionsalso. The harmonicwave
solutionof Eq.(5.11)forthedecayorgrowthof theverticaldeflectionin relationtox and2hastheform

(5.14) w'(x,z) = Re[vT)exp(i(I))]=w, cosCD—w,sin (D

with w a complexamplitudehavinga realpart w, andan imaginarypart w,. The phase(I) is a linear

combinationofx andz andcanbewrittenas

(5.15) (D= kx+mz

withk thewavenumberin thex—directionandmthewavenumberin thez-direction.Whilethehorizontal
wavenumberis alwaysrealandthereforein thex-directionhassine-shapedwavesforms,theverticalwave
number m=mr+1711maybe complexso thatin thiscaseanexponentialdecayor growthof thevertical
deflectiontakesplacedependingonwhether7711is positiveor negative.The differentiation,if sine-shaped
wavesdevelopedverticallydirectionor if anexponentialdecayorgrowthoccurs,resultsfromtheso-called
dispersionrelationship:

(5.16) m2=N2/u2—k2

If thehorizontalvelocityof flowis smallerthantheratioof Brunt-Vaisalafrequencytothehorizontalwave-
number,m is realandwavesaregeneratedin thez-direction.In thiscasethe lines,whichcanbe drawn
throughpointsatdifferentheightswiththesamephase,arenotverticalbutdeflectedfromthelocalvertical
throughananglea (Blumen,1990).The cosineof thisangleresultsfromtheratioof thehorizontalwave
numbertotheamountof thewavenumbervectorthus

_)
(5.17) cosazik/k

wherethewavenumbervectorhasthex-componentk andthez—componentm.Thetiltof thephaselinesfor
internalgravitywavesdependsonlyon theratioof thewavefrequencyto thebuoyancyfrequencyandis
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independentof wavelength.In the reversecasem is imaginaryandno wavesarepropagatingin the z-
direction.ThesetwocasesareshowninFigure5.1andFigure5.2.

Figure5.1:Waveswithexponentiallydecreasingamplitudeinthez-direction(Holton,1992)

Figure5.2:Wavespropagatinginthex-andinz-directions.Thedashedlineconnectspointsof equal
maximumupwarddisplacement(Holton,1992)

If thehorizontalextentof theelevationis largerthantheatmosphericwavelengthbutnotso large
thatCoriolis-effectsneedbetakenintoaccount,thenthehorizontalwavenumberk is smallerthantheratio
of theBrunt-Vaisalafrequencytothehorizontalflowvelocity.LookingatthedispersionequationEq.(5.16)
showsthatthesquareof thewave-numberk canbeneglectedwhencomparedto theotherquantities.From
thisit followsthattheverticaldeflectiondoesnotdependonx andEq.(5.12)simplifiesto:

(5.18) + w =0

The wavesresultingfromthisequationaretermedhydrostaticwaveregime,a representationof which is
giveninFigure5.3.
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Figure5.3:Hydrostaticwavesaboveanelevationwiderthantheatmosphericwavelength(Blumen,1990)

5.1.3 Non-linear effectsof mountain flows

Non-lineareffectssuchas theblockingof flow on thewindwardside of a hill, the lateralflow
arounda singlehill or canalisingtheflowbetweentwohills appearwhenthelinearizationof theboundary
layerequationsin paragraph5.1.2is no longervalid. Anothernon-lineareffect,thatleadsto highwind
speedsin theleeof amountainrange,is thebreakingof verticallyextendinggravitywaves.Moreaboutthis
subjectcanbefoundinMasonetal.(1995),Oke(1987),Stull(1988),andBlumen(1990).

The characteristicparameterfor theappearanceof non-lineareffectsis theFroude-numberand is
definedbytheratioof inertialtobuoyancyforcesas

(5.19) Fr=U/Nth,

whereL),is a characteristiclengthscale,usuallythehalf-widthof thehill athalf-hillheight(H/2)andU is
thecharacteristicvelocityin theboundarylayer.A Froude-numbersignificantlysmallerthan1 emergesif
theflowis affectedbybuoyancyforces,whichcanhappeninaverystablestratifiedatmosphere.Inthiscase
theflowhasinsufficientkineticenergytoraisethenecessarypotentialenergyfor lifting.Theconsequenceis
a blockingon thewindwardside of the hill and a lateralflow-around.The nearerthe Froude-number
approaches1, themorethinly the layer is in whichblockingand lateralflow-aroundtakesplace, and
consequentlytheflowabovethis layeroverflowstheelevation.Thuswavesaregeneratedstartingfroma
sufficienthorizontalextentof theoverflowedpartof theelevation,whereasno wavesappearin the low
layer.This phenomenonis namedlee-waveseparation.The ratioof the layer-depthzWof thepartof the
flow, thatcan overflowthe hill, to the hill heightzhmis approximatelyequalto the Froude-number
(zw/zhmzFr) for thisrangeof values(Stull,1988).The blockingphenomenonandlee-waveseparationis
representedinFigure5.4andFigure5.5.



67

(3) Someairblockedupwind.
Remainingairflowsaround

Sides'ofthehill
Fl’=0.1

(verystatically
stable) ,-

Figure5.4:Blockingof flowonthewindwardsideof ahill withasmallFroude-number(Stull,1988)

(b) Someairflowsover.
Someairflowsaround.

Loowaveseparation
Ff : 0.4

...........

Figure5.5:Lee-waveseparationwithaFroude-number< 1(Stull,1988)

For largeFroude-numbersthefamiliarbalancebetweeninertialeffectsandturbulentfrictioncanbe
observed.The ratio U/Nf is typically1km, so for hills withLh51km maybe freeof buoyancyeffects
duringthedayandwhenwindsarestrong.Hills withLh~5kmarealwaysaffectedby stratificationto some
degree.

Blockingandcanalisingis of greatimportancefor windenergyuse:thefirstbecausethiswasnot
takeninto accountuntil now for most commonlyused wind field models,resultingoften in a small
overestimationof theenergyyield to thewindwardsideof hills; thesecond(thecanalising)as effective
canalisingis onlypossiblein verystablestratification(withwindspeedsmostlybelowthecut-inspeed)or
for sufficientheightsof thehill sides.Thus it followsthathighyieldsareonly possible,if thecanalaxis
correspondstothemainwinddirection.

Anothernon-lineareffect,the breakingof verticallypropagatinggravitywaves(seeFigure5.6)
givesa theoreticalbaseto interprettheappearanceof highwindspeedsintheleeof mountainranges,aswas
observedforexampleby Steinhauser(1952)of windmeasurementsfromstationsatthefootof theSmaller
CarpathianMountains.The critical layer in the lee of a mountain,whererefractiontakesplacecan be
consideredas a boundaryat whichtheverticallypropagatingwavesarereflectedin thedirectionof the
earth’ssurfacefromwhichhighwindspeedsoccur.
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Figure5.6:The isentropicsforaflowwithacriticallayerat7/12of theverticalwavelength(Blumen,1990)

The modificationof theequationsfor shallow-waterwavesprovidesa secondtheoreticalbasefor
describingthe formationof highwind speeds.The momentumconservationequationandthe continuity
equationin sucha layeraregivenby:

071 fl) 071
5.20 —+ —+ —=O( ) “fit 8 03c 8036

(5.21) 02(11sz
03C

withD thelayerthicknessandh thehill height.SubstitutingEq.(5.21)intoEq.(5.20)toeliminateuyields

(5.22) [1_ F1 2] d(D+ h) =@
036 0%m

wherethemodifiedFroude-numberFrm isdefinedas

(5.23) Fr,”2= u2/(gD)

IfFrm>1(super-criticalcase),thelayerthicknessincreaseswithincreasinghill heightandthewind
speeddecreasesonthebasisof thecontinuityequation.Inthiscasethekineticenergyof theflowis changed
intopotentialenergyfor liftingtheflow.At thecrestof thehill thespeedis lowestandthelayerthickness
greatest.Onflowingawaythecontainedenergyisconvertedagainintokineticenergy.
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If Frm<1(sub-criticalcase),thelayerthicknessdecreaseswithincreasinghill heightandatthehill
topthespeedis greatest.Inthiscasepotentialenergyof thelayeris changedduringtheliftingintokinetic
energyandonflowingawayagainintopotentialenergy.

As anexplanationforthespeedamplificationin theleeof mountainsthistheorydescribeswell the
changefromthesub-criticaltothesuper-criticalflowconditiononthehill top.This changeismadepossible,
if thewindspeedis increasedcontinuouslytowardsthehill topbygravitywaves.

A weakpointof thistheoryis theassumptionof a freesurfaceontheonehand(i.e.therestrictionof
the verticalenergyexchangeto the layerthicknessD) becausegravitywavesenablea verticalenergy
exchangeup to thetropopauseandon theotherhandtheassumptionthatthegreatestspeedis reachedin
gravitywavesonthehill top.

A thirdtheoryfor leewardvelocityamplification(Blumen,1990)considerstwolayerswithdifferent
atmosphericwavenumbers.At theboundarybetweentheselayersonepartof theupwardlypropagating
waves is reflected.For an optimal superpositionbetweenthe upwardand the reflected,downward
propagatingwaves,highflowvelocitiesoccurontheleeside.Thehighestspeedsarereached,if thevertical
wavenumberequalstwicetheheightof thetropopause(Figure5.7).

-60 ~30 0 30 60

Figure5.7:The isentropicsof aflowoveramountainridgewithatwo-layeratmosphere(Blumen,1990)

5.1.4 Overflow of hills during neutral stratification

Inthecaseof flowsoverhills,whosehorizontalextendis smallerthantheatmosphericwavelength
andtheirheightis atleastonemagnitudesmallerthanthelengththeLaplace-equationEq.(5.13)canbeused
for thedeterminationof thefriction-freeflow.For simplicityonlythetwo-dimensionalcasewill be treated
hereinmoredetail,i.e.thefirstdifferentiationof thevelocitycomponentsu andwwithrespecttoy aswell
astheterrainheighth areall setequaltozero(Hoff, 1987).Theterrainheighth is onlya functionof x and
hasa maximumH (thesummitheight)atx=0.The z—coordinatewill be consideredin thefollowingas the
heightovertheground.
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Thebasicideaof all theoriesfor theoverflowof smallerhills is thesubdivisionof theflow intoan
innerlayer,which is influencedmassivelyby the friction,and an outerlayerthatis characterisedby a
velocityenhancement(asit appearsinthefriction-freecase)andformsthebuoyancyfortheflowvelocityin
the innerlayer.The procedurefor thesolutionof this problemis firstlyto solvetheLaplace-equationin
orderto getthevelocitycomponentsfor thefriction-freecase.Fromthis,onederivestheamountof speed
amplificationin relationto the undisturbedbasic flow, the hill heightand the form of the hill. The
undisturbedbasicflow in thefriction—freecaseis a height-independentflowparallelto thex-axissuchthat
noverticalvelocitycomponentappears.Thewindvectorabovethehill canbewrittenformallyasthesumof
theundisturbedbasicflowU00andaspeedamplificationdependentonx andz (Hoff, 1987):

(5.24.1) U(x,z) = U00+AU(x,z)

(5.24.2) W(x, z) = 0 +AW(x,z)

Becauseonlythehorizontalwindspeedcomponentis of interestforWTGSS thiswill betakeninto
considerationinthefollowing.A methodforthedeterminationof theamplificationterminEq.(5.24.1)is the
applicationof thetheoryof thinairfoils,inwhichpotentialflowsfor theconditionthatH<<L aredescribed
by a superimpositionof thebasicflow,with linedup flow sourcesandsinksthatcorrespondto the local
hillsideinclination.Normalisingthehill-functionh(x)withH (thehill height)andall otherdimensionswith
a longitudinallengthscaleL (=L,1in Eq.(5.19))which is usuallythehalf-widthof thehill, thehorizontal
speedamplificationresultsin:

(5.25) AU(x,z) = Uw—Iz—0'(x/L,z/L)

Theamplificationis directlyproportionaltothebasicflowandtotheratioof theheighttothecharacteristic
lengthof thehill aswell as to its form.This is representedin Eq.(5.25)by theso-calledform-parameter
a (x/L,z/L).Theformparameteris obtainedfromtheabovementionedtheoryof thinairfoilsas:

1 °° x/L—s/L
5.26 /L, /L =— 's/L
( ) a” Z ) 71J“ )(x/l—s/L)2+(z/L)2—CD

d(s/L)

The functionf(x/L),whichappearsin Eq.(5.26)asfirstderivative,is thestandardisedhill-functionwiththe
heightH = 1andapproacheszeroforverylargevaluesofx. Takingthehalf-lengthasa characteristiclength
of thehill

(5.27) L 2 L1,, = x,,.g,,,(h= H/2) —x,,f,(h= H/2)

theformparameterbeingobtainedatthetopof thehill. On thebasisof a symmetricalGaussianbell curve
theformparameterequals0.939andforaninversepolynomial

1
5.28 /L =~
( ) fix ) 1+(x/L)2

theformparameteris 1.Thepressuredisturbance,causedbythehighervelocity,resultsfromtheBemoulli-
equation
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(5.29) gUof +pw =§U2 +p

whileneglectingthesquareof theflowtermas:

(5.30) Ap E —pU°oAU

Thebehaviourof thedifferentparametersof thefriction-freeflowis illustratedin Figure5.8atoFigure5.8d
for a hill withtheformof an inversepolynomial.The decreaseof theformparameteris clearlyshown(and
withit thespeed-upeffectswithheight)andadditionallythedisappearanceof thegradientfor thepressure
disturbanceatthehighestpointof thehill, wherebyonthewindwardsideanaccelerationfromthepressure
disturbanceandto leewarda retardationof theflowoccurs.Inthecaseof steeperhillsideinclinations,this
courseof pressuredisturbanceis responsiblein connectionwiththeretardingeffectfromgroundfrictionfor
theflowseparation.

Inorderto taketheuniformsurfacefrictionintoaccountthefriction-freeflowmustbe replacedin
Eq.(5.24.1)andEq.(5.25)by a heightdependentflow.Whilehowever,in thefriction-freecasetheflow is
describedby Eq.(5.25)up to theheight 2= 0, this is notpossiblefor theflowwithfriction,becausethe
frictionhas a dominantrole in the force balancewithinthe previouslymentionedinner layer and the
potentialtheorylosesvalidity.

z/L . '
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Figure5.8:Thebehaviourof differentparameterswithrespecttox/Lontheinverse-polynomialhill
afterHoff (1987);(flowfromtheleft)
(a)Speed-up-profileof thefrictionlessflowwithx/L=-2.4,-1.75,-1and-0.5
(b)horizontalprofileof theinversepolynomialhill standardisedbyH andL



Figure5.8(cont):Thebehaviourof differentparameterswithrespecttox/Lontheinverse-polynomialhill
afterHoff (1987);(flowfromtheleft):
(c)formparameters6(x/L)for z/L=0,0.25and1.0;
(d)near-surfacepressuredisturbance(full line)andthepressuregradientsmoothedoverL
(dashedline)

However,forthecalculationof theflowintheouterlayertheflowintheinnerlayermustbedescribedfirst.
A schematicrepresentationof thistwo-layerconceptforflowsacrossahill isgiveninthenextfigure.

outerlayer

,x”r.
” @0339"I” .\<\.’

Figure5.9:Two-layerconceptforflowsacrossahillwithstaticfriction(Hoff,1987).
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With the applicationof the logarithmicwind profile from Eq.(4.35)the solutionfor the speed
amplificationin theouterlayerwhichliesabovetheinnerlayerwiththestill unknownlayer-thicknessl is
givenby

(5.31) U(x,z) = Uw(z)+Um(L)-{Z—0'(x/L,z/L)

As scalingvelocityfor thehorizontalspeedincreases,the velocitywas chosenfor the heightH, which
representsthetypicaleffectheightof theobstacle.

For theflowaroundhills therelevantforcesare,asmentionedabove,advection,pressuregradient
andfriction.Thepressuregradientdirectlyonthegroundmustbeequaltothefriction,becauseforadvection
thenecessaryvelocityvanisheshere.Undertheassumptionthatthepressuredisturbanceis hardlymodified
by theinnerfrictionlayer,therequiredlayerthickness1' of theinnerlayercanbegainedfromequatingthe
changeof theshearstressAZ"withinthedepth 1' withtheadvectionatthelowerboundaryof theouter
layer:

(532) U..(l')fl(l—) =i£
L p 1'

If oneusestheshearstressvelocityinsteadof thefrictionvelocity,therighthandsideof Eq.(5.32)is given
aftersplittingoff thefrictionvelocityintoan undisturbedtermandan additionalterm,witha subsequent
linearisationas:

A(u.2) z 2“ Au.
5.33 a: -< > 1' .. 1'

Usingfortheundisturbedterm

K
5.34 1.1.= U 1' —-( ) .. ...( )ln(l'/ZO)

andforthedisturbedterm

(535) Au —AU(1')—"-
' * ln(l'/zo)

aftersomereshapingtheconditionalequationforthelayerthickness1'thisbecomes:

(5.36) l'-ln2(l'/zo) = 2K2L

Besidethisequationthereareothersin theliterature(Huntet al., 1975;Britteretal., 1981)for whichthe
logarithmisnotsquaredase.g.

(5.37) l'-ln(l'/ZO)= 2K2L,
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and which resultfrom the applicationof the conceptof the mixing-lengthunderthe constraintsthat
AU(l') = u, /K. WhileEq.(5.36)givesaheight1' whichreturnsapproximatelytheverticallocationof the

maximumvelocityincrease,Eq.(5.37)is, physicallyseen,arbitrarily.Withknownl thedeterminationof the
horizontalvelocityamplificationat thehill crest(wherethegradientof thepressuredisturbancebecomes
zero)ismadepossiblebythefollowingequation:

A 1.
(5.38) U(z < l',x = 0)= Um(z)+ u 0 ln(z /Z0)

The newparameterAu...0representsthedisturbanceof thenear-surfaceshearstressat thehill crest.This

resultsfromequatingtheamplificationattheheight1of innerandouterlayerto

ln(L/ 20)H x
0'(—=0, z=l')(5.39) Au..0= um

ln(l'/zO) L L

fromwhichthevelocityintheinnerlayercanbecalculated:

magma.). U l', = =(540) (z< x 0) U°°(Z)+U°°(Z)ln(l'/ZO)L L

Undertheassumptionthatthemaximumincreasetakesplaceattheheight1’andthehill hastheformof an
inversepolynomial(6:1) weget:

(5.41) AUmaxE MAL)?

