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Executi� ve summary

Outcome

Theprojecthas

Developedtechniquesandon-linetoolsfor forecastingwind farmproduction

Thesetechniquesandtools� arebeingusedby utilities in day-to-daydispatch� havebeenevaluatedto quantifythefinancialbenefitsof windpowerforecasting� havebeenappliedinternationally

In thefollowing a brief overview of theprojectwill begivenandat theenda number
of otherachievementsarelisted.

The Project Partners

Theprojectpartnerswerethefollowing:� Risø National Laboratory, Denmark:model development,model implementation,
modelverification,co-ordination.� Elsam/Eltra,Denmark:modelusage,wind farmdata� Elkraft, Denmark:modelusage,wind farmdata� SEAS/NESA,Denmark:modelusage� RutherfordAppletonLaboratory, UK: modelverification� NationalObservatoryof Athens,Greece:modeldevelopment,modelverification� DanishMeteorologicalInstitute,Denmark:operateHIRLAM modelanddeliveron-
line predictionsto partners� Instituteof MathematicalModeling, Denmark:modeldevelopment,model imple-
mentation,modelverification(sub-contractorto Elsam/Eltra)� ElectricalPowerResearchInstitute,USA:modelverification(sub-contractedtoWECTEC,
USA)

Brief Technical Description

Theprojectconsistedof thefollowing partsall of which will bedescribedin thefollow-
ing:� Model development� Model implementation� Model evaluation

Model development

Two modelsweredeveloped:

1. TheRisømodel
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2.� TheIMM model

Thetwo modelsbothuseweatherpredictionsfrom NumericalWeatherPrediction(NWP)
(heretheDanishMeteorologicalInstituteHIRLAM model)modelsasinput.Thewaythis
input is usedis differentfor thetwo models:

TheRisømodelusesmainly physicalrelationsto transformthe predictedwind into Risømodel
predictedpower: the geostrophicdrag law, the logarithmicwind profile, WAsP correc-
tionsfor local influences,PARK calculationsfor actualwind farmoutput.Theresultsare
correctedusinga mathematicalfilter (a MOS filter). The modelpredictsfor individual
wind farmsor groupsof wind farmsrepresentinganarea.

In the IMM modelstatisticalmethodsare appliedfor predictingthe expectedwindIMM model
power productionin a larger areausingon-line datacoveringonly a subsetof the total
populationof wind turbinesin thearea.Theapproachis to divide theareaof interestinto
sub-areaseachcoveredby a wind farm.Predictionsof wind power with a horizonfrom
half an hour up to 39 hoursarethen formedfor the individual wind farmsusing local
measurementsof climatic variablesaswell asmeteorologicalforecastsof wind speed
anddirection.Thewind farmpower predictionsfor eachsub-areaaresubsequentlyup-
scaledto cover all wind turbinesin thesub-areabeforethepredictionsfor sub-areasare
summarizedto form a predictionfor theentirearea.

Model implementation

The two modelswere implementedin two ways:The Risømodelwasimplementedin
anon-lineversionwherepredictionswereautomaticallyfed to theInternet,via a WWW
server. The DanishElkraft andNESA utilities usedthesepredictions.Predictionswere
madefor Denmark,UK, GreeceandGermany (at a later stage).The IMM modelwas
implementedon-siteat the Elsamutility, wherethe predictionswereusedin the daily
dispatch.

Thewind farmsfor which predictionsweremadeareshown in themargin.
TheRisømodelwasalsousedin aoff-line versionto makepredictionsfor severalwind

farmsin theUS.

Model evaluation

Themodelswereevaluatedin threeways:

1. utilities usingthemodelsin thedaily dispatch.

2. usingthepredicitonsin theRAL NationalGrid Model, to give economicvaluesto
thesavingsresultingfrom usingthemodelin a dispatchsetting.

3. by directly comparingthe predictionsto observationsfor a greatnumberof wind
farms.

In thefollowing eachof thesewill beexplainedin somedetail.

Results

Theresultsof theabovementionedthreeevaluationsare:

1. Themodelswereusedby thetwo majorDanishutilities in their daily dispatchwith
goodresults,thepredictionswereusedfor tradingandplanning.

2. UsingtheNationalGrid Model it wasshown thattheforecastsgaveimprovedfossil
fuel savingsover persistencefor theEngland& Walesgrid - at least13%betterat
40%penetration.