In using the height1’ from Eq.(5.36)and consideringthe Jackson-Hunttheory(Huntet al.,1975) the
maximumincreaseemergesas:

(5.42) AUmax; [U,2(L)/U,, (1')El-

This valueis indeedhigherthanthatfromEq.(5.41),becausetheheightusedforof theinnerlayeris greater
inEq.(5.42).Anotheroftenusedparameteristhesocalledspeed-up:

AS = U(x,z) —U..(z) = 4U(x.z)

U..(z) U..(z)
(5.43)

FromEq.(5.41)it followsthatthemaximumof thisspeed-upoccurswhen

_ U..(Le) g(5.44) ASmax
U00(l) L

orunderapplicationof Eq.(5.42)themaximumspeed-upis:
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2
U L H

(5.45) ASW = A! _
U00(l') L

In laterworkstheJackson-Hunttheorywaswidenedby an additionalmiddlelayerandtheheightof the
maximumspeed-upwasassumedwith1/3,whichledto an improvedreproductionof measurementsby the
theory.

A stillunsolvedproblemin therepresentationof theverticalprofileof thehorizontalwindspeedis
theeliminationof thesalientpointappearinginthecourseof theheight l' versusAu (seeFigure5.10),that
originatesattheconnectionof theprofilesof innerandouterlayerafterEqs.(5.40)and(5.31).Hence,the
followingconditionsmustbe fulfilled:The profilecurveshouldchangeintotheouterlayerasymptotically
for z/l'—>00andthewindprofileof theinnerlayernearthegroundshouldhaveanosculatingcurvewhere
z= 20.Suchaprofileis givenby

(5.46) AU(0,z) = U, (L)%o(0,z/L)P(z)

with

ln(z/l')
mexpl— (Z—Zo)/l'](5.47) P(z) = 1+

lnz outerlayer

Figure5.10:Speed-upatthetopof ahill, schematically(Hoff, 1987)

For three-dimensionalelevationsthe calculationof the speed-upis more complicated,also
curvilinearcoordinatesystemsareoftenusedthatfollowthestreamlines.Thereforeonlytheresultsderived
fromtheJackson-Hunttheoryaregivenhere:
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(5.48.1) ASmaxS 1.6H /L foraxis-symmetricalhills

(5.48.2) ASmaxE 0.8H /L for2-dimensionalterrainsteps

(5.48.3) ASmaxE 2.0H / L for2-dimensionalmountainridges

However,theseequationslosetheirvalidityif thehillsideinclinationbecomestoolarge.Inthiscasea region
formswithseparateflow in theleeof thehighestpointa regionformswithseparatedflow(seeparagraph
5.1.3).While in theaboveequationsthepressurefield is derivedfromtheformof thehill, duringflow-
separationtheregionbeneaththeflow-separationmustbeconsideredin additiontothetrueelevationforthe
calculationof thepressurefield,which leadsto a shiftof the summitintothewindwardsideandto an
elongationof thehorizontalextensionof theoverflowedstructure.By theshiftof thegeographicallyhighest
pointtothewindwardsidethree-dimensional,axis-symmetricalhillswithlargehillsideinclinationsreachfor
exampleamaximumspeed-upof only 1.25H/L(Bradleyetal., 1986).

Thehorizontalextentof theso-calledseparation-bubbleincludesall pointsof h(x),forwhich

(5.49) — <O

is valid.This happensspecificallywhentheflowto thewindwardsideis sloweddownin theacceleration
regionby frictionsuchthatovercomingthe positivepressuregradientby theflow is no longerpossible
behindthehighestpoint.As a consequencethesmallertheratioof thehill heighttotheroughnesslengthis,
the soonera flow-separationappearsin the lee. Anotherimportantcriterionfor theappearanceof flow-
separationisthehillsideinclinationrepresentedasameasureof adequateapproximation
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Figure5.11:Flowseparationwithrespecttohill heightandhillsideinclination(Petersen1990)



77

for thecurvatureof thepressuredisturbancewithrespecttox. The strongertheincreaseof thepositive,lee
sidepressuregradientis (seeFigure5.8.d),themoredifficultbecomestoovercome,suchthatin thecaseof
a sharpedgedhill crest(whichis equalto an infinitelylargecurvatureof thepressuredisturbance)flow-
separationalwaysappears.The dependenceof flow-separationon thetwomentionedcausesis shownin
Figure5.11.It followsthatflow-separationappearsfor a givenroughnesslengthandhillsideinclinationof
10to20degreesormore.

Therearetwopossibilitiesfor testingthetheoreticalfindings:Firstly,a large-scalefieldexperiment
withhightechnicalandconsequentlyfinancialexpenditure,secondly,a wind-tunnelexperiment.While for
the first case, discoveringa suitablyformedhill with uniformsurfaceroughnessover a distanceof
approximately5 kilometreswouldbedifficult,in thesecondcaseit is realisinga ratioof thehill heightto
roughnesslength.Becausein wind tunnelhill heightsof only one to two meterscan be reachedthe
roughnessmustbescaledfora realisticmodelof theflowconditionsandconsequently,hastobeverysmall.
This leadsto the problemthatfor inferiorroughnessno realisticturbulentboundarylayer is formed,
thereforeflow investigationsin thewindtunnelsareusuallyrestrictedtothecaseof forestedhillswhichare
of littleuseforwindenergypurposes(Britteretal., 1981).

Extensiveandwelldocumentedfieldexperimentswereperformede.g. in ScotlandattheAskervein
Hill (Walmsleyetal., 1996),inAustraliaontheBlackMountainandinCanadaatKettlesHill (seeTayloret
al., 1987).While AskerveinHill andKettlesHill haveonly very low roughness,the Black Mountainis
forested(Table 5.1). All threehills are approximatelytwo dimensional,i.e. the lengthof the hill is
essentiallysmallerthanthewidth(Bradleyetal., 1986;Hoff, 1987).

The resultsof thesefieldexperimentsconfirmin thecaseof lowroughnessthevalidityof Eq.(5.36)
for theheightof the innerlayerandthemaximumvelocityincrease.Only the forestedBlack Mountain
deliversa layer-thicknessl, whichcorrespondsto Eq.(5.37).But thiscouldbe explainedby theverysteep
hill andpossiblyseparatedflow in thelee falsifyingtheresults.A summaryof theresultsof all threefield
experimentswiththeoreticalcalculationsforcomparisonisgiventhefollowingtable.

Table5.1:Comparisonof thelayerthickness1'fromtheorywithmeasuredvalueshum),(allparametersinm);
afterBradley(1986)

Fieldexperiment Roughness HeightH L l ’* l ’** humax

BlackMountain 1.14 170 275 28 14 27
AskerveinHill 0.03 116 215 12 3.2 3
KettlesHill 0.01 100 520 22 4.5 5

(*)afterEq.(5.37);(**)afterEq.(5.36)

Thecalculationsof thevelocityamplificationagreewellwiththemeasurementsontheup-windside
andatthehighestpoint,only in theleeanoverestimationof thewindspeedoccursby neglectingeachform
of flow separation,whichcanhappenin smallareasof terrainwithhillsideinclinationsof morethan20°.
Figure5.12showsthecomparisonof thecalculationby meansof a three-dimensionalmodelbasedon the
Jackson-HunttheorywithmeasureddatafromtheAskerveinHill.
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Figure5.12:Measureddatacomparedwithcalculatedvaluesof theMS3DJH/3model(Troenetal., 1989)

5.2 Thermally induced flows

Incomplexterrainfurtherphenomenonasthermalinducedflowshavetobeconsideredtoo:Hillside
windsblowparallelto the inclinationof thehillsideand consistof an up-slopeflow alongthehill side
blowingduringtheday,anddownhillsideflowblowingduringthenight.Valleywindsblowparallelto the
longitudinal-axisof thevalley,duringtheday in a downwarddirectionand in thenightin theup-valley
direction.

5.2.1 Hillside winds

Hillsidewindsoriginateby positiveaswellasnegativebuoyancyforces,whichresultfromthefact
thattheair iswarmeror colderthantheaironthehillsidefor thesameheightatsomehorizontaldistanceto
thehillside.A warmerair layernearthehill sidedevelopsduringthedaywithdirectsolarirradiation.Inthis
casethestrongestup-slopeflowsaretobeexpected.On theotherhanda strongcoolingof thegroundandof
thenearsurfaceair layerstakesplacein thenightduringclearsky conditionsdueto thenegativeradiation
balancesothatinthesecasesthestrongesthillsidedownflowsoccur.

In orderto gaina betterunderstandingof thephysicsof hillsidewindsonecan lookagainat the
basicequationsforconservationofmomentum,thefirstlawof thermodynamicsandthecontinuityequation,
expressedfor simplicityin naturalcoordinates(s, n). With the s-componentparallelto thehillside,the
n-componentverticaltothehillsideandortheinclinationit canbewritten:

(5.50) .‘lfl=_l_3(P—Pa)_ggsina_auw

6” no a e 611

.d_w= __1__@—_pa_2+gicosa z 0(5.51)
dt po 0% 60



(5.52)

(5.53)

with

(5.54)

and

(5.55)
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5.2.2 Valley and mountain winds

Valley windsarecausedfromthepressuregradientwhichdevelopsfromthestrongerdailycourse
variationof thetemperaturein theupperpartof thevalleyversusthe lowerpartsor theplainsbeforethe
valleymouth.Fromthis,anup-valleywindresultsduringthedaywithamaximumaround3:00pm. anda
down-valleywind(mountainwind)duringthenightwithamaximumaround3:00am. For exampleduring
weathersituationswithweakpressuregradientdifferencesinthevalleyof theInninLandeck(Austria),fora
village 156km valley-upward,a 3.6 timesstrongerdaily coursevariationof the temperatureoccursas
comparedwiththesmall city of Rosenheim(Germany)which lies out on theopenplains.This leadsto
valleywindsof upto4m/sin thesummerandtomountainwindsof upto 7m/sin thewinter,asmeasured
on the Isel mountainnear Innsbruck,Austria. The frequencyof valley winds occurring reaches
approximately30percentin theInnvalley.Fromthisit is evidentthatvalleywindsareinterestingforwind
energypurposesinconjunctionwithotherreinforcingfactorsaschannellingof themainwinddirection.

A simplemethodfor theestimationof the strengthof valleywinds is givenby the topographic
amplificationfactor (TAF). Thebasicideais foundedontheeffectsfromthedailycourseof temperaturein
differentvalleysectionsandthepressuregradientchangewithregardtothesolarinsulationanditsabilityto
warmair volumesin the section.While over the plainsa very largevolumewarmsup (similarlyto be
cooled)an essentiallysmallervolume is similarly effectedin the upperpart of the valley due to the
decreasingsurface.Thetopographicalamplificationfactorbetweena valleysectionandtheplainsis defined
asfollows:

A D /V
(5.56) TAF =m

A(D)/Vplain

HereA(D) is thehorizontalsurfaceatheightD abovethevalleyfloorthroughwhichthesolarenergyreaches
theunderlyingvolumeV. The volumeto bewarmedupontheplainsis simplyD x A(D). Anotherwayto
defineTAF isgivenbyusingthevalleycrosssectioninsteadof thevolume:

W/Avall
(5.57) TAF =——y

W /Aplain

The quantityWis thewidthof thecrosssectionatheightD andA is theverticalcross-sectionsurface.For a
valley,accordingtotheform,thefollowingTAF resultsforW=2D:TAF = 1.27fora concave,TAF =2 fora
triangularandTAF =4.66foraconvexvalleycrosssection,asit is showninthefollowing

Figure5.14:Formofthevalleycrosssectionfor3 differentamplificationfactors(seetext;Blumen1990)
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However,besidethe topographyfithherfactorsplay a role for the strengthof thevalleywinds.
Differencesin thealbedocanreinforceor reducethedailycourseof temperaturebetweentheplainsandthe
end of the valley and a stablestratifiedatmospherecan restrictthe heightD to a lower level thanthe
topographicallypre-determinedone. This leads to a greaterdaily course than expectedfrom the
topographicalamplificationfactorforconvexvalleys.
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6 MODELLING OF WIND FIELDS

6.1 Introductory remarks

A prerequisitein thesitingprocedureof windpowerplantlocationof a singleinstallationaswellas
forawindfarmis theknowledgeof thepossibleannualenergyyieldandalsothereforethelocalwindfield.
Only thencantheinformationbeusedto verifytheeconomicfeasibilityof a WTGS. Furthermore,for the
assessmentof optimalsitesfor a WTGS installationwithina domain,numericalflowmodelsprovidingan
objectiveinterpolationalgorithmsfor thewindvectormustbe applied.As discussedin paragraph4.6,the
frequency-distributionof the wind speedat hub-heightand the height-reducedair densityas well as
installation-specificparametersmustbewellknown,suchasthepowercurveandthetechnicalavailability.
Ideallythemeasurementsof windvectorsshouldbetakenathub-heightovera timeperiodof at leasttwo
yearsfor statisticalreasons(representativeness).Inpracticethesemeasurementsarerarelyavailableas the
presentcommonconvertershavehub-heightsbetween30and65meters,andmeasurementsatthisheightare
technicallydifficultandthereforevery costly.This is why estimationby meansof mathematical-physical
modelsonthebasisof long-termtimeseriesmeasuredby anexistingmeteorologicalnetworkis necessary.
To applymodelsinsteadof or in additionto in-situmeasurementsis nearlyan imperativebecauseof the
financialandtemporalconstraints(Dobeschetal., 1996).

Itwouldnotbepragmatictogivea thoroughpresentationof thegreatnumberofmodelsin usehere.
An extensiveoverviewcanbe foundin Lalaset al. (1996)chapters6-9andin Physick(1988)for models
overcomplexterrain.So we candistinguishbetweendifferentnumericalmodeldesignsaccordingto the
physicalprinciplesconsidered.Thesemodelscanberoughlydividedintotwogeneralcategories,namelyin
diagnostic(or kinematic)modelsandprognostic(or predictive,dynamic,primitiveequations)models.
Diagnosticmodelstakeaninitialsetof observationsscatteredoveradomainandtrytoreproducea complete
flow field over the whole period of observations,satisfyingsome physicalconstraints(mostlymass
conservation).Prognosticmodelsforecastthestateof theflowfield future- basedon an initialstateof the
atmosphereand given boundary conditions. In this category the codes called JH—models(after
Jackson&Hunt,1975)canbe includedtoo(despitethefactthattheyareneglectingtheirtime-dependence).
ButTroenclaimsin Lalasetal. (1996)thattheJH modelsaretobepreferredtothemass-consistentmethod.
Wewill keepwiththisopinioninthefollowing.

The solutionof thefull setof equationsin theprognosticmodelsis still a laborioustaskandthe
moreelaboratethemodelis, themorereliabletheinputdatamustbetoexploittheofferedadvantages- but
oftensuchdataarenot available.Alternatively,therelativesimplicityof diagnosticmodelsmakesthem
attractiveformanypracticalpurposesespeciallyasobserveddatafromthedomainof investigationcanbe
easilytakeninto consideration.Thus Pennel(1983)foundthat in somecasesimprovedmass-consistent
modelscouldoutperformthemorecomplexdynamicalmodels.

Two maintypesof diagnosticmodelscanbe distinguished.One typerelieson theJackson&Hunt
(1975)theory(cf. above)fromwhich a moresimplifiedapproachcan be found in Troenetal. (1986).
TypicallyrepresentativemodelsarefoundinMasonandSykes(1979),Walmsleyetal. (1986)andthatused
in theEuropeanWind Atlas (Troenet al., 1989).Anothertype is theso-calledmass-consistentapproach.
Hereonly theequationof massconservationis usedto correctan initial“guess”of theflowfield (e.g.by
spatialinterpolationbetweenobservedwind vectorsin the domainunderconsiderationfor the given
orography).Representationsof thesemodelsaretheNOABL (Traciet al., 1977,1978;Phillips,1979)and
many variantsas AIOLOS (Tombru et al., 1990)and its latestversion WINDS (Rattoetal., 1990),
COMPLEX (Bhumrakaret.al.,1980;Endlichetal., 1983),ZAWINOD2(Dobeschetal., 1999)andothers.

From a morepracticalpoint of view roughlythreecategoriesof calculationprocedurescan be
identified:
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The firstgroupincludessimpleone-dimensionalcalculationprocedurefortheverticalextrapolation
of thewindspeedtohub-heightfrommeasureddataat lowerlevels(mostly10metersabovegroundlevel),
basedon theconditionsfor plainterrainandthereforeusuallythelogarithmicwindprofileis appliedand,
eventually,the stabilityof the atmosphereor changesin surfaceroughnessare takenintoaccount.The
applicationof theseproceduresis restrictedhoweverto plainsurfaces.Typicalof thisgrouparetheALWIN
procedure,developedby DEWI (GermanWind EnergyInstitute),as well as theDanishWAsP(Troenet
al.,l989)withouttheorographymodule.

The secondgroupcomprisesmodelsin which slightly inhomogenousterraincan be takeninto
account,in accordancewiththetheoryof Jackson&Hunt.Othermodelsof thiscategoryaretheBZ code
(integratedin WASP)and theMS3DJH/3Rmodelfamily (Walmsleyet al., 1986)togetherwiththeMS-
Micro/2code- amicrocomputerimplementationof theMS3DJH/3Rcode.

Thethirdgroupincludeswindfieldmodelsfor inhomogeneousterrain,whicharebasedeitheronthe
fulfilmentof the continuity-equation(the so-calledmass-consistentmodels),or, additionally,on the
conservationof momentumandon a non-hydrostaticatmosphere,(theso-callednon-hydrostaticmodels).
Mass-consistentvariational-analyticalmodels are far spread and exist in many versions e.g. in
Sherman(1978)or abovementionedZAWIMOD2with a variation-analyticalbase.Representativeof the
non-hydrostaticmodelsis the GESIMA model (Mengelkamp,1991)from the GermanResearch-Centre
Geesthacht.Itshouldbementionedthatforsinglepointsin thecalculationproceduresof thefirstandsecond
groupby repeatedapplication,area-relatedinformationcanbeachievedin thecaseof a regionallyuniform
windfield.

As examplestheZAWIMOD2andtheDanishWAsP(whichformsthebasisfor theEuropeanWind
Atlas)andGESIMAmodelareintroducedinthefollowingparagraphs.

6.2 Mass-consistent models with variational-analytical base

One can simplisticallylook at thismodelcategory,as an intelligentinterpolation-extrapolationof
measurementsin non-homogenousterrain:Windvectormeasurementsfromthedomainof investigationare
usedfor anestimationof theso-calledinitialwindfield, thethree-dimensionalwindfieldfor eachnodeof
thesurfacegrid.To fill in thegapsbetweenandbeyondthesinglemeasurementpointsmustbeextrapolated
in theverticalandhorizontaldirections.In theverticaldirectiontheabovementionedlogarithmicwind
profilecanbeappliedwithorwithoutadditionaltermsforthestabilityof theatmosphereorthepower-lawis
used.Above theheightof thePrandtl-layerthewindvectorcanbe consideredin goodapproximationas
constant.Inthehorizontaldirection,theestimatedvaluesfor thewindvectoratthegridpointsareobtained
in thesimplestcaseby a weightedaverageof themeasurements.The weightsaregivenby thereciprocal
valueof thesquareof thehorizontaldistancefromthegridpointstothepointswithmeasurements(Barnard,
1991;Dobeschetal., 1999).

_, M _, M
(6.1) vo(x,y,z) =(2(1),(xm,ym,z)/rm2)/Z(1/rm2)]

m=lm=l

The quantitiesx,y, z are the co-ordinatesof the grid point for which the interpolatedwind vector is
calculated,xm,ym,2 thoseof thegridpointat theheight2 for themeasuringstation,M is thenumberof
stationsusedand rmthehorizontaldistanceof thegridpointfromthestationM. Becausetheverticalwind
speedisnotavailableroutinely,theverticalwindcomponentis settozerofortheentiremodeldomain.

In thenextstepthe initialwindfield is modifiedso thatfirstly,theu,v,w componentsfulfil the
continuity-equationand secondly,the modificationwithin the investigatedspacemustbe a minimum
(Sherman,1978).Theseconditionsarefulfilled,if
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(6.2)

v _ ' a Q QE(u,v,w,/t)—Vl[au 2(—uu0)2+a 2(—vv0)2+aw2(—wwo)2+/1(ék+@+§z]:ldxdydz

becomesaminimum.Hereu, v w arethemodifiedwindvectorcomponents,uo, V0, W0thecomponents

of theinitialwindfield, or,or,aw weightfactors,whichweresetequallyfor thehorizontalcomponents(au
=av=a1,aw= a2)andwhichdecidetheextentof themodificationtotheindividualcomponents,and 2’ is
heretheLagrange-multiplier.The functionE() in Eq.(6.2)becomesa minimum,if u,v,w fulfil theEuler-
Lagrange-equations:

1 031'
(6.3) u=u +

O 2a12 @C

(6.4) v=v0+ 1 5}”
26112O)

1 31'

2a:2 322
(6.5) w=w0+

Applying the continuityequationto Eqs.(6.3)- (6.5)a secondorderdifferentialequation,thePoisson-
equation,fortheLagrangemultiplierresults:

(6.6)
522' 322' af 322' 0714—003)New
2 + 2 + — —2=‘20‘126x 0) dz a H6) 2-

The squaredratioof al/ a2 enablessimulationof differentstabilityconditionsin theatmospherefor the

flow in complexterrain.If theratiois verysmalla strongermodificationtakesplacein horizontaldirection
so thatthew-componentremainssmall.This correspondstothecaseof a stablestratifiedatmosphere,with
whicha flow-aroundof theelevationis morelikelythananoverflowing.The largertheratiois chosen,the
morestronglyoverflowingis simulatedin themodel,whichcorrespondsto thecaseof neutralaswell as
unstablestratification.Sherman(1978)givesfor neutralstratificational/ a2 = 0.0001butin theliterature

othervaluescanbefound.Othermodelsallowittofix theweightfactorsforeachwindfieldtobecalculated
sothatwithomissionof ameasuringstationandsimultaneouscalculationof itsdatafromadjacentdata,the
errorbetweencalculatedandmeasureddataforall stationsbecomesaminimum(Barnard,1991).

ThePoissonequationis solvedwiththeboundaryconditiono’W/dn= 0 fortheclosedborderof the
topographywhichis approachedby a so-calledblock-orography,and 2'= 0 fortheopenboundaryin this
caseof thefreeatmosphere.Sincetheblockorographyconsistsof verticalandhorizontalsurfaces,whose
dimensionscorrespondto thegrid-pointdistance,thegridmeshmustbe a narrowone in orderto reduce
largererrors.This canbeavoidedby introducingterrain-followingco-ordinatesbutfor thepriceof a much
highercomputationalexpense.NumericallythePoisson-equationthenis solvedfor 2’, in thatonereplaces
thedifferential-quotientsby final differentialratios(a three—pointdifferencewiththeexceptionof border
points).Fromtheresultsfor xi.’themodifiedwindcomponentsateachgridpointcanbeestimatedwiththe
helpof theEuler-Lagrangeequations.
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6.3 The European Wind Atlas (WASP)

TheEuropeanWindAtlasAnalysisandApplicationProgram(WASP,Troenetal., 1989)hasalready
a broadusercommunity.Itwasdevelopedat theendof thenineteeneighties,supportedby theEuropean
Union withinthe frameworkof theJoule-ThermieProgrammes,withthegoalto achieveon thebasisof
long-termmeasureddataof windvectorsat standardmeteorologicalheightsan overviewof theavailable
regionalwind resourcesandto give at certainlocationsan estimationof theannualenergyyield to be
expected.By theuseof long-termdatathe statisticalrepresentativityshouldbe increased.From another
accountthe model assumptionsshould guaranteetransferabilityof thesedata over largerhorizontal
distances.Becauseeachmeasurementis influencedby the immediatesurroundings,as nearbyobstacles,
specificroughnessandorographicconditions(andarethereforeonlyvalidforthepointof themeasurement
itself),thesefactorshaveto be eliminatedas a firststepin orderto gaina regionallyrepresentativewind
climatology.As a secondstep,fromthisclimatologythewind-climatologicalcharacteristicsatanylocation
uptoa distanceof 100kilometresfromthemeasuringlocationcanbedeterminedunderconsiderationof the
newenvironmentalconditions.Withthesefactorsthefrequency-distributionof thewindspeedby meansof
the Weibull-distribution(c.f. paragraph7.2) is established,giving the possibilityto estimatethe annual
energyyieldatthechosenlocationusingthepower-curveandthetechnicalavailabilityof theWTGS. Figure
6.1 representsthesetwo stepsdescriptively,for whichthe EuropeanWind Atlas has a collectionof the
regionallyrepresentativewindclimatologiesfordifferentcountriescompiled.

EUROPEAN WIND ATLAS

MODELFOR:MOUN'I‘AINOUSTERRAIN

% .' .’../
N.
INPUT:HEIGHTCONTOURLINES,

MODELFORROUGHNESSOFTERRAIN

CLASSIFICATIONj” '

OBSTACLES

ANDDIMENSIONS:.
.r.;».”‘3‘!

---Mmonoma
v-SWONS, -

Figure6.1:Methodologyof thewindatlasprocedure(Troenetal., 1989)
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The waythetransferabilityof themeasureddatais givenfor a distantlocationis dependenton the
orographyand its influenceson the regionalwind field. While in the largeplain areasof Denmarkor
NorthernGermanythe regionallyrepresentativewind climatologyhas a radiusof up to 100km, this is
reducedto a maximumof 50kmor evenlessin theplainsnearto largemountainranges.If themeasuring
siteis in a mountainousarea,transferabilityonthebasisof theassumptionmadein theWASPmodelis no
longervalid. Inorderto explainthereasonfor this,thefollowingindividualmodelmodulesof WASPare
describedshortly.Interestinglythemodelsdo not interferedirectlywith thedatabut ratherrely on the
frequency-distributionof thewindspeed,separatedinto12sectorswitha rangeof 30°each.The correction
foradifferentlystratifiedboundarylayerisnotperformedinthefinalversion.

6.3.1 The Obstaclemodel

Whilethehub-heightsof thepresentlyusedWTGSSmakethemslightlysusceptibletotheimmediate
screeningfromobstacles,theattenuationof thewindspeedin theneighbourhoodof thestationswherethe
windvectoris measuredin theusualclimatologicalheightof 10metersmustbe takenintoconsideration
separately.Whetheranobstacleprovidesshelteratthisspecificsiteor notdependson:thedistance(x)and
directionof thepositionvectorsfromtheorigin(pointwithmeasurement)tothetwonearestsituatedcomers
pointsof theobstacle,theheight(h)andthelengthin flowdirection(L) aswellastheporosity(P)of the
obstacleandtheanemometerheight.Theporosityis definedby therelationshipof theobstacle-freegapsto
thetotalsurfaceof theobstacle:Thegapsareequallyzeroforexamplein thecaseof a concretewallandso
theporosityis alsozero;if theobstacleconsistsof a rowof treestheporosityliesaccordingtothesizeof the
gapsbetween0and1andis setusually~05.Thebasisforthemodelof thevelocityattenuationbyobstacles
originatesfromaworkof Perera(1981),inwhichthesereduction-coefficientsarederivedfromwindtunnel
measurementsfor infinitelylongfencesandshelterbeltscrosswiseto theflowdirection.The reductionby
suchobstaclesis representedin Figure6.2.

...1

\\\\\”\\\\\

/~ 40 30

O 10 20 30 40 50
Distancefromobstacle/heightof obstacle

Figure6.2:Reductionof thewindspeed(R1)inpercentduetoatwo-dimensionalobstacle.Inthe
shadedareatheshelteringdependsonthedetailedgeometryof theobstacle(Perera,1981).
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The effectof porosityP (withOS P S 1) is approximatelyaccountedfor by multiplicationwith (I—P).If
besidetheporosityP alsothe lateraldimensionof theobstacleis regardedby a factor R2 thecorrected
speed u withthereduction-coefficientsR1andR2 isCOff

(6.7) =u[l —R, -R1(1—P)]licorr

The quantityR; hasto be introducedbecausetheshelterfroman obstaclewitha finitelateraldimension
decreasesduetomixingin thewake.Furthermoretheeffectin theaveragewindspeedin a givenazimuth
sectoris decreasedtoo becauseof the finite angulardimensionof the obstacleas seenfrom the site.
Thereforein a given sectorthe reductionin averagewind speedis, derivedfrom simplegeometrical
considerations,

1(1+ 0.2x/L)’1 for L/x2 0.3
(6.7.1) R2=

l 2 L/x for L/x:03

6.3.2 The roughness model

The logarithmicwindprofilecanbeappliedonly if theupwindterrainis reasonablehomogeneous.
But anuniqueroughness-lengthis onlyavailablein therarestcases.However,it is possiblefor small-scale
terraininhomogenitiestomodelthechangeof surfacestresswhichoccurswhenflowsarecrossinga change
in surfaceroughness.Inthiscaseaninternalboundarylayergrowsdownwindfromthechange.Considering
apointata distancex (thefetch)downwindof thischangetheinternalboundarylayerhasgrowntoa height
h (Panofsky1973),similartoEq.(4.72).

(6.8) -h—,[In(h/zo')—1]= 0.9 x,

Zo Zo

where20'is thebiggerof theupwind(201)andthedownwind(202)roughnesslength.Itcanbeempirically
foundthatthechangeof thefrictionvelocityiswellmodelledusingtherelation

(6.8.1) u42/uu= ln(h/zoI)/ln(h/Zoz)

Withtheknowledgeof theheighth theverticalprofilecanbeconsideredasaprofilecomposedfrom
threelogarithmicpartswherethelowermostpartreachesapproximatelyonetenth,themiddlepartuptoone
thirdof theinternalboundarylayerheight.However,thisapproachrequirestherestrictiveconditionby the
existenceof severalroughnesschangesthatthisonelyingfurtherawaymusthavethedoubledistanceasthat
lyingclosertothemeasuringstation(Troenetal., 1989).

6.3.3 The orographic model

The orographicmodel (BZ-model)of the WASP-programmeis used to correctorographically
induceddisturbancesin theflowfielddueto terraininhomogenities.BecausetheBZ modelis basedasthe
wholeMS3DJHmodelfamilyonthetheoryof Jackson&Hunt(1975)it providesonlyforhillswitha height
upto200metersandahillsideinclinationof upto20degreesforrealisticresults.Inthisgeometricalrangea
goodapproximationforthespeed-upcanbecalculatedbymeansof theapplicationof polarco-ordinatesand
azoominggrid.
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As presentedalreadyin section5.1.4 a potentialflow with the resultingflow perturbationsis
determinedinitially.For thiscaseit is assumedthattheLaplaceequationis fulfilled,if thevectorfieldof the

_)
windisnon-vortical,i.e.thevelocityperturbationu' (u,v,w)is relatedtothepotentialx by

(6.9) u' = V);

For the three-dimensionalcasethe potentialresultsunderthe assumptionthatthe disturbancepotential
vanishesattheouterboundaryR (=outermodelradius).A generalsolutioncanbe expressedin polarco-
ordinatesin termsof a sumof theproductsof Fourier-Besselserieswiththeargumentc(n,j)r/Rfor eachn
andof Fourierserieswiththeargumentexp(ingo)((p= azimuth)withthecoefficientsKW.Thesecoefficients
areestimatedbythekinematicboundaryconditionontheground(hillside-parallelflow):

_ 52(6.10) W0 5 =uo-Vh(r,¢)
z=0

whereW,is theterrain-inducedverticalvelocityandh theheightof terrain.By definingthemodelcentreto
coincidewiththepointof interestit is possibletoconcentratethemodelresolutionthereandalsoto restrict
thecalculationstotheperturbationatthispoint.For thecentrepoint(r=0)thefollowingsolutionis found:

1 - Ci 1 Z(6.11) V1]. :§(1’1)K1j_RTexp _cjE

Ina secondsteptheinfluencesof frictionaretakenintoaccountin theinnerlayerwiththelayerthickness1.
For thecalculationof l in theBZ model,Eq.(5.36)is usedbutthespeed-upaccordingto Eq.(5.42)should
lead to an overestimationof the speedamplificationafterHoff (1989).However,the comparisonwith
measureddataof theAskerveinHill showsa goodagreementof theoryandmeasurement(Troenet al.,
1989)

6.4 The GESIMA model

This non-hydrostaticmodel is basedbesidethe conservationof momentumand the continuity-
equationalsoon theconservationof energyandthemoisturebalance,andusestheso-calledflow-formof
terrainfollowingco-ordinateswhoseverticalcomponentis a functionof theterrainheightandtheupper
boundaryof themodel space.To accountalso for small-scalecirculationthatresultfrom dynamically
generatedpressuredifferences(blockingor canallingeffects),thepressureis partitionedintothreeparts,the
basicpressure- definedby thetemperaturefield,thehydrostaticandthenon-hydrostaticpressuredeviation.
The hydrostaticpartis determinedfrom thehydrostaticbasicequationandthenon-hydrostaticfromthe
Poissonequation.TheReynolds’shearstressis parameterisedby meansof theK-theoryandthevelocityat
theupperboundaryof themodelisgivenbythegeostrophicwind.

Inordertoassesstheaverageannualwindenergypotentialata certainpointorona surfacethetwo-
dimensionalfrequency-distributionof the geostrophicwind mustbe known in N speed-classesandK
directionalsectors.By meansof this frequency-distributionfk,nthe averagewind energyflow can be

determinedforeachplace:
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3
K N ‘lu 2+v 2

p2 2f... ugk—L—fl-
k:1 ":1 VGEO

(6.12) E =
va—i

ugk is theaveragegeostrophicwindin theclassk, VGEOis theamountof thegeostrophicwindattheupper

boundaryof themodel,and un andvn arethecomponentsof thewindvectorforthesimulationwithVGEO

fromthedirectionalsectorN.

Althougha greatstepwasmadewiththeGESIMA modelinthedirectionfor realisticrepresentation
ofwindfieldsin complexterrainbymeansofmodelsonly,a lowspatialresolutionis onlypossiblenowdue
totheenormouscomputingcapacitiesrequired.

6.5 Model comparison

To relatemeasurementsof windvelocityon hills someattemptshavebeenmadeto relatethemto
topographicfeatures.A listof suchmeasurementsis givenin Tayloretal. (1987).On thebasisof suchdata
setsespeciallythosefromAskerveinHill, or KettlesHill (Barnard,1991;Bradleyetal.,l989andparagraph
5.1.4)manycomparisonsbetweendifferentmodelscan be foundin the literaturewhicharenoteasyto
followas oftenmodificationsweremadeduringtheuseandadaptationsfor themodelsto betterfit to the
givenconditions.A goodoverviewis given in Walmsleyet al. (1990)or Walmsleyet al. in Lalas (1996)
wheretheresultsof 3 codesbasedontheIH theoryandonemass-consistent(NOABL)codebasedona data
setfromtheBlashavalHill experimentin Scotlandwereexamined.Theresultsshowagoodagreementwith
each other and fell within the observedrangeof variationfrom the observations.However,gradual
differencesarosefrom the givenorographyand the treatmentof the roughnessin the upwindfetch.In
anotherstudyGuo etal.(1990)adaptedtheCOMPLEX andNOABL modelsresultingin a newmodel,called
MC-3. Troenstates(inLalasetal., 1996)thatthemass-consistentcodesfall naturallyshortin thetreatment
of theflowphysicsbuthaveadvantagesin theabilityto incorporatedirectlyanumberof datain theanalysis
and,consequently,theadvantagesof bothmodeltypesshouldbe linkedwhichwasachievedintheLINCOM
model(Troen,1987,unpublished).In thesestudiestheguidelinesfromthemethodafterWalmsleyet al.
(1982and1989)wereusedshowinga slightlybetteradaptationof themodelresultstothegivenwindfield.
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7 SITING AND ENERGY YIELD

7.1 The importance and requirements of siting

In Europefor modernWTGSS typicalvaluesof ratedpowerare600W/m2butfor thesamerated
powerit canvaryby 50percent(Lalasetal., 1996).The specificenergyis onaverage600KWh/mZ/yearbut
withthebestWTGSS onverygoodsitesover1200KWh/mZ/yearcanbereached.For instanceawindspeed
increaseof only 1m/s(sayfrom7 to 8m/s)wouldresultin a remarkableperformanceimprovementso the
electricitycostdropsandthecapacityfactor(functionof technicalavailability- seeparagraph6.6- andwind
resourceat the specificsite)would increaseto 35percent(typical20percentin Europe,for good sites
50percentcanbe reached).This meansa 20percentincreaseof energyyield for a 12percentincreasein
windspeed.Thereforetheimportanceof anaccuratesitingbecomesparamount.Duetothefactthatthewind
energyflux isproportionaltothecubeofwindspeed,whichcanbewrittenformallyas

(7.1) Pocép If(u)u2du
u

(withP theenergyfluxandflu) thefrequencyof occurrenceofwindspeedu;cf. paragraph2.1)in thesiting
procedurea carefulidentificationof locationswithhigherwindspeedscomparedtootherlocationswithina
givendomainis requiredwhichis a crucialtaskintheexploitationofwindpower.