3. Comparingthepredictionsto actualobservationsrevealedthatthepredictionswere
veryaccurate.Severestormswerealsopredictedwell.
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The� Project

Theprojectranover36monthsandwasfinishedontimewith all tasksfulfilled. Thetotal
projectcostswerekEUR 1333of which theCommissionof theEuropeanCommunities Total cost:MEUR1.3
coveredkEUR694(52%).

Theprojectwasa continuationof two JOULEprojects:‘Short-termpredictionof lo-
cal wind conditions’(JOUR–0091-MB(C))and‘Wind Power PredictionTool in Central
DispatchCentres’andfurthermore,acontinuationof theDanishMinistry of Energy EFP
project‘ImplementingWind Forecastingat a Utility’ (ENS–1363/94–0005).

Further Information

Thefull technicalcontentsof theprojectaredescribedin thereport:

L Landberg, et al, 1999: Implementingshort-termpredictionat utilities. Final report to
theEuropeanCommission.

andthefollowing papers:� L Landberg, A Joensen,G Giebel,SJWatson,H Madsen,TS Nielsen,L Laursen,JU
Jørgensen,DP Lalas,JTøfting,H Ravn, E McCarthy, E Davis, JChapman,1999:Imple-
mentingshort-termpredictionat utilities. Proceedingsfrom EWEC99,Nice(FR).� Landberg, L, 1999:Short-termpredictionof thepowerproductionfromwind farms. J.
Wind Eng.Ind. Aerodyn.,80, 207–220.� L Landberg, 1999:OperationalResultsform a PhysicalPowerPredictionModel. Pro-
ceedingsfrom EWEC99,Nice(FR).� TSNielsen,H Madsen,197:Statisticalmethodsfor predictingwindpower. Proceedings
from EWEC97,755–758.� TS Nielsen,H Madsen,andJ Tøfting, 1999:Experienceswith statisticalmethodsfor
predictingwindpower. Proceedingsform EWEC99,Nice(FR)� TS Nielsenet al., 1999:StatisticalMethodsfor Wind Power Prediction. Elsam1999
(To bepublished)� SJWatson,M Tombrou,S Pesmajoglou,D P LalasandN Sakellariou,1997: Investi-
gationof theeconomicbenefitsto utilities fromwind speedforecastingat wind parksin
Crete. ProcEWEC,Dublin, October1997,86–89� SJWatson,G GiebelandA Joensen,1999:TheEconomicValueof Wind PowerFore-
castingto Utilities. ProcEWEC,Nice,March1999

For furtherinformation,pleasecontact:

LarsLandberg Further information
RisøNationalLaboratory
DeptWind Energy andAtmosphericPhysics
POBox 49
DK-4000Roskilde
DENMARK

e: lars.landberg@risoe.dk
t: +4546 77 50 24
f: +4546 77 5970
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Abstract�
Project objectives
To predictthepowerproducedfrom grid-connectedwind farmsby usingmeteorological
forecastingandto implementthispredictionatelectricalutilities. Thetime-frameis from
0 to 48 hoursahead.This is doneby extendingandapplyingthe resultsof the JOULE
project: “Short-termpredictionof local wind conditions”and of the JOULE2project:
“Wind Power PredictionTool in CentralDispatchCentres”,andEFP(Energy Research
Program)project:“Using MeteorologicalPredictions”.

Themaingoal is to developthemodelsto suchanextent that it canbedemonstrated
thatany utility with acertainamountof installedwind energycapacitycanusethemodels
with economicbenefits.

A furthergoalis to show thatthesemethodsandtechniquesdevelopedin Europecanbe
usedworld-wideandtherebycreatefurtheropportunitiesfor theEU wind powerindustry.

In the projectfour areashave beenchosen:Denmark;England,ScotlandandWales;
Greece(Crete);andIowa in theUSA.

Technicalapproach
By usingpredictionmodelsbasedon the forecastsfrom NumericalWeatherPrediction
(NWP) models.In thepresentprojecttheHIRLAM modelof theDanishMeteorological
Institutewill beused.This modelis anoperationalmodelgeneratingforecasts48 hours
ahead,four timesaday. Theoutputof thismodelis thenmadevalid locally by oneof two
methods:�

a physicalmodelwherethelocaleffectsarecorrectedfor by theWAsP programand
theproductionof thewind farmis calculatedtakingtheshadowing of wind turbines
into accountby usingthePARK program.�
a statisticalmodel,wherethe statisticalrelationshipsbetweenthe historicalobser-
vationsandthe outputfrom the NWP modelarebeingestablishedandusedin the
forecasting.