Ideallyfor theestimationof energyyield for a specificWTGS overits lifetimetimeseriesof wind
vector(minimum1 year)at hub heightshouldbe availabletogetherwith its mechanicaland technical
availability(cf.paragraph2.5and2.7).Butmeasurementsathubheightareveryrareandoneusuallyhasto
rely on the datafrom a meteorologicalnetworkin a certainstandardheight.Very oftensuch dataare
measuredat stationswherelocationwasusuallychosenby criteriaotherthansuitabilityfor wind energy
issues.Thereforethedataneedstobecorrectedbeforeanextrapolationtohubheightcanbedone.Bothwere
discussedinmoredetailin chapter4 (paragraph4.3).

7.1.1 General considerations

Windenergysystemsasotherenergysystemshavetobeplannedcarefullytoachievereliabilityand
low cost.They areby theirnaturevery sensitiveto meteorologicalphenomenabecausethesedo notonly
influencenormaloperation(bythegivenwindconditions)butcandisrupttheservice,augmentdemandsor
requireconsiderationforenvironmentalreasons(WMO, WCAP-l3).

Meteorologicalinformationfor wind energyuse shouldcontainhigh resolutionspatialmapsof
regionalwind climatologiesderivedby specialalgorithms.As a prerequisitemodelsfor transforming
measuredwind data into objectivemeso-scalerepresentativevaluesmust be used becausemeasured
meteorologicaldatavery oftenareunrepresentative(andevenof questionablequality,cf. paragraph4.4).
Furthermoreshorttermforecastsof wind speed(24-48hours)for schedulinganddispatchingmay be a
favourablemethodto optimisewindenergybuyingandsellingby thewindfarmoperators.Theseforecasts
havetobehighlyaccuratelocalforecastswithanuncertaintyof lessthan15percentandshouldbebasedon
anumericalweatherpredictionwithdownscalingalgorithmsasgivenin theMOS orLAM forecastproducts
andforatimestepof atleast3hoursor less.

As a consequencethedatarepresentativenessmustbe givenhighpriority.This canbe achieved
throughtheimprovementofmeasurementsby strictlyobservingWMO regulations(e.g.WMO No.8,VI.6.6,
1973)withoutany compromiseson theexposureof measuringequipment;documentationaboutthemeta
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dataandobjectivecorrection/reductionproceduresfor winddatawithknowledgeof shadingby obstacles,
orographyandenvironmentalroughnessof thesite in question(cf. paragraph6.3).Necessaryadditional
informationand skills mustbe availabletoo, e.g. DEMs (digitalelevationmodelswith a resolutionof
100x 100metersor less),GIS toolstogetherwithlandusemodelsandremotesenseddataforassessingthe
arealenvironmentalconditionsof thesiteandrepresentativedatamodelssuchasdigitaldatabankstogether
withcertaingeostatisticalalgorithmsforarealinterpolationof necessaryparameters.

A verificationof thefindingscanbemadefromgroundbasedmeasurements(witha temporaryor
stationnetwork),by comparisonwithlong-termobservations(froma climatenetwork,GCOS, etc.)andby
simulationmodels.Fosteringand improvingthe LAM and/orMOS analysisand forecastproductscan
providetheuserwithwindclimatologiesonthebasisof highresolution(intimeandspace)datasets.

7.1.2 Meteorological data

Basically,for sitingandyieldestimationthefollowingdataandinformationmustbeavailable(with
regardto theexposureof measuringdevicesandrepresentativenessof data,seeaboveandparagraph4.6),
definedorderived:

Measurements/observations:

Timeseriesofwindspeedandwinddirection(hourlyor 10-minuteaverages)
Maximumwindsorgustiness
Lightningfrequencies
Iceaccretion
Metadatafromstation

Climatologies:

Two-dimensionalprobabilitydistributionbasedonthetimeseries(windrose)
Absolutemaximumofwindspeed,gustandstrengthfrequencies
Windspeedonamonthly,seasonalandyearlybasisanditsvariations
Durationcurvesof expectedpercentageofwindspeedabovecertainthresholds
Averageairdensity
Twodimensionalprobabilitydistributionof airhumidityandairtemperature(below0°C)
Numberof hourswithheavyrain
Numberof dayswiththunderstorms,lightningeventsandicing

Windresourceassessmentusuallyreferstothecalculationof averagewindspeedanditsprobability
distributionin differentdirectionalsectorsoverseveralyears(ideally10- 20years).Accuratedetermination
of thewindspeedis of paramountimportance.Additionally,specialemphasishasto beputon strongand
extremewind eventsand their frequencyas well as on lightningstrikefrequencyand icing conditions
becausethesecanheavilyinfluencepoweroutputoreventhelifespanofWTGSS(cf.paragraph3.4).

Beforea specificsitefor theinstallationof a WTGS canbe determineda regionmustbe foundby
certainprospectingprocedureswherethewindspeedis high.For thispurposeonehasto investigatethe
givenwindregimeof a region,asfaras it isunaffectedby surfacefrictionandthetopographicfeatures.This
canbedonee.g. by rawinsondemeasurementsaloftusingthegeostrophicwindapproach(cf.paragraph3.2).
It is acceptedthatthisgeostrophicwind is ratherconstantoverdistancesof theorderof 100km. Another
methodfor generalisingpointmeasurementsis theexposurecorrectionmethod(cf. paragraph4.6.1)with
whicha potentialwind is calculated(ata blindingheight)well abovelocal surfaceinhomogenitiesand
whichis thentypicalfor a distanceof up to 50km. For themicro-sitingonecaneithermeasurethewind
vectoratthesiteof interest(butthisis expensiveandtimeconsuming);or tryto extrapolatethelocalwind
fieldfromothermeasurementsin theregion;or deduceit fromnumericalsimulationona grid.For thetwo



92

lastmentionedproceduresa wide rangeof computercodesandmodelsof differentcomplexityanddata
requirementsarein use(cf. chapters4, 5 and6). The spectrumstretchesherefromsimplemass-consistent
modelsthatgeneratewindfields,consistentwithkinematicconstraintsimposedbytheavailabledataandthe
domainof interest,to themostdevelopedmodelswhichsolvethenon-hydrostaticsetof thefundamental
equationsof motionin the atmosphericboundarylayer includingdifferentparameterisationscalesfor
turbulence.

7.1.3 Some aspectsof predicting thewind resource on land and Offshore

As in the forgoingchapterdescribed,for wind farmdevelopment,it is essentialto havea good
estimateofwindspeedsfromtheproposedsite.On land,thiscanbeachievedin a relativelystraightforward
mannerby e.g. installinga mastandmeasuringwind speedsfor a periodof arounda year. Then, by
statisticalcomparisonof thelongrecordfroma nearbyanemometerstationmaintainedof a meteorological
measuringnetwork,anevaluationof thelong-termpotentialcanbecarriedout(Woodsetal. 1997).

Monitoringwind speedsoffshoreas partof the siteevaluationis generallynot feasible,simply
becauseof thecostof mastinstallationandmonitoring.however,in thefaroffshore(awayfromtheeffects
of land),windspeedsvarymuchlessin spacethanis thecaseonshore.Thismakesmodellingwindspeedsa
morestraightforwardexercise.PossibleapproachesincludeusingreanalysisdatafromtheNationalCentres
for EnvironmentalPrediction(NCEP, Kalnayetal., 1996;seehttp://wesley.wwb.noaa.gov/reanalysis.html).
Thesegriddeddatago backto 1948ata daily (orbetter)resolutionandarecontinuallyup-dated.The grid
resolutionis around210km. Horizontalwindsarea modeloutput,andcouldbe useddirectlyto estimate
windspeed.However,it is generallyconsideredthatthemodelsusedto generatetheNCEP reanalysisdata
simulatesealevelpressuremoreaccuratelythanhorizontalwindspeeds.Sealevelpressuredatacanbeused
to calculatethegeostrophicwindspeed.Then,usinga boundarylayermodelsuchasWASP(describedin
Section6.3),hub-heightwindspeedscanbecalculatedfromthegeostrophicwinds.

Close to land,thewindfield over the seabecomesmuchmorecomplexdueto thethermaland
dynamiceffectsof thelandon theoverlyingair. At thesametime,it is likely for sometimeto comethat
offshore wind farm constructionwill concentratein the near-shorezone, becauseinstallationand
maintenancecostswill be lowerthanin the far offshore.Modellingwinds in thenear-shorezone is not
straightforward.A numberof empiricaland theoreticalformulaehave been developedto model the
developmentof internalboundarylayersatthecoastaldiscontinuity(cf.paragraph4.5.4),andtheincreasein
windspeedasairmovesawayfromtheland.Theseformulae,andmethodsforevaluatingwindspeedsinthe
nearoffshore,arereviewedbyBarthelmieetal. (1996).

7.2 Estimation of energy yield

If reliablewindmeasurementsareavailableat a particularsiteandtheproceduresaccountingfor
differentsurfaceroughnessin certainwinddirectionsectorsatthemeasuringsitesareapplied,asdescribed
inparagraph4.4,theenergyyieldof aWTGS inthetimeperioddt resultsfromtheproductof powerandthe
timeinterval:

(7.2) dE = P(t)dt

IntegrationovertimeT (e.g.1year)gives:

T
(7.3) ET = J'P(1)dt

0
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AfterEq.(7.3)andEq.(2.4)oneobtains

l
(74) P0) =—2—Fc...(ON) 243(t)

withcp,(t)theactualover-allefficiencyof theWTGS forthetimet andF theareaof therotorcycle.If the
turbinestandsstill or doesnotreachthe intendedperformancebecauseof icing,crosswindsor reducedair
density,c,p is not identicalto thepower-coefficientcp fromthepowercurve.For simplificationtheair
densityis usuallyregardedasa purefunctionof heightandtheotherdeviationsfromcpduringunaffected
operationareconsideredbymeansof thetechnicalavailability.Theavailableenergythencanbewrittenas

(7.5) E, = p,,, T... If(u)PN(u)du
O

with

1 3(7.6) PN(u)=EpOFu cp

Here prel is therelativedensityandTA thetechnicalavailability,whichcurrentlycanbeassumedas0.95.
To calculatethe energyyield usingEq.(7.6)as well as the powercurvePN(u), the likelihood-density-
functionflu) mustbeknown.Itcanbeestimatedby adaptationto themeasuredfrequency-distributionof
thewindspeedwithtwoparametricWeibull-distribution,whichbelongsto theGamma-distributionfamily.
Themathematicalformof thisdistributionis:

(7.7) f (ukflfij exp[-[-:fl ]

The twoWeibullparametersareusuallynamedscaleparameterA andshapeparameterk. Thedependence
offlu) ondifferentvaluesof theshapeparameteris illustratedin Figure7.1.For k> 1themaximumoff(u)
liesatvaluesu> 0,whilefor 0<k<1it decreasesmonotonically.TheWeibull-distributioncanbereduced
to two othertheoreticaldistribution,namelywith k=1 the exponential-distributionand with k= 2 the
Rayleigh-distributionwhichis sometimesusedto describewinddataas for themultitudeof Germanand
Danishsites,andthereforeit is oftenusedby WTGS manufacturersfor theestimationof theenergyyield.
However,for non-homogenousterrainthevaluesof the formparameterlie between1.3<k< 1.8,which
resultsinagreaterenergyyieldincomparisontotheRayleigh-distributionof thesameaveragevalue.
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f(u)

Figure7.1:TheWeibull-distributionfordifferentvaluesof theshapeparameterandforthescaled
windspeeduA‘1(Troenetal., 1989).

Thecumulativelikelihooddensityfunctionforall speedssmallerthanathresholduxisgivenby:

(7.8) I f (u)du= 1—exp(—(u, /A)k)
0

Thefrequencyof theappearanceof thespeed-class[ul ,uz) becomes:

(7.9) ujf(u)du = exp(—(u, /A)" )—exp(—(u1/A)k)
1

To adaptfora realdistributionthemeanvalueandthevariancearenecessary:

(7.10) u=AF(l+1/k)

(7.11) 0'2=A2[r(1+2/k)—r2(1+1/k)]

speedareequalforbothdistributions.Theaveragepoweris givenby:

(7.12) P=§pA3F(1+3/k)
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If thewindclimateof a siteis knownthevelocityatwhichtheWTGS reachesitshighestefficiencyaswell
as thedistributionof thehighestpowerdensityshouldpreferablyby in proximity.The highestefficiency
shouldbereachedat

l/k
(7.13) uop,= Allin—2)

In generaluoptliesbetween1.4and2 timesthevalueof theaveragewindspeed.It shouldbementioned

herethatoftenawinddistributioncannotbeadequatelyrepresentedby aWeibulldistribution.Inparticular,
whenthe wind climatehas a largeproportionof thermallygeneratedwinds.In such a case the best
approximationmaybe the sumof 2 Weibulldistributions,one representingthesynopticcontentandthe
otherthethermal.

7.3 Verification and uncertainty

To verifytheforecastof anenergyyieldata certainsiteis an importantbutcomplicatetaskasthe
yield dataaremostlyavailable(if ever)for a relativeshortperiodin comparisonwiththemeasurement
periodfromwhichtheforecastwasderived.Additionally,theyarestronglydependentwhichbasicstation
andmeasurementswereused(if nosite-specificmeasurementshavebeenavailable)relativetothesitewhere
theWTGS waseventuallyerected.An examplein thefollowingtable(fromGerdesetal.,2000)showsthis
clearlyandtheimportanceof arealinterpolationprocedures

Table7.1.EnergyyieldforecastwithrespecttomeasurementsatdifferentlocationsforNorthernGermany
incomparisonwiththemeasurementata 130metermast;(*)fromEelde,Bremen,Helgoland

Station Bremen Eelde Helgoland 130-mmast interpolated(*)

Period 1970-1978 1970-1978 1971-1980 1993-1997

Energyyield 797 1.067 1.051 947 881 MWh/a
Forecast/actualyield 87 116 114 103 96 %

As a furtherexamplean examinationof the accuracyof the WASPmodel is givenherethat is
describedthoroughlyinPenner(2000).Severalerrorsourceswereidentified,especiallyfortheevaluationof
thesite.Threeof theseerrorsourcesaremeteorologicalandonefrommanufacture.Possiblemeteorological
errorsaretheselectionof therightbasicstation(becausefromthisstationthewindclimatologyis derived),
anerroneousroughnesslengthandthechangeof roughnesselementsin theupwinddirection.This canlead
to errorsof up to 35percentin theestimationof energyyield.How farthis is dependenton theroughness
lengthis shownin Figure7.2.Errorsin roughnesslengthupto25percentresultonly in smallerrorsof the
energyyield,butwithlargerdeviationsfromtheactualroughnesstheseserrorsincreaserapidly,thatshows
clearlythenecessityfor an objectiveevaluationof roughness.A variationin thehorizontaldistanceof
roughnesschangesof 5percentcreatesa small deviationin energyyield (0.3percent).A frequenterror
which is of concernto the manufacturer,is the specificationof the powercurvebasedon theoretical
calculationsinsteadofmeasurementswhichleadstoanoverestimationof theenergyyield.
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Figure7.2:Relativeenergyyielddeviationduetoerrorsin roughness(Penner,2000)

InasmuchasamodelafterJackson&Huntachievesbetterresultsthanamass-consistentvariational
analyticalmodel with much less physical reliancedependsstronglyon the type of the terrain.The
discussionsonmodelresultsareextensiveandreaderswhowishtogainmoreinformationaboutthisshould
consulttheappropriateliteraturesuchase.g.Barnard(1991)orLalas(1996).

A studyaboutuncertaintyinthecourseof energyyieldforecastwasmadeby Stracketal.2003.The
uncertaintyresultingfromdatafroma meteorologicalnetworkhavingnotthequalityto complywiththe
requirementsforwindenergycalculationsamountsabout10%andmoreof theenergyyield.High quality
windmeasurementswith uncertaintiesof 1-2% will causean errorof about3-5% in theenergyyield.
Anothererroris introducedby too shortmeasuringperiodswhicharenotrepresentativeclimatologically.
Using thealreadymentionedMCP procedurecarefiJllysucherrorscanbereducedto approximately4% if
suitablelong-terrnreferencedataareavailable.Anotherfactoris thesurfaceroughnessinfluencingwind
speedanditsheightvariationessentially.Experienceis neededto assigntheproperroughnesslengthtothe
given surfaceproperties.A quantificationmethodis givene.g. in theWASPpackage(Troenet al.1989),
othermethodsaredescribedin Dobeschet al. (2001).Sincepartof the inputis empiricalit is oftennot
possibletoseparatetheuncertaintyintheterrainroughnessfromtheuncertaintyinthewindfieldmodelling.
As well this is valid for thesensitivityof theenergyyield fromtheorographicfeaturesaroundthesite,
especiallywhenadjustingmeasurementsfor site-specificinfluencesandtransferringthemto othersites.In
morecomplexterrainsomemodelcannot appliedanymorewithoutintroducingsignificanterrorsin the
results.Generally,becauseof thecomplexityof airflowoverinhomogeneousterrainit is difficultto assess
resultsfromflow calculationsalwaysproperly.Powercurvesfor wind turbinescontributeto theoverall
uncertaintyand can amountto 6-8%, dependingon the wind conditionsand power curvemeasured
accordingtoIEC (1998).

The overalluncertaintiesresultingfromthepossibleerrorsdescribedabovemayreachupto30%in
caseonlydatafromameteorologicalstationin somedistancefromthesiteareused,nottakingintoaccount
properlythefeaturesof thephysicalenvironmentof thesiteitself.This canbe reducedto 10- 12% by
meansof highqualitymeasurementsatthesite.It is a goodopportunityfor improvingaccuracyin energy
yield forecastingif anotherwind farmalreadyin operationis withinthemodeldomain.With thewind
measurementsandoperationaldataof thisturbinestheaccuracyin thiscasewill bequitegoodevenwithout
on-sitewindmeasurements(Stracketal.2003).

In summaryit may be saidthatby a carefulanalysisof the influencingfactorsto identifyand
minimizeuncertaintiesfor a specificsiteundturbine,givingsucha basefor effectiveprojectplanning,risk
managementandtheverificationof theproject.
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7.4 Wind farms

The optimumlayoutof windfarmsdependsmainlyontwofacts(besidethegeneralconstraintsthat
normallyapplyto constructionandoperationsof WTGSS),namelytheintendedenergyyieldby theselected
numberandpoweroutputof turbinesandtheavailablelandarea.To optimisetherequirementsforthefirst
factthespacingof theturbinesasfarapartaspossiblein theprevailingwinddirectionwouldbeidealbuton
theotherhand,landuseandthecostof connectingwindturbinestotheelectricalgridrequiretospacethem
closertogether.

As alreadyoutlinedin chapter2.2,thewindleavingfromtheturbineinoperationmusthavea lower
energycontentthanthewindarrivingin frontof theturbine.Thereforeeachwindturbinewill slowdownthe
windbehinditandcastsawindshadeinthedownwinddirection.This is calledthewakeeffect.

Usually,as a ruleof thumb,turbinesin wind farmsarespacedsomewherebetween5 and9 rotor
diametersapartin the prevailingwind direction,and between3 and 5 diametersapartin the direction
perpendiculartotheprevailingwinds.Typically,theenergylossduetothewakeeffectis somewherearound
5percent.To estimatethislossmorepreciselythefollowingconsiderationshavetobeapplied.

7.4.1 Energy Loss from thewake effect

With knowledgeof thewindturbinerotor,thewindrose,theroughnessin thedifferentsectional
directionsandtheWeibulldistributiontheenergylosscanbe calculateduetowindturbinesshadingone
another.FollowingMortensenetal.(1993)thereducedwindspeed(thespeedinthewakeV; seeFigure7.3)
canbecalculatedby

(7.14) V=[1—(1—\/i_—Ef)(fijz]

whereU is theundisturbedwindspeed, (I -C,)”2 = U/U, C, theturbinethrustcoefficient,D therotor
diameter,X theaxialdistancefromtherotortothepointof calculation,andk isthewakedecayconstant.

Hat—3(bar-“O"
w=D+2kX
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Figure7.3:Flowfieldinthewakeof aWTGS inthedistanceX (annotationseetext);
afterMortensenetal.(1993)

Thedecayconstantis definedas

(7.15) k = A '/ln(h/zo)

whereA' is anotherconstant(A' z 0.5).Normallyawakedecayconstantof 0.05to0.1will givesatisfactory
results,butthesmallertheestimatedturbulentintensity,thesmallerA' shouldbeused.Again it shouldbe
notedthatdifferencesin surfaceroughnesscanmakeitnecessarytousesector-specificdecayconstants.The
thrustcoefficientisdefinedas

(7.16) C, = 2 Fy/pnr2U2

withF T thethrustforce,,0 thedensityof air,and r therotorradius.

A simplewakemodelpresentedAinslie (1988).He usedfor theturbulentintensityI: l/ln(z/Z0)
(cf. Eq.(3.29)).Thena lookuptableofmaximumvelocitydeficitratiowascreatedforvariousvaluesof C,
and I at distancesdownstreamup to 100diametersof therotor,assumingthatthewakehasa Gaussian
shape.

Frandsenetal.(1996)gaveonthebasisof thepower-lawrelationshipavelocitydeficit

(7,17) du= 0.176C10.83/(10.63xd0.77)

withxd thedistancedownstreamof therotorplanein diameters.The addedturbulence(takenas constant
overfullwakewidth)duetothewakeof upstreamturbinescanbecalculatedafterHassanetal.(1991)with

(7.18) 61= 1.31c.0-7110-68(x/xn)'0'96

wherex is the distancedownstreamof the rotorplaneandxn is the nearwakelength.In Frandsenet
al.(1996)asimilarestimationof theaddedturbulenceisgivenas

(7.19) 6]: [1.2Ctxd'2]0'5
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Severalmethodsfor the effectof multiplewakeson a turbinecan be used.The resultantwake
velocitydeficitsareinthecaseof

Squarerootof thesumof squaresof du (l-u/U)2 = 2(1'uij/uj)2

Energybalance U2 - ui= 2(uj2 - uij2)

Geometricsuperposition u,-/U = fluij/uj

LinearSuperposition (1- 711/U) = 23(1'uy/uj);

whereU is thewindspeed,u,-thevelocityat thei-thturbine,uy-thevelocityatthei-thturbinedueto the
wakeof thej-thturbine.The summationsareoverthej turbinesupstreamof thei-thturbine.Somespecific
teststo examinethesewake combinationmethodshave been performedby a seriesof wind tunnel
experimentsbyHassanetal.(1990)andSmith(1990).

The aerodynamicpower reductioncausedby the reciprocalshadingif the WTGSS is usually
expressed(Hau,1996)in termsof the“aerodynamicfield efficiency(AFE)”. It is definedastheratioof the
poweroutputof thewholewind farmto thesumof undisturbedpoweroutputof all thesingleWTGSS
comprisingthewindfarm.Ina realwindfarmthereis always AFE < 1, itsvaluedependentbesideon the
technicalpropertiesof theWTGSS themselves,onthefieldgeometricof thewindfarm(numberof WTGSS
and landarea),theturbulenceintensityandtheprobabilitydistributionof winddirection.The turbulence
intensityis importantinsofarthatthelossof momentumin thewakeof a WTGS is filledupaftera certain
distanceby momentumtransportfromtheflow in thesurroundingandthis is stronglydependenton the
turbulenceintensity.Thismeansthehighertheturbulenceintensityis themorerapidlythemomentumlossis
filledupagain.The turbulenceintensityof therealatmosphereusuallyliesbetween10to 15percentabove
landandaround5percentabovethesea.Thiseffectis enhancedin awindfarmbytherotationof therotors.
This showsthenecessityof havinga goodestimationabouttheturbulenceconditionsin thearea.A wind
farmhasa somewhatdifferentpowercharacteristictoo:afterreachingthecut-in-speedtheplantsin thefirst
rowwill startup,thenfollowedby thenextrowandsoon.Froma certainflowvelocitywhichliesabovethe
ratedvelocityspecifiedfor a singleWTGS withinthewindfarm,all WTGSSwill operatewithratedpower.
Inthiscasethefieldefficiencyof thefarmis 100percent.Becausetheaerodynamicrotordragis equivalent
tothemomentumlossin thewake,it is ameasureforthedimensionof thewakearea.Thereforerotorswith
highaerodynamicdrag,ase.g. stallregulatedones,aredisadvantageouscomparedwithrotorswithahightip
speedratio.

The optimalgeometryof thegridof a windfarmis dependenton thefieldgeometryandthegiven
gridconnection.The electricallossesarea directconsequenceof thegriddesign(voltagelevel,lengthand
crosssectionof cables,numbersof transformers,etc.),For largewindfarmstheelectricallossuntilthegrid
shouldbenotmorethan5 percentandcanbesignificantlylowerif theoutputof theWTGSS is ona higher
voltagelevel(e.g.20kV).
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7.4.2 Experiences with wind farms (on- and Offshore)

Thepoweroutputof a singleWTGS, evenforthe“big”oneswith2-3MW, is lowcomparedwitha
conventionalpowerplant.The decentralizedarrangementof WTGSS in denselypopulatedareasreaches
quickly its limits.Additionally,areaswith technicalusablewind energypotentialsare in mostcountries
limitedto certainregions.On accountof thisthereis a needto concentratea largernumberof WTGSS in
theseregionsindependentlyof theirownenergydemand.BesidethisthespatialconcentrationofWTGS has
manytechnicaladvantagesfor construction,operationandmaintenanceof suchwindfarms.Many experts
believethereforethatundercommercialconditionsaminimumof 10to20WTGSSarenecessary.Duetothe
needof spaceof suchwindfarmsagriculturalareascanbeusedideallyin countrieswhereonlylimitedspace
is availableasit ismostlythecaseinEurope.An alternativeareoff-shorewindfarms.

But not only areaswith a good wind potentialare favourablefor wind farms,(governmental)
subsidiesorofferedtaxcreditsorpayingforthe“greenenergy”ontheschemeof “maximumavoidedcosts”
werealsonecessaryinthepast(andtoday)topromotewindenergyasitwasthecaseintheUSA. (PURPA,
cf. chapter1.4).InEuropeoneof thefirstwindfarmwasconstructednearTandpipein Jutland,Denmark.In
GreatBritainthebeginof extensiveuseofwindenergywasstartedby the“NonFossilObligationProgram”
(NFF0) between1990and1994.Largewindfarmscanbefoundtooin Spain(e.g.nearTarifa)andPortugal.
But now in maypartof theworldwindfarmsareunderoperationandplannedas in Indiaand in China.
Especiallyheregreatattemptsweremadein thelastfewyears.So e.g.theHuitengxilewindfarmin Inner
Mongoliawill bepushedfrom5MW in 1995to200MW in2005andevento600MW in2010.

With offshorewind farmsexperiencesare quiteshortbecausethereare until now only a few
workingoperationally.One of thefist (actuallythe forthworldwide)was the SwedishBockstigenfarm
(Langeetal., 1999),Westoff thecoastof Gotlandisland,operatingsinceMarch 1998.This farmresulted
froma demonstrationin theEU-THERMIE programframeworkandcanstandasa modelformanyother
offshorewind farmsto be constructed.This wind farm consistsof five 550 kW turbineswhich were
especiallyadaptedfor theoffshoreconditions.The speedcontrolsystemwasoptimizedso it performstwo
main functions:Firstly, at low wind speeds(up to 20%of ratedpoweroutput)theWTGS operatesas
frequencyconverter.Theturbinesgeneratorsrunwithvariablespeedto increasethepoweroutput.Secondly,
At mediumorhighwindspeedstheWTGSSaredirectlygridcoupledwherethepowerconverteroperatesas
a precisionblindcurrentsource.The lessonslearnedfromthis farmarethatwind,waveandseacurrent
conditionsatthesitehavetobecarefullyinvestigatedaswellasthegivenconditionsfortheanchoringof the
sea cablesand themonopilefoundation.Additionally,measurementswereperformedat the Bockstigen
turbinesaswell as atturbinesof identicaltypeof landfor directcomparisonof thepoweroutputbetween
onshoreandoffshoreWTGSS.

Besideall thistechnicalaspectstheperspectivesof environmentalprotectionhavetobeconsidered
thoroughlyandwith high accuracyas it has beendonee.g. duringthe planningfor the Borkum-West
offshorewind farm in Germany(Erdmannet al.2000).All possiblesphereof influenceson the living
environmentduring the constructionphase and the operationwere investigatedand measurewere
recommendedwheresuchinfluenceswereidentifiedandamonitoringconceptwasdevelopedtoassessand
documenttheenvironmentalimpactnowandin future(seethefollowingchapter8).
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8 ENVIRONMENTAL IMPACT OF WTGSS

Eachenergysystemhas,in varyingdegrees,associatedwithit positiveandnegativeimpactsonthe
environment.Traditionalenergyplanningand cost/benefitanalysishas ignoreduntil now environmental
extemalities(theenvironmentaldamagesonairandwaterquality,landuse,globalclimateandbiodiversity)
butincreasingeffortsweremaderecently,leadingto impact-pathwayapproaches,estimatinge.g.thedamage
froma fossil fuelplatin termsof thevalueof thereducedlife spanandwell-beingof personsimpactedby
the plant'semissions.In 1995a study"Externalitiesof Energy" (ExternE)sponsoredby the European
Commissionin the UK, madea comprehensiveeffort to quantifymonetaryvalues of environmental
extemalitiesfor awiderangeof fuelcycles(coal,oil, gas,hydro,nuclearandwind)includingthefollowing
environmentalimpacts:global warming,acidification,land use, occupationand public accidents,bird
mortality,noise,visual amenityand radio interference.Thoughwind energyitselfproducesno gaseous
emissions,duringits constructionand installationimpactsaregenerated.This hasbeenquantifiedby the
abovementionedstudyfortwowindfarmsitesinUK.

Table8.1:Environmentalextemalityvaluesforwind-generatedelectricityanditsexternalcosts
in 1/10Euro-Cent/kWh(ExtemE,1995)

noise globalwarming acidification occupational/publicaccidents visualamenity

0.07- 1.1 0.15 0.7 0.26 0.09 notquantified

With thesenumberswind energy'senvironmentalimpactappearno higherthan any other fuel and
considerablylowerthanthoseof fossilfuels.Inaddition,theimpactsfromwindenergyarelocal,relatively
predictableand primarilyaesthetic,comparedto otherenergygeneratingsystems.So the environmental
benefitsof thegenerationof electricityby windturbinesareclearlyshownin havingno pollutantsat all
duringoperation,suchreducingthecarbondioxidecontentof theatmosphereand,additionally,reducingthe
dependencyon conventionalfossil and nuclearfuels. In the followingsomeof the mentionedpossible
impactssuchassoundemission,thevisualimpactandelectromagneticinterferenceareinvestigated.

8.1 Sound emission from wind turbines

The aerodynamicnoiseproducedby WTGSS canperhapsbestbe describedas a 'swishing'sound
(Boyle, 1996).It is affectedby theshapeof theblades(especiallythetrailingedgeandthetip shape),the
interactionof theair flowwiththebladesandthetower,andtheturbulentwindconditionsthatcancause
unsteadyforcesonthebladeswhichthenradiatenoise.Noisenuisanceis usuallymoreof a problemin light
windsbecauseforhigherwindsthenoisefromtheWTGSS ispartiallymaskedbythebackgroundnoise.

The soundheardfroma sourcein thelandscapeis stronglydependentonthedistance,theheightof
thesourceandthetopographicfeaturesof thelandscapeitselfandalsoontheconditionsin theatmosphere
(windspeedanddirectionandstratificationof theairmass).But formostcontemporaryturbinesavailable,
soundemissionis onlyaminorproblemduetonewdesignsof quieterrotorbladetips.The soundintensity
falls with the squareof the distancefrom the soundsourcewhere,additionally,soundabsorptionor
reflectionmayplaya roleata particularsite.SOtypicallyaminimumdistanceof about7 rotordiametersor
300metersis giventothenearestneighbours.Thereis alwayssomebackgroundnoisein thelandscape,and
atwindsspeedsaround4-5m/sthenoisefromtheleavesof trees,mastsandfencesetc.will graduallymask
any potentialsoundfromWTGSS. Generally,very littlesoundis heardupwindof wind turbineswhich
makesit necessaryto usethewindroseto chartthepotentialdispersionof soundin differentdirections.
Further,the distinctionbetweennoiseand soundis a highlypsychologicalphenomenon.In fact, studies
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indicatethatpeople'sperceptionof noisefromwindturbinesis governedmoreby theirattitudetothesource
of thenoise,ratherthanby the actualnoiseitself(fromS. Krohn, 1998,Web siteof theDanishWind
TurbineManufacturersAssoc.)

Two main sourcesof noise emissionfromWTGSS exist,namelyaerodynamicandmechanical
sources:

Intheaerodynamiccaseof soundemission,whenthewindhitsdifferentobjectsatacertainspeed,it
will makea soundcreatinga randommixtureof highfrequenciesor it maycausea surfaceto vibrateand
thesestructuresin turnemittheirownsound.Mostof thenoisefromtherotorbladeswill originatefromthe
trailing(back)edge.Sincethetip of theblademovessubstantiallyfasterthanthebladeroot,greatcareis
takenaboutthedesignof therotortip.Despitethefactthatmuchimprovementin thisareahasalreadybeen
done,researchforquieterrotorbladescontinues.

Themechanicalcaseof soundemissionwhichmayoriginatein thegearbox,shaftsandgeneratorof
aWTGS isnotabigproblem,duetothetechnologicaldevelopmentinWTGSSconstruction.Thesameisthe
casefor resonanceof differentcomponents.Additionally,soundinsulationis sometimesappliedwhichcan
beusefultominimisesomemedium-andhigh-frequencynoiseeffectsbutis hardlyeverused.

To quantifythenoiselevelat a certainlocationin thevicinityof a turbinee.g.theDanishNoise
Directives(DanishMinistryof theEnvironment,1991)canbeusedasfollows:

(8.1) L = L... -1010g(27[r2)-orP

whereLp is thesoundpressurelevel in dB (decibel),Lwathesourceemittingnoise,r thedistancebetween
sourceandreceiveranda anattenuationcoefficient.If Lwaexistsasa single,broadbandsoundpowerlevel
thena =0.005dB/m.TheNoiseDirectivesalsoincludea 5dB penaltyforthepresenceof tonesin thenoise
emission.ThereforethenoiseloadLp isdefinedas

L, = Lp if therearenoclearlyaudibletones,or

L, = Lp +5 if clearlyaudibletonesarepresent.

If Lwaexistsof octavebanddata,i.e.Lwa= [Lwa(i)],wherei = 1,2,..n,then

(8.2) L. = 1016g[210“’“’“°]
i=1

with

Lpa) = Lwa(i)—1010g(27rr2)- an) r.

Theattenuationcoefficient61(1)isgiveninthenexttable.

Table8.2:Attenuationcoefficientduetobandwidthof emittedsound

OctaveBand(Hz) 63 125 250 500 1000 2000 4000 8000

an) dB/m 0.00 0.00 0.001 0.002 0.004 0.007 0.017 0.056
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Thesoundemissionof e.g.m turbinesinawindfarmcanbecalculatedwithEq.(8.2)by summingtheLp of
themsingleturbines.

Usuallythesoundpowerlevel(Lwamef)is providedfora referencewindspeedof 8m/sin 10meters
height(u10).Thereforethesensitivityof Lwatowindspeedis needed.Using u10asreferenceSpeedin the
referenceheightthevalueof LwainEq.(8.1)orEq.(8.2)mustbereplacedwith

(8-3) L’wa: m (”10' 8)+ Lwa,ref

wherem istheSlopeof d(Lwa)/d(u10).

8.2 Shadow casting from wind turbines

The visualperceptionof a WTGS is determinedby a varietyof factors,includingturbinesizeand
design,numberof blades,layoutof thewindfarmetc.Onespecificfactoris theflickeringeffect.Whenthe
sunis visibleWTGSs will casta shadowontheneighbouringareasandtherotorbladeschopthesunlight,
causinga flickering(blinking)effectwhiletherotoris in motion.This maybequiteannoyingfor people.
Thereforethepotentialflickereffecthastobeestimatedanduponthistheturbinesplacedwherethiseffectis
bearablefortheneighbours.Shadowcastingisgenerallynotregulatedexplicitlybyplanningauthorities.But
inGermanytherehasbeena courtcaseinwhichitwasdecidedtotolerate30hoursof actualshadowflicker
peryearonacertainneighbouringarea.

This shadowflicker effectcan be predictedquiteaccuratelyusingastronomyand trigonometry
producingeithera likely,or a "worstcase"scenario,i.e.a situationwherethereis alwayssunshine,whenthe
windis blowingall thetime,andwhenthewindandtheturbinerotorkeeptrackingthesunby yawingthe
turbineexactlyasthesunpasses.

8.2.1 Basic considerations

Thedisturbingeffectof theshadowcastbyWTGSS forresidentsoriginatesmainlyfromtheshadow
of therotorblades,rotatingwitha speedlessthan100U/min.The narrow,slowlymovingshadowof the
towercorrespondsto the shadowof highbuildingsand is normallynot felt as disturbing.Theseeffects
definitelyoriginatefromthreefactors:

0 thedifferenceof theradiation-intensitybetweenshadow-minimumand—maximum;this is definedby
thetechnicalparametersof theheightandtherotorblade'scordlengthof theWTGS, by theastronomic
parameterof sunelevationangleandthegeometricalsituationbetweenobservers,theWTGS andthe
sun;

0 thetemporalcourseof theintensitychange,whichis governedby thespeedof rotationof therotorand
thegeometricalsituationof observers,theWTGS andthesun;

0 the daily/yearlydurationof the shadowcastingresultingfrom the first factor under additional
considerationof theclimatologicalvaluesforthelocation.

For thehumaneye theallowabledifferencebetweenshadow-minimumand-maximumof a wind
turbineis givenhereafterDEWI (1998).A lowerlimit for thesunelevationangleis quotedas 3°: In the
atmosphereanattenuationof thedirectsolarradiationoccursby scatteringandabsorptionthroughtheair
particles(Dirmhim,1964).This attenuationincreasesexponentiallywiththepenetratedair-massaswell as
withdecreasingsunelevation(seeTable8.3).So theattenuationof the intensitywithan angleof 3° at
200metersa.s.l. amountsto approximately80percentof the radiationwith a sun elevationof 418°
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(standardvalue).With increasingheighttheattenuationdecreasesandata heightof 1000metersas]. the
attenuation(with3° of elevationangle)is only 68percentof thestandardvalue (seeTable8.4).As a
consequenceof this,a diminutionof theminimalsunelevationanglecanbe assumedwithrespectto the
heightas]. of about05° per500meters.

Table8.3:Penetratedair-masswithrespecttothesunelevation(atsealevel)

Sunelevation 90 70 60 50 4O 30 20 15 10 5 3(°)
Trueair-mass 1.0 1.06 1.15 1.3 1.55 2.0 2.9 3.8 5.6 10.4 15.4

Table8.4:Dependencyof thepenetratedair-massontheheightabovesealevel.

Height 0 900 1900 2900 4000 5400(m)
Trueair-mass 1.0 0.9 0.8 0.7 0.6 0.5

The attenuationof theradiationintensityis additionallyinfluencedbythewatervapouranddustcontentof
theatmosphere.

For typicalconstructionheightsthe distancebetweentheWTGS and the observeris morethan
1000meters for the quotedheight angles. With these distancehowever no kemel-shadowoccurs
(100percentmaskingof thesundiskbytherotorblades).

At a furtherlowthreshold,a maskingof thesundiskby 20percentis observedattherotorblades.
This valuedependson therotorbladecord lengthof a specificWTGS and leadsto intensitydifferences
between0 andapproximately20percent.No intensitydifferenceexists,if thefocusof therotorcircleand
thesundiskarein a line.By thesuperimpositionof thetwo,theintensityattenuatingeffectsandtheentire
intensitydifferenceamountsto lessthan10percent.

Regardingthetemporalcourseof theintensitychange,atpresentno investigationshavetakenplace.

In all presentstandards,no differentiationis madewherea kernelshadowor a diffuseshadowis
found. It is essentialthat considerationbe given however,for example,a residencethat lies 200 to
250meterstothenorthof an installationexperiences30hoursextremekemel-shadows(highsunelevation)
peryear,orwhenpositioned700to 750meterssoutheastof an installationwhensubjectonly to a diffuse
shadowwithlessthan10percentintensitychange(lowsunelevation,lowmasking).It is possibletherefore
thatstandardvaluesbe setupwithregardto thesunelevationandtheshareof themaskedsundisk.So it
appearsrealisticto reducethe possibleannualshadowdurationhoursto zero if more than80percent
maskingof thesundiskthroughtherotorbladesoccurs,andto increasethisdurationin five-hourstepsto
30hoursperyearwith20percentmasking.Additionally,thegreatestallowableelevationangleof 15°could
beacceptedasaguidelinewithamaskingofmorethan40percent.Withthiselevationangle,theattenuation
reachesat200metersonly 40percentof thestandardvalue.Summarisingtheeffectsof sunelevationand
masking,theintensitydifferencefor80percentmaskingand15°amountstoapproximately50percentofthe
valueat41.8°and100percentmasking.
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Table8.5:Recommendationforaguidelineof themaximumannualshadingduration(inhours)

Masking 80% 70% 60% 50% 40% 30% 20% 10%

0°to3°- - - — - - - - -
3°to 15° 0 5 10 15 20 25 30 -
> 15° 0 0 0 0 5 10 15 -

8.2.2 Geometrical data OfWTGSS

Theconstructionheightdeterminestheshadowcastingandthereforethisheighthastobeconsidered
especiallybecauseof theconsiderableheightsof futureWTGSSthatwill risebetween85and100meters.

The rotorbladedepthdeterminesthepercentshareof themaskedsundiskwithina pre-determined
distance.The rotorbladeisbroadestattherootandnarrowestatthebladetips,theaveragerotorbladedepth
reachesapproximately70 to 80percentof therotorbladedepthattheroot.The averagerotorbladedepth
shouldbe takenfor thecalculationof themasking,sincetravelacrossthesundisk is morelikelywiththe
outerpart of the rotorbladedue to the comparativelygreaterlength.Thesedatacan be found in the
publishedinformationof therotorblademanufacturers.

Ifnoexactdataareavailablefortherotorblade,theaveragerotorbladedepthcanbeappraisedusing
thefollowingformula:

Rotorbladedepth(m)=0.0306timesdiameter(m)—0.0377

Therotationspeedeffectdecreasesfortechnicalreasons(theacousticpowerlevelincreasestothe5th
powerof the bladetip speed)with greaterdiameter.For exampleWTGSS with threerotorbladesand
30meterdiameterhavea rotationspeedof approximately40r/minandWTGSSwithmorethan60meter
diameterrotorshave approximately18— 20r/min.Two bladed installationswith a rotor-diameterof
30meterreach rotationspeedsof approximately70r/min.The frequencyof shadowcastingis 2Hz
comparabletoathreewinginstallationof thesamesize.

8.2.3 Distances for the shadow casting

The decisivedistanceson thebasisof theconstructionheightof theWTGS andthesunelevation
angleon plainsurfacescanbe calculatedfromthegeometryof theray path.The increaseof thedistance
takesplacelinearlyindependencyontheconstructionheightandforheightanglesof 2°,25°, 3°and15°as
showninthefollowingtable:

Table8.6:Influencedistanceinmeters(m)fordifferentheightanglesandconstructionheights

Elevation Height 50 60 70 80 90 100 l 10 120 m

2° 1432 1718 2005 2291 2577 2864 3150 3436 m
25° 1145 1374 1603 1832 2061 2290 2519 2748
3° 954 1145 1336 1526 1717 1908 2099 2290
15° 187 224 261 299 336 373 411 448
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The influencedistanceof anyconstructionheightcanbecalculatedbymeansof thefollowingformulas:

Sealevelheight2 1000m(heightangle2°): E =28.636*B
Sealevelheight2 500m(heightangle2.5°): E =22.904* B
Sealevelheight< 500m(heightangle3°): E = 19.081* B
Minimalspacing(heightangle15°): E =3.732* B

E = influencedistance;B = constructionheight

Thestatedelevationanglesof thesunandtherespectivedistancescanonlybereachedat482°degreesof
latitudein certaindirectionalsectorshowever.

ClockwisefromNorth(0°=360°)therelevantareasforshadowcastingare:

0°- 24° Shadowcastingfor lessthan3.732constructionheightsdistancepossible
24°—108° Shadowcastingwithaheightangleof 15°possible
50°- 124° Shadowcastingwithaheightangleof2-3°possible
124°- 236° No (relevant)shadowcastingpossible
236°- 310° Shadowcastingwithaheightangleof 2-3°possible
252°- 336° Shadowcastingwithaheightangleof 15°possible
336°- 360° Shadowcastingfor lessthan3.732constructionheightsdistancepossible

8.2.4 Distances on the basis of the masking of the sun disk by the rotor blades

ThedistanceE(d) fromtheWTGS, forwhichtherotorbladesyieldamaskingd of thesundiskcan
becalculatedfromthedistanceearth-sunES (=149504*103km),theshadowwidthS(d)andtherotorblade
depthT asfollows:

(8.4) E(d)= ES * T/S(d)

The shadowwidthin 103kmaswellastheratioES andS(d)fordifferentdegreesof maskingcanbe found
inthefollowingtable:

Table8.7:Shadowwidth(103km)andratioES/S(d)withrespecttothedegreeofmasking(%)

Masking 80 70 60 50 40 30 20

Shadow-width 956 814 685 562 445 331 220

ES/S(d) 156.4 183.7 218.3 266.0 336.0 451.7 679.6

8.3 Visual intrusion in the landscape

Thevisibilityof turbinesin thelandscapemaybeof someproblemswherelandscapeprotectionand
visual amenityare valuedhighly in the society.To quantifythis more or less subjectiveimpressions,
differentwaysaccountingfor visibilityexist.The pointsof visibilitycanbe thenacelle,thebladetip or a
pointonthetower.Inthecaseof awindfarma simplewayis tocountthenumberof turbinesandwhichof
thementionedpointsarevisible from locationsin the vicinity of thewind farmsite.For example,the
Visibilitycountcanbemadeby summingup(withpossibleweights)if thenacelle,thetipand/orthetower
can be seen.Thereforeif thewhole turbineis Visiblethe countfor thatturbineis e.g. 3. Simply, the
maximumcountfor a wholewind farmusingthis methodis 3 timesthe numberof turbines(without
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weighting).If only the topographyis used in the calculations,ignoringVisual shelteringeffectsfrom
buildings,treesandotherstructures,thetheoreticalmaximumvisibilityof turbinesis givenfor a certain
pointin thevicinity.Additionally,exclusionzonescanbe specifiedwherebesidethetopographyfeatures
likeforestsobscuretheturbine(s).

8.4 Electromagneticinterference

Sometimesa reflectionof theelectromagneticradiationcanoccurif a WTGS is positionedbetween
radio,televisionormicrowavetransmitterandreceiver.This is duetothereflectedwaveinterferingwiththe
originalsignalcausinga distortionwhichis dependenton thebladematerialandthesurfaceshapeof the
tower.The mostlikely formof interferenceis on televisionviewingbutthis can be dealtwithrelatively
easilyby the installationof relaytransmittersor by connectingthrougha cabletelevisionservice(Boyle
1996).Microwavelinks,VHF OmnidirectionalRanging(VCR) andInstrumentLandingSystems(ILS)are
verysusceptibleto interference.

8.5 Résumé

As a summaryof thischapterit canbesaidthattechnologiesthatusenaturalenergywill havesome
local impactssuchasvisualintrusionor disruptionof localecosystems.This meansthatthelocal impacts
associatedwithenergytechnologyshouldbeminimisedandanyremaininglocal impactsshouldbe traded
off againsttheglobalenvironmentalbenefitsof thetechnology.Furthermore,extractingmoreenergyfrom
naturalresourcesthanthelocalecosystemcancopewithmustbeavoided.Inthismatterenvironmentalists,
climatologistsand hydrologistsare requestedto monitor these developmentsthroughan effective
observationonlargescalesaswellason localscalesandanadequateinformationsystem.



108

9 REFERENCES

Ainslie,J.F.(1988):CalculatingtheFlowfieldintheWakeofWindTurbines.J.ofWindEngineeringandIndustrial
Aerodynamics,27,213-224.

Aspliden,C.I.,D.L.Elliott,L.L.Wendell(1986):ResourceAssessmentMethods,SitingandPerformanceEvaluation.
PhysicalClimatologyforSolarandWindEnergy,321-376.

AWEA, AmericanWindEnergyAssociation(2005):GlobalWindEnergyMarketReport

Barnard,J.C.(1991):AnEvaluationofthreemodelsdesignedforsitingwindturbinesinareasof complexterrain.Solar
Energy,46,283-294.

Barthehnie,R.J.,T.D.Davies,J.P.Palutikof(1993):Estimationofsectorroughnesslengthsandtheeffectonprediction
oftheverticalwindspeedprofile.BoundaryLayerMeteor.,63,19-47.

Barthelmie,R.J,J.P.Palutikof(1996):Coastalwindspeedmodellingforwindenergyapplications.JournalofWind
EngineeringandIndustrialAerodynamics,62,213-236.

Beljaars,A.C.M.(1987):TheMeasurementofGustinessatRoutineWindStations- aReview.Instrumentsand
ObservingMethodsReportNo.31,WMO.

Bhumrakar,C.M., R.L. Mancuso,F.L. Ludwig(1980):A practicalandeconomicmethodfor estimatingwind
characteristicsatpotentialwindenergyconversionsites.SolarEnergy25,955-965.

Blumen,W.,ed.(1990):AtmosphericProcessesovercomplexterrain.

Boeswirth,L.(1993):TechnicalHydrodynamics(inGerman).

Boyl,G.,ed.(1996):RenewableEnergy.PowerforaSustainableFuture.OxfordUniv.Press.

Bradley,E.F.,P.J.Mason,P.A.Taylor(1986):Boundary-Layerflowoverlowhills.BoundaryLayerMeteorol.,39,
107-132.

Britter,R.E.,J.C.R.Hunt,K.J.Richards(1981):Airflowoveratwo-dimensionalhill:StudiesOfvelocityspeed-up,
roughnesseffectsandturbulence.Quart.J.R.Met.Soc.107,91-110.

BTM ConsultAps.(2005):WorldMarketUpdate2005.

Businger,J.,J.Wyngaard,Y.Izumi,F.Bradley(1971):Fluxprofilerelationshipsintheatmosphericsurfacelayer.
J.Atmos.Sci.,28,l81-189.

DeRenzo,D.J.(1979):WindPower.Recentdevelopments.In EnergyTechnologicalReviewNo.46,NoyesData
Corporation,ParkRidge.

DEWI(1998):SchattenwurfvonWindenergieanlagen:DieGeréiuschabstrahlungvonMW-AnlagenindenSchatten
gestellt?.DEWI-MagazinNr.13.

Dirmhim,I.(1964):Theradiationfieldintheenvironment.Akad.PublishingHouseCompany,Frankfurt/Main.

Dobesch,H.,G.Kury(1996):MethodsandFoundationsofOptimalSitingfortheexploitationofWindEnergy.Wetter
undLeben,48,1-2,pp.33-48(inGerman).

Dobesch,H.,G.Kuryeds.(1997):WindAtlasoftheCentralEuropeanCountriesofAustria,Croatia,CzechRep.,
Hungary,SlovakRep.andSlovenia;AustrianContributiontoMeteorologyandGeophysics,Vol.16,
Publ.No.378.

Dobesch,H.,H.V.Tran(1999):TheDiagnosticWindFieldModelZAWIMOD2.AustrianContributionto
MeteorologyandGeophysics,Vol.22,Publ.No.389.

Dwenger,N.(1995):SpezielleAuslegungskriterienfiirWindturbinenimBinnenland.Proceedings:WindEnergy
ApplicationsinNon-FlatandComplexTerrain.

Dyer,A.J.(1974):A reviewofflux-profilerelations.BoundaryLayerMeteor.,7,363-372.

Eichenberger,W.(1990):Aviationweatherscience(inGerman).



109

Elliott,D.(1997):Energy,SocietyandEnvironment.Technologyforasustainablefuture;inRoutledgeIntroductionsto
EnvironmentSeries,London.

Endlich,R.N.,J.D.Lee(1983):An improveddiagnosticmodelforestimationwindenergy.Rep.PNL4526,Pacific
NorthwestLab.,Richland,Washington.

Energiewerkstatt,editor(1993):Proceedingsofthe2ndAustrianWindEnergySymposium,St.Poelten.

Energiewerkstatt,editor(1995):Proceedingsofthe3rdAustrianWindEnergySymposium,St.Poelten.

Erdmann,N.,F.Nanninga(2000):ErfahrungenbeiderPlanungundProjektierungeinesOffshoreWindparksinder
Nordsee.Proc.DEWEK2000,191-194.

Foken,T.(1984):TurbulenterEnergieaustauschzwischenAtmosphareundUnterlage.BerichtdesDeutschen
Wetterdienstes180.

Frandsen,S.,Chacon,L., Crespo,A., Enevoldsen,P.,Gomez-Elvira,R.,Hernandez,J.,Holstrup,J.,Manuel,F.,
Thomsen,K. andSorensen,P.(1996):MeasurementsonandModellingofOffshoreWindFarms.Riso-R—903
report.

Franquesa,M.(1989):SmallWindWeels(inGerman).

Garratt,J,R.(1992):Theatmosphericboundarylayer.CambridgeAtmosphericandScienceSeries.

Gasch,R.,ed.(1991):WindPowerPlants(inGerman).

Gerdes,G.,T.Pahlke,M.Strack(2000):VerificationOfenergyyieldforecast.In:Proc.DEWEK2000,5thGermanWind
EnergyConference,Wilhelmshaven.

Goody,RM. andY.L. Yung(1989):AtmosphericRadiation.TheoreticalBasis.OxfordUniv.Press.

GreenpeaceInternational,GWEC(GlobalWindEnergyCouncil),2005:Windforce12,ablueprinttoachieve
12percentoftheworld'selectricityfromwindpowerby2020,sixthversion.

Grubb,M,N.I.Meyer(1993):RenewableEnergySourcesforFuelsandElectricity,Chapt.4,WindEnergy:
Resources,SystemsandRegionalStrategies;IslandPress,WashingtonDC.

Guo,X., J.P.Palutikof(1990):A Studyof 2 Mass-ConsistentModels:ProblemsandPossibleSolutions.Boundary
LayerMeteorol.,53,303-322.

Hassan,G.(1995):StudyofOffshoreWindEnergyintheEC,GermanischerLloydandWindtestKWK.

Hassan,G. andPartners(1991):TheEffectofRotorCharacteristicsontheLoadingSpectrumandFatigueLifeofa
WindTurbinewithinaWindFarm.GHReportl97/R/2.

Hau,E.(1996):WindPowerPlants(inGerman).

Hackel,H.(1990):Meteorology.UTB 1338,Ulmer,Stuttgart(inGerman).

Hoff,A.M.(1987):EinanalytischesVerfahrenzurBestimmungdermittlerenhorizontalenWindgeschwindigkeitenfiber
zweidirnensionalenHilgeln.Rep.oftheInstofMeteorologyandClimatology,UniversityHannover,Vol.28.

Holton,J.(1992):An IntroductiontoDynamicMeteorology,3.Ed.,AcademicPress.

Holtslag,A.(1984):Estimatesofdiabaticwindspeedprofilesfromnear-surfaceweatherObservations.BoundaryLayer
Meteorol.29,225-250.

Hunt,J.C.R.,P.S.Jackson(1975):Turbulentwindflowoveralowhill.Quart.J.R.Met.Soc.101,929-955.
IEC(1998):IEC61400-10,1998:Windturbinegeneratorsystems- Part12:Windturbinepowerperformance

testing,1.Ed.

KalnayE.,M.Kanamitsu,R.Kistler,W.Collins,D.Deaven,L. Gandin,M. Iredell,S.Saha,G.White,J.Woollen,Y.
Zhu,M. Chelliah,W.Ebisuzaki,W.Higgins,J.Janowiak,K.C.MO,C.Ropelewski,J.Wang,A. Leetmaa,R.
Reynolds,R.Jenne,D.Joseph(1996):TheNCEP/NCAR40-yearreanalysisproject.Bull.Amer.Meteor.Soc.
77,437-471.

Kitada,T., k. Igarasci,M. Owada(1986):NumericalAnalysisofAir PollutioninCombinedFieldofLand/SeaBreeze
andMountain/ValleyWind.J.ofClimateandApp].Meteorolog,25,767-784.



llO

Kondo,J.,H.Yamazawa(1986):AerodynamicRoughnessoveraninhomogeneousgroundsurface.BoundaryLayer
Meteorol.,35,331-348.

Lalas,P.D.,C.F.Ratto,editors(1996):Modellingofatmosphericflowfields.WorldScientificPubl.Comp.,Singapure.

Lange,B.E. Aagaard,P.E.Andersen,A. Moller,S.Niklasson,A. Wickman(1999):OffshorewindfarmBockstigen-
installationandOperationexperience.Proc.Europ.WindEnergyConf.,1999,300-303.

Langmuir,I.(1944):Supercooledwaterdropletsinrisingcurrentsofcoldsaturatedair.In:Collectedworkof
I.Langmuir.PergamonPress1961;135-393.

Langmuir,1.,KB. Blodgett(1945):A mathematicalinvestigationofwaterdroplettrajectories.In:Collectedworkof
I.Langmuir.PergamonPress1961;451-465.

Lettau,H.(1969):NoteonAerodynamicRoughness-ParameterEstimationontheBasisofRoughness-Element
Description.J.Appl.Met.8,828-832.

List,R.(1977):Iceaccretiononstructures.J.ofGlaciology,Vol.19,451-465.

Lozwski,E.P.,R.D.Amours(1980):A tirne-dependentnumericalmodelforsphericallysymmetrichailstones
growththermodynamicsunderconstantambientconditions.Am.Met.Soc.Vol.37,1808-1820.

Lumley,J.L.,H.A.Panofsky(1964):Thestructureofatmosphericturbulence.Interscience,London.

Mahrt,L.(1986):Ontheshallowmotionapproximations.J.Atmos.Sci.,43,1036-1044.

MarkkonenL.(1981):Estimatingintensityofatmosphericiceaccretiononstationarystructures.Am.Met.Soc.,
Vol.20,595-600.

MarkkonenL.(1983):ModellingOficeaccretiononwires.Am.Met.Soc.,Vol.23,929-938.

Mason,P.J.,R.I.Sykes(1979):Flowoveranisolatedhillofmoderateslope.Quart.J.Roy.Merteor.Soc.105,383-395.

Mason,P.J.,J.K.King(1985):Measurementsandpredictionsofflowandturbulenceoveranisolatedhillofmoderate
slope.Quart.J.Roy.Merteor.Soc.]11,617-640.

Mengelkamp,H.-T.(l991):Boundarylayerstructureoveraninhomogeneoussurface:simulationwithanon-hydrostatic
mesoscalemodel.BoundaryLayerMeteorol.57,323-341.

Molly,J.P.(1990):WindEnergy(inGerman).

Mortensen,N.G.,L. Landsberg,I.Troen,E.L. Petersen(1993):WindAtlasAnalysisandApplicationProgram(WASP).
RisaNationalLabs.,Roskilde,Denmark.

Oke,T.R.(l987):BoundaryLayerClimates.HalstedPress,NY.

Pennel,W.T.(1983):An evaluationof theroleof numericalwindfieldmodelsin windturbinesiting.Techn.Rep.
PacificNorthwestLab.,Richland,Washington.

Penner,K.(1995):WASP-Verification.DEWI-MagazinNr.7(inGerman).

Perera,M.D.(l981):Shelterbehindtwo-dimensionalsolidandporousfences.J. ofWindEngineeringandIndustrial
Aerodyn.8,93-104.

Petersen,E.L.(l990):WindResourcesinComplexTerrain,MeasurementandModels.ECWindEnergyConference.

Petersen,E.L.,N.G.Mortensen,L. Landsberg,J.Hajstrup,H.P.Frank(1998):WindPowerMeteorology.Part1.
ClimateandTurbulence.WindEnergy1(pilotissue),25-45.

Phillips,GT. (1979):A preliminaryuser'sguidefortheNOABL ObjectiveAnalysisCode.DOEContractNo.AC06-
77ETE20230,ScienceAppl.Inc.LaJolla,Calif.

Physick,W.L.(1988):Review:Mesoscalemodellingincomplexterrain.Earth-ScienceReviews25,199-235

Press,Teukolsky,Vetterling,Flanney(1992):NumericalrecipesinFortran,2ndedition,660-664,CambridgeUniversity
Press.

Quarton,D.C.,G.Hassanandpartners(1998):TheEvolutionofWindturbineDesignAnalysis—A Twentyyear
ProgressReview.WindEnergy1(pilotissue),5-26.



lll

Ratto,OF, R.Festa,O.Nicora,R.Mosiollo,A. Ricci,P.D.Lalas,O.A.Frumento(1990):Windfieldnumerical
simulation-anewuserfriendlycode.In:W.Palz,(editor),Europ.Comm.WindEnergyConference,
H.S.Sthephens&Assoc.,Madrid.

Raupach,M.R.(l992):Draganddragpartitiononroughsurfaces.BoundaryLayerMeteorol.,60,375-395.

Schlichting,H.;E. Truckenbrodt(1967):AerodynamicsofAeroplanes(inGerman).

Sherman,C.A.(1978):A Mass-ConsistentModelforWindFieldsoverComplexTerrain.J.Appl.Meteorol.,17,312-319.

SOrensenB.(2000):RenwableEnergy.Itsphysics,engineering,use,environmentalimpact,economyandplanning
aspects.AcademicPress.

Steinhauser,F.(1950):Windamplificationonmountainridges.ReportofDeutscherWetterdiensteintheUS-Zone,
No.12(inGerman).

Strack,M.,A.. Albers(1996):AnalyseundExtrapolationdesWindprofilsam130MeteorMessmastdesDEWI.
DEWIMagazinNr.8/2.

Stull,R.B.(1988):An IntroductiontoBoundaryLayerMeteorology.Kluwer,Dordrecht.

Svabik,O.(1998):DocumentationofSevereWeather:ThunderstormandHailFrequencyinEurope.Advanced
WeatherRadarSystems,COST75,EuropeanCommission,EUR 18567EN.

Tammelin,B.,K. Séinti,E. Peltola,R.Anderssen,eds(1996):BOREAS3,WindEnergyProductionsinCold
Climates.Proceedings,FinnishMet.Inst.

Tammelin,B.,SéintiK.,eds(1998):BOREAS4,WindEnergyProductionsinColdClimates.Proceedings,
FinnishMet.Inst.

Taylor,P.A.,P.J.Mason,E.F.Bradley(1987):Boundary-layerflowoverhills.BoundaryLayerMeteorol.36,107-132.

Thomas,R.L.(1976):LargeExperimentalWindTurbines-Wherearewenow.NASA Techn.Memorandum
TMX-71890.

Tonbru,M.,D.P.Lalas(1990):Atelecopingprocedureforlocalwindenergy.InW.Palz,(editor),Europ.Comm.Wind
EnergyConference,H.S.Sthephens& Assoc.,Madrid.

Traci,R.M.,G.T.Phillips,G.C.Patnaik,P.E.Freeman(1977):Developmentofawindenergymethodology.US. Dept.
ofEnergyRep.RLO/2440-11,205pp.

Troen,I.,A. DeBaas(1986):A spectraldiagnosticmodelforwindflowsimulationincomplexterrain.Proc.European
WindEnergyAssoc.Rome,Italy.

Troen,I.,L. Petersen(1989):EuropeanWindAtlas.RisoNat.Labs,Roskilde,Denmark.

VanderHoven,I.(1956):Powerspectrumofhorizontalwindspeedinthefrequencyrangefrom0.0007to900
cyclesperhour.J.ofMeteorol.,Vol.14,160-164.

Walmsley,J.L.,SalmonJ.R.andTaylorRA. (1982):OntheApplicationofaModelofBoundary-LayerFlowover
LowHillstoRealTerrain.Boundary-LayerMeteorology,23,17-46.

Walmsley,J.L.,P.A.Taylor,T.Keith(1986):A simplemodelofneutrallystratifiedboundarylayerflowovercomplex
terrainwithsurfaceroughnessmodulations(MS3DJH/3R).BoundaryLayerMeterOl.,36,157-186.

Walmsley,J.L.,P.A.Taylor,J,R.Salmon(1989):Simpleguidelinesforestimatingwindspeedvariationsduetosmall
scaletopographicfeature- anupdate.Climatol.Bull.,23(1),3-14.

Walmsley,J.L.,P.A.Taylor(1996):Boundary-Layerflowovertopography:ImpactsoftheAskerveinstudy.Boundary
LayerMeteorol.78,291-320.

Walmsley,J.L, I.Troen,D.P.Lalas,P.J.Mason(1990):Surfacelayerflowincomplexterrain:Comparisonofmodels
andfull-scaleobservations.BoundaryLayerMeteorol.,52,259-281.

Wieringa,J.(1973):Gustfactorsoveropenwaterandbuilt-upcountry.BoundaryLayerMeteorol.3,424-441.

Wieringa,J.(1976):Anobjectiveexposurecorrectionmethodforaveragewindspeedsmeasuredatsheltered
location.Quart.J.R.Met.Soc.,102,241-253.



112

Wieringa,J.(1983):DescriptionrequirementsforassessmentOfnon-idealwindstations- forexampleAachen.J.Wind
EngineeringandIndustrialAerodynamics,11,121-131.

Wieringa,J.(1986):Roughness-DependentGeographicalInterpolationOfSurfaceWindSpeedAverages.
Quart.J.R.Met.Soc.,112,867-889.

Wieringa,J.(1992):UpdatingtheDavenportroughnessclassification.J.WindEng.Aerod.41,357-368

Wieringa,J.(1993):Representativeroughnessparametersforhomogenousterrain.BoundaryLayerMeteorol.,63,
323-363.

Wieringa,J.(1994):Doesrepresentativewindinformationexist?EastEuropeanConferenceonWindEngineering,
Warzawa.

WMO,R.F.Jones(1962):IceformationonAircraft.Techn.NoteNo.39.

WMO,VanEimem,J.,R.Karschon,L.A. Razumova,G.W.Robertson(1964):WindbreaksandShelterbelts,Techn.
NoteNo.59.WMO-No.147.TP.70,Geneva.

WMO(1981):MeteorologicalAspectsoftheUtilizationofWindasanEnergySource;Techn.NoteNo.175,
WMO-No.575,Geneva.

WMO,McKay,G.A.(1990):InformationonMeteorologicalExtremesfortheDesignandOperationof
EnergySystems.WCAP-13,WMO/TD-NO.385,Geneva.

WMO,Daniels,A., T. Schroeder:(1997):MeteorologicalAspectsandRecommendationsforAssessingand
UsingtheWindasanEnergySourceintheTropics,WCASP-43,WMO/TD-NO.826,Geneva.

Woods,J.C.,S.J.Watson(1997):A newmatrixmethodofpredictinglong-termwindroseswithMCP.Journalof
WindEngineeringandIndustrialAerodynamics,66,85-94.



113

Further reading (not cited in the text)

Wind Energy Basics

ManwellJ.F.,D.E.Cromack;(1985):UnderstandingWindEnergy(UnderstandingTechnology).

GrahamI.(1999):WindPower(EnergyForever);;LibraryBinding.

Heier;S.(1998):GridIntegrationofWindEnergyConversionSystems.

BaileyD. (1991):EnergyfromWindandWater(FactsAbout);LibraryBinding.

Gipe;P.(1993):WindPowerforHome& Business:RenewableEnergyforthe19905andBeyond.

StoiakenL.,D.Marier;(1984):AlternativeSourcesofEnergy-WindPower,No.66.

KaplanH.,editor(1984):(BoundaryLayerStructure:ModellingandApplicationtOAirPollutionandWindEnergy.

AguilarJ.,C.Garcia-Legaz;(1986):El Viento:FuentedeEnergia/TheWind:A SourceofEnergy.

ElectricitySupply:EffortstoDevelopSolar& WindEnergy;1993.

StrojanC. (1985):EnvironmentalandAestheticAssessmentofSmallWindEnergySystems.

ForeignApplicationsandExportPotentialforWindEnergySystems;S.K. Griffith;1985.

Non-NuclearEnergy-JouleIIEuropeanWindTurbineStandardsProject;EuropeanCommunities;1996.

R.GuzziR.,C.G.Justus,editors(1988):PhysicalClimatologyforSolarandWindEnergy.

ThePotentialforWindEnergyinDevelopingCountries:AnEconomic& MarketAnalysisfortheSaleand
InstallationofWindEnergySystems;StrategiesUnlimited;1988.

SelzerH. (1086):PotentialofWindEnergyintheEuropeanCommunity.

KatzrnanM.T.(1984):SolarandWindEnergy:An EconomicEvaluationofCurrentandFutureTechnologies.

MitchellR.(1985):TechnicalandEconomicAssessmentonTetheredWindEnergySystems.

WindandWaterEnergy;1990.

WindandWaterEnergy;1990.

VasI.,editor(1985):WindEnergy.

Swift-HookD.T.,editor(1989):WindEnergyandtheEnvironment(IeeEnergySeriesV. 4).

GipeP.(1995):WindEnergyComesofAge(WileySeriesinSustainableDesign).

WindEnergyUtilization:A BibliographyWithAbstracts;TechnologyApplicationCentre.

GriffithS.K..(1984):WindEnergySystems:ExportMarketPotential.

WindEnergyTechnology

SchmidJ.,W.Palz;(1986):EuropeanWindEnergyTechnology:StateoftheArtofWindEnergyConvertersinthe
EuropeanCommunity(SolarEnergyR&D intheEuropeanCommnunity);WindEnergyTechnology.

WalkerF.J.,N. Jenkins;(1997):(UNESCOEnergyEngineeringSeries.

TheSpecGuide1985:EnergyProductsSpecificationsConservation,Solar,WindandPhotovoltaics.

WindEnergyTechnicalInformationGuide;1987.

WindEnergyTechnologyandImplementation;Hulle;1992.

SeilerF.S.,editor(1984):WindEnergySystems:NorthAmericaVol 1.

SeilerF.S.,editor(1984):WindEnergySystems:Europe,Asia,Africa,LatinAmericaandAustraliaVol2.

SeilerF.S.,editor(1984):WindEnergySystems:MegawattWindTurbinesVol4.

WindEnergyinRuralAmerica;RuralElectricWindEnergyWorkshop;1983.



114

Wind farms

Anderson,M.B.,D.J.Milborrow,J.N.Ross(1982):PerformanceandWakeMeasurementsona3mDiameter
HorizontalAxisWindTurbineRotor.Proc.4thInt].SymposiumonWindEnergySystems,Stockholm.

Beyer,H.G.,T. Pahlke,W.Schmidt,H.-P.Waldl,U.deWitt(1989):OperationalBehaviourofaSmallStraightLine
WindFarm.EWTGS89Conference,Glasgow,311-315.

Burch,S.F,F.Ravenscroft(1992):ComputerModellingOftheUK WindResource.ETSUWN7056,1992.

ESDU82026,StrongWindsintheAtmosphericBoundaryLayer,Part1MeanHourlyWindSpeeds.Engineering
SciencesDataUnitLtd.,251RegentSt.London.

Harris,A. (1995):WindFarmTestDataandtheAssessmentofTopographicandWakeModelsofWindFarmOutput.
ETSUReportW/32/00228/45/REP.

Hassan,U.,A.G.Glendinning,C.A.Morgan(1990):A WindTunnelInvestigationoftheWakeStructureand
MachineLoadswithinSmallWindTurbineFarms.12thBWEA Conference,Norwich,47-52.

Hojstrup,J.,1.Katie,P.Norgard(1988):SupervisingandMeasuringatTaendpibeWindfarm.Proc.Euroforum
NewEnergiesConference,Saarbruecken.

Larsen.,A.,P.Velk(1989):WindTurbineWakeInterference-A ValidationStudy.EWTGS89Conference,
Glasgow,311-315.

Larsen,G.C.(1997):CookeryBookforWindFarmLoadCalculations.RISO.

Smith.D (1990):MultipleWakeMeasurementsandAnalysis.12thBWEAConference,Norwich,53-58.

Smith.D.,G.J.Taylor(1991):FurtherAnalysisofTurbineWakeDevelopmentandInteractionData.13thBWEA
Conference,Swansea.



115

ANNEX

List of Figures

Figure2.1:MassflowthroughasurfaceF (Gasch,1991)................................................................................8

Figure2.2:Flowthroughanidealisedwindturbine(Gasch,1991)..................................................................9

Figure2.3:Thecourseof thepower-coefficientwithrespecttotheratioof thevelocitiesin frontand
behinda rotor,x = v3/v1(Hau,1996)............................................................................................11

Figure2.4:Flowconditionsandairforcesforaerodynamicdrag(Hau,1996)..............................................12

Figure2.5:Air forcesinthewingpathplane(Gasch,1991)..........................................................................14

Figure2.6:Comparisonof thedimensionlessrotorbladedepth(t)afterBetzandSchmitz,withreference
tothelocaltip-speedratio(Gasch,1991)......................................................................................15

Figure2.7:Angleof attackOIintherotorplainwithandwithoutregardtothespinwithreference

tothelocaltip-speedratio(Gasch,1991)......................................................................................15

Figure2.8:Thepower-coefficientafterBetz(without)andSchmitz(withwakespin).Thehatchedarea
representsthespinlosses(Gasch,1991).......................................................................................16

Figure2.9:Thetorque-coefficientsforrotorsof differentconstruction(Hau,1996).....................................17

Figure2.10:Powercurveof aWTGS withpitchcontrol(Lagerwey250KW)..............................................21

Figure2.11:Powercurveof aWTGS withstallcontrol(Micon500KW) ....................................................21

Figure3.1:Timeandspatialscalesof atmosphericphenomenon(processesintheboundarylayerin
thehatchedarea);afterOke(1987)...............................................................................................30

Figure3.2:Comparisonof thetheoreticalspectraof thewindspeedattherotorblade(straightline)
andfromapointmeasurement(brokenline);afterAsplidenetal. (1986)...................................32

Figure3.3:Daily courseofwindspeedatdifferentheightsfortheradio-towerinNauen(Haeckel,1990)...33

Figure3.4:Relativeerrorinthecalculationof thewindpowerdensitywithrespecttothemeasurement
period(Asplidenetal., 1986)........................................................................................................34

Figure3.5:Influenceof rainontheperformancecurveof a turbine(Energiewerkstatt,1995)......................36

Figure3.6:Therelativefrequencyofobservedcases(in%)withicingin relationtoairtemperature..........38

Figure4.1:Roughnesslengthsinrelationtothesurfacecharacteristics.On therightside,thesimplified
classdivision(Troenetal., 1989)..................................................................................................51

Figure4.2:Therelativeroughnesslengthwithrespecttothedensityof obstacles(Oke,1987)....................53

Figure4.3:Predictedvaluesof therelativeroughnesslengthonA.forCR: 0.3;CS: 0.003,anddifferent
valuesof cd(Raupach,1992).........................................................................................................55

Figure4.4:Increasesof theinternalboundarylayerheight5 asa functionof thefetch(Stull,1988)............58

Figure4.5:Averagerelativedeviationoverthemeasuredwindspeedataheightof 92meters;
forannotationseetext(Stracketal., 1996)...................................................................................59

Figure4.6:Transformationmodelforexposurecorrection(afterWieringa1994).........................................60

Figure5.1:Waveswithexponentiallydecreasingamplitudeinthez-direction(Holton,1992)....................65

Figure5.2:Wavespropagatinginthex-andinz-directions.Thedashedlineconnectspointsof equal
maximumupwarddisplacement(Holton,1992)...........................................................................65

Figure5.3:Hydrostaticwavesaboveanelevationwiderthantheatmosphericwavelength(Blumen,1990)66

Figure5.4:Blockingof flowonthewindwardsideof ahill witha smallFroude-number(Stull,1988).......67

Figure5.5:Lee-waveseparationwithaFroude-number< 1(Stull,1988).....................................................67



116

Figure5.6:The isentropicsforaflowwithacriticallayerat7/12of theverticalwavelength
(Blumen,1990).............................................................................................................................68

Figure5.7:The isentropicsof aflowoveramountainridgewithatwo-layeratmosphere(Blumen,1990)..69

Figure5.8:Thebehaviourof differentparameterswithrespecttox/Lontheinverse-polynomialhill
afterHoff (1987);(flowfromtheleft)
(a)Speed-up-profileof thefrictionlessflowwithx/L=-2.4,-1.75,-1and-0.5
(b)horizontalprofileof theinversepolynomialhill standardisedbyH andL ..........................71

Figure5.8(cont.):Thebehaviourof differentparameterswithrespecttox/Lontheinverse-polynomialhill
afterHoff (1987);(flowfromtheleft):
(c)formparametersO'(x/L)for z/L=O,0.25and1.0;
(d)near-surfacepressuredisturbance(full line)andthepressuregradientsmoothedoverL
(dashedline)...................................................................................................................................72

Figure5.9:Two-layerconceptforflowsacrossahillwithstaticfriction(Hoff, 1987).................................72

Figure5.10:Speed-upatthetopof ahill, schematically(Hoff, 1987)...........................................................75

Figure5.11:Flowseparationwithrespecttohill heightandhillsideinclination(Petersen1990).................76

Figure5.12:Measureddatacomparedwithcalculatedvaluesof theMS3DJH/3model(Troenetal., 1989)78

Figure5.13:Measured(B)andtheoretical(T)verticalprofileof (a)aup-slopeflowand (b)hillsidedown
slopeflow(thedashedlineshowsthedifferencebetweenmeasurementandcalculation).........79

Figure5.14:Formof thevalleycrosssectionfor3differentamplificationfactors(seetext;Blumen1990)80

Figure6.1:Methodologyof thewindatlasprocedure(Troenetal., 1989)....................................................85

Figure6.2:Reductionof thewindspeed(R1)inpercentduetoatwo-dimensionalobstacle.Inthe
shadedareatheshelteringdependsonthedetailedgeometryof theobstacle(Perera,1981).......86

Figure7.1:TheWeibull-distributionfordifferentvaluesof theShapeparameterandforthescaled
windspeeduA'1(Troenetal., 1989)...........................................................................................94

Figure7.2:Relativeenergyyielddeviationduetoerrorsin roughness(Penner,2000).................................96

Figure7.3:Flowfieldinthewakeof aWTGS inthedistanceX (annotationseetext);
afterMortensenetal.(1993)..........................................................................................................98



117

List of Tables

Table2.1:Thedrag-coefficientsof differentbodies(Boeswirth,1993).........................................................11

Table2.2:Designandgeometricaldataof a smallwindwheel......................................................................16

Table2.3:Thepower-coefficientandthetip-speedratiodependentontheangleof attackof theflow.........17

Table2.5:Frequency(%)of externaldamagecausesfordifferentsitecategories(Energiewerkstatt,1995)23

Table3.1:Densityandrelativedensityof airdependentonheight................................................................26

Table3.2:Changesof thepower-curve(KW) of theVestasV63with1.5MW withrespecttoair
densityp (kg/m3)andwindspeedu10(m/s)....................................................................................26

Table3.3:Regionaldistributionof lightningdamagesinGermany,1992-94(Energiewerkstatt,l995).........39

Table4.1:Subdivisionof theatmosphericboundarylayer(Foken,1984)......................................................42

Table4.2:RoughnesslengthsderivedfromtheterrainclassificationofDavenport(Wieringa,1992)..........50

Table5.1:Comparisonof thelayerthickness1'fromtheorywithmeasuredvalueshum,(allparametersinm);

Table7.1:

Table8.1:

Table8.2:

Table8.3:

Table8.4:

Table8.5:

Table8.6:

Table8.7:

afterBradley(1986)........................................................................................................................77

EnergyyieldforecastwithrespecttomeasurementsatdifferentlocationsforNorthernGermany
in comparisonwiththemeasurementata 130metermast;(*)fromEelde,Bremen,Helgoland..95

Environmentalextemalityvaluesforwind-generatedelectricityanditsexternalcosts
in l/10Euro-Cent/kWh................................................................................................................101

Attenuationcoefficientduetobandwidthof emittedsound.........................................................102

Penetratedair-masswithrespecttothesunelevation(atsealevel).............................................104

Dependencyof thepenetratedair-massontheheightabovesealevel........................................104

Recommendationforaguidelineof themaximumannualshadingduration(inhours)..............105

Influencedistanceinmeters(m)fordifferentheightanglesandconstructionheights................105

Shadowwidth(103km)andratioES/S(d)withrespecttothedegreeofmasking(%)................106



Symbols

CR

§wa~l~$mfi3°°§bfifii9~

hh“:-x-

x,y,z

118

lift-coefficient
power-coefficient
drag-coefficient
dragcoefficientof the(unobstructed)ground
dragcoefficientof anisolatedsurface-mountedroughnesselement,
displacementheight
rotorcirclearea
Froude-number
Coriolisparameter
gravityacceleration
gustfactor,gustiness
characteristicheightof obstacle
heightof thehomogenousatmosphere
turbulenceintensity

unitvectorinthevertical
wavenumber
eddyviscosity(eddydiffusivity,turbulent-transfercoefficient)
mixing-length
Monin-Obuchovlength
termthataccountsfor latentheatreleaseduringphasetransitions.
mass
Brunt-Vaisalafrequency
exponentinthepowerlaw
pressure
turbulentheatflux
water-vapoursaturationmixingratio
liquid-watermixingratio
gasconstant
termassociatedwithradiationdivergence
time
absolutetemperature(K)
frictionvelocity.
windspeed,v(u,v,w)
coordinates
roughnesslength
angleof attack
heightof theinternalboundarylayer
lift-dragratio(ca/cw)
non-dimensionalfunction
vonKarmanconstant
isentropicexponent(forairK'= 1,4)
tip-speed-ratio(u/vw)
atmosphericwavelength
airdensity
kinematicviscosity.
thermaldiffusivity,
potentialtemperature
shearstress
angularvelocityof earth=7.3x10'5rad/s.



1

10

11

12

13

14

15

329

332

336

338

341

343

351

353

356

357

359

361

372

373

374

Fachgebiet

Meteorologie

Geophysik

Geophysik

Meteorologie

Meteorologie

Geophysik

Meteorologie

Meteorologie

Geophysik

Meteorologie

Geophysik

Meteorologie

Meteorologie

Geophysik

Meteorologie

Autor Titel und Umfang

Tagungsbericht EURASAP, Wien, 14.-16. Nov. 1988,
Evaluationof Atmosphen'cDispersionModels
Applied to the Release fromChemobyl.Wien
1989,20 Beiträge,198S., 100Abb.,17Tab.

Tagungsberichtüber das 5. lntemationaleAlpengravimetrie
Kolloquium - Graz 1989. Herausgeber: H.
LICHTENEGGER, P. STEINHAUSER und H.
SÜNKEL, When1989, 256 S., 100 Abb., 17
Tab.

Schwerpunktprojekt847-GEO: Präalpidische Kruste in
Österreich, Erster Bericht. Herausgeber:V.
HÖCK und P. STEINHAUSER, Wien 1990,15
Beiträge,257S., 104Abb.,17Tab.,23 Fotos

LANZINGER, A. et al: AIpex-Atlas. FWF-Projekt P6302
GEO, Wien 1991,234 S., 23 Abb.,2 Tab.,200
Kaden

BÖHM, R.: Lufttemperaturschwankungenin Österreichseit
1775.Wien 1992,95 S., 34Abb.,24Tab.

MEURERS, B.: Untersuchungenzur Bestimmung und
Analyse des Schwerefeldes im Hochgebirge
am Beispiel der Ostalpen.Wien 1992,146 S.,
72Abb.,9 Tab.

AUER, I.: Niederschlagsschwankungenin Österreichseit
Beginn der instrumentellenBeobachtungen
durch die Zentralanstaltfür Meteorologieund
Geodynamik.Wien 1993, 73 S., 18 Abb., 5
Tab.,6 Farbkarten

STOHL, A., H. KROMP-KOLB: Analyse der Ozonsituation
im GroßraumWien.Wien 1994,135Seiten,73
Abb.,8 Tabellen

Tagungsberichtüberdas 6. lntemationaleAlpengravimetn'e-
Kolloquium, Leoben 1993. Herausgeber:
P. STEINHAUSER und G. WALACH, Wien
1993,251Seiten,146Abb.

ZWATZ-MEISE, V.: Contributionsto Satellite and Radar
Meteorologyin CentralEurope.V\flen1994,169
Seiten,25 Farbabb.,42 SW-Abb.,13Tab.

LENHARDT W. A.: lnduzierteSeismizitätunterbesonderer
Berücksichtigungdes tiefen Bergbaus. Wien
1995,91 S., 53Abb.

AUER, l., R. BÖHM, N. HAMMER 1', W. SCHÖNER.,
WIESINGER W., WINIWARTER W.:
Glaziologische Untersuchungen im
Sonnblickgebiet: Forschungs-programm
Wurtenkees.Wien 1995,143 S., 59 SW—Abb.,
13Farbabb.,9 SW-Fotos,47Tab.

PIRINGER, M.: Results of the Sodar lntercompan'son
ExperimentatDümrohr,Austria.Wien1996

MEURERS, B.:Proceedingsof the 7”'lntemationalMeeting
onAlpineGravimetry,Vienna1996.\Men1996

RUBEL, F.: PIDCAP - QuickLook PrecipitationAtlas. V\flen
1996

Preis
in Euro

14,53

vergriffen

20,35

18,17

vergriffen

11,63

23,98

23,98

23,98

23,98

23,98

23,98

23,98

23,98

23,98



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

378

382

383

384

387

388

389

392

395

397

398

399

408

409

411

Fachgebiet

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Geophysik

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Autor Titel und Umfang

DOBESCH, H., KURY G.: Wind Atlas for the Central
European Countries Austria, Croatia, Czech
Republic, Hungary, Slovak Republic and
Slovenia,Wien 1997

Proceedingsof the9"’ lntemationalSymposiumonAcoustic
RemoteSensingandAssociatedTechniquesof
theAtmosphereandOceans,Vienna1998,329
Seiten,VWen1998

RUBEL, F.: PIDCAP - GroundTruthPrecipitationAtlas. 84
Seiten,99 Farbkarten,Wien 1998

Proceedings of the 2” European Conferenceon Applied
Climate/ogie,19 to 23 Oct. 1998,Vienna.CD-
ROM,V\fien1998

Proceedings of the 2"d lntemational Conference on
ExperienceswithAutomaticWeatherStations,
27 to 29 Sept. 1999, Vienna.CD-ROM, Wien
1999

Bericht über den Workshop Umwe/tforschung im
Hochgebirge- ErgebnissevonGAW-Dachund
venrvandtenProjekten,05. bis 06. Okt. 1999,
Wien.147Seiten,Wien 1999

DOBESCH, H., H. V. TRAN: The DiagnosticWind Field
Model ZAWIMOD2. 47 Seiten, 8 Farbabb.,
Wien1999

Proceedingsof the 26‘” lntemationalConferenceon Alpine
Meteorology;11 to 15 Sept. 2000, Innsbruck.
CD-ROM,Wien2000

SABO, P.: Hochnebelprognosemittels eines objektiven
lnversionsindexesfür die synoptischePraxis,
80Seiten,Wien2000

AUER, l., R. BÖHM, W. SCHÖNER: Austrian long-tem
climate 1767-2000 - Multiple instrumental
climate time series from centralEurope, 160
Seiten,31 Farbseiten,CD-ROM,Wien2001

MEURERS, B.:Proceedingsof the8'" lntemationalMeeting
on Alpine Gravimetry, Leoben 2000, 240
Seiten,4 Farbseiten,Wien2001

Proceedingsof the Deutsch-Österreichisch-Schweizerische
Meteorologentagung;18 to 21 Sept. 2001,
Vienna.CD-ROM,Wien2001

AUER, l., R. BÖHM, M. LEYMÜLLER, W. SCHÖNER: Das
Klima des Sonnblicks — Klimaatlas und
Klimatographieder GAW Station Sonnblick
einschliesslichder umgebendenGebirgsregion,
305 Seiten, 130 Farbabbildungen,CD-ROM,
Wien2002

ScientificContributionsof Austria to the MesoscaleAlpine
Programme(MAP), 74 Seiten, 38 Farbseiten,
Wien2003

HUBER-POCK, F.: Die atmosphärischenGleichungenin
den meteorologischenKoordinatensystemen,
160Seiten,1 Farbseite,Wien2003

Preis
in Euro

23,98

23,98

36,34

23,98

23,98

23,98

23,98

23,98

23,98

25,00

25,00

25,00

50,00

25,00

25,00



31

32

33

35

36

37

38

412

413

414

415

416

417

418

419

Fachgebiet

Geophysik

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Meteorologie

Autor Titel und Umfang

MEURERS, B., R. PAIL: Proceedingsof the 1“ Workshop
on lntemationalGravityField Research, Graz
2003,204 Seiten,3 Farbseiten,Wien2004

BAUMANN-STANZER, K.: Qualitätsprüfung,Verifikation
und Anwendung von andprofi/erdaten in
Österreich, 133 Seiten, 29 Farbseiten,VWen
2004

SPAN, N., A. FISCHER, M. KUHN, M. MASSIMO,
M. BUTSCHEK: RadanrressungenderEisdicke
östereichischerGletscher,Band !: Messungen
1995bis 1998,154Seiten,Wien2005

DOBESCH, H., D. NIKOLOV, L. MAKKONEN: Physical
Processes, Modellingand Measuringof lcing
Effects in Europe, 75 Seiten, 18 Farbseiten,
Wien2005

KAISER, A., E. PETZ, l. CUHALEV: Ermittlung der
Gesamtbelastung durch Luftschadstoffe im
Kurzzeitmittelanhand von Zeitreihender Vor-
und Zusatzbelastung; Vergleich mit
statistischenMethoden Das zur Berechnung
von Zeitreihender Zusatzbelastungadaptierte
ÖNORM M 9440 Modell ONGAUSSp/us; 61
Seiten,6 Farbseiten,Wien2005

SVABIK, O., A. HOLZER: Kleinräumige, konvektiv
verursachte Stürme und Wirbelstünne
(Tomados) in Österreich, 97 Seiten, 14
Farbseiten,V\fien2005

WANG Y., T. HAIDEN,A. KANN: The operationalLimited
Area Modelling system at ZAMG: ALAD/N-
AUSTR/A,39 Seiten,9 Farbseiten,Wien2006

DOBESCH H., G. KURY: Basic meteorologicalconcepts
and recommendationsfor the exp/oitationof
windenergyin theatmosphericboundarylayer,
128Seiten,V\flen2006

Preis
in Euro

25,00

25,00

25,00

25,00

25,00

25,00

25,00

25,00