Expectedachievementsand exploitation
A user-friendly modelthatutilities (in cooperationwith meteorologicalinstitutes)canuse
to predicttheenergy producedby wind farmswith a rangeof up to 48 hoursahead.The
modelwill havebeenimplementedandevaluatedatanumberof Europeanutilities with a
highpenetrationof Wind Energy from thegenerallyhighwind areasof NorthernEurope
to thelow wind areasof theMediterranean.

JOR3–CT95–0008,publishablefinal report 1



1	 The Partnership

Theprojectconsistedof thefollowing partners:
 RisøNationalLaboratory(Risø,coordinator)(DK)
 ELSAM (Danishutility) (DK)
 ELKRAFT (Danishutility) (DK)
 DanishMeteorologicalInstitute(DMI) (DK)
 NationalObservatoryof Athens(NOA) (GR)
 RutherfordAppletonLaboratory(RAL) (UK)

IMM (DK) actedasa sub-contractorto ELSAM developingandimplementinga pre-
diction modelandRenewableEnergy Systems(RES)(UK) actedasa sub-contractorto
RAL providing wind farm data.NESA (and later SEAS) (DK) actedas a minor sub-
contractorto Risø.

TheUSpartof theprojectinvolved3 contractors:Risø(co-ordinator),NOA andRAL.
Finally, the Electric Power ResearchInstitute (EPRI) (US) suppliedthe dataandcon-
tributedsignificantlyto theresearch.

2 Objectives

Theprojectwill beextendingandapplyingtheresultsof theJOULEproject(“Short-term
predictionof local wind conditions”)andof two projects(JOULE2: “Wind Power Pre-
diction Tool in CentralDispatchCentres”andEFP(Energy ResearchProgram):“Using
MeteorologicalPredictions”).Themaingoal is to developthemodelsto suchanextent
thatit canbedemonstratedthatany utility with acertainamountof installedwind energy
capacitycanusethemodelswith economicbenefits.A furthergoal is to show that these
methodsandtechniquesdevelopedin Europecanbeusedworld-wideandtherebycreate
opportunitiesfor theEU wind powerindustry. In theprojectfour areashavebeenchosen:

1. Denmark

2. England,ScotlandandWales

3. Greece(Crete)

4. USA (Iowa)

3 TechnicalDescription

Two predictionmodelsweredeveloped:the Risøand the IMM models.Thesemodels
were implementedandevaluatedin a numberof waysdescribedin the following. The
two modelsboth useweatherpredictionsfrom NumericalWeatherPrediction(NWP)
(heretheDanishMeteorologicalInstituteHIRLAM model,cf [5]) modelsasinput. The
way this input is usedis differentfor thetwo modelsandthedifferencesandthe imple-
mentationwill bedescribedin thefollowing.

Themaindifferencebetweenthetwo modelsis thattheRisømodelwasdevelopedwith
autility in mindwith noon-lineaccessto wind farmproductions,whereastheIMM model
wasdevelopedwith a utility with on-line wind farm productionsavailable.Predictions
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were� madefor a numberof locationsshown in Figure1. Furthermore,the Risømodel
wasrun in anoff-line modefor threesitesin theUS.

Thetotal sumof findingsandresultsform theprojectcanbefoundin thefinal report
written to theEuropeanCommission[11].

Figure 1. Thelocationof thewind farms.Black dotsare thewind farmsfor which Risø
predicts,and gray are the onesIMM predictsfor. Thewind farmsin Germanyare not
includedin thepresentproject,but in a sisterproject.

3.1 Risømodel
TheRisømodelusesmainly physicalrelationsto transformthepredictedwind into pre-
dictedpower: the overall HIRLAM-predictedwind is transformedto the surfaceusing
thegeostrophicdraglaw andthe logarithmicwind profile, thesurfacewind is corrected
for local influencesusingtheWAsP model[6, 8], andthePARK program[7] is usedfor
calculationsof actualwind farmoutput.The resultsarecorrectedusinga mathematical
filter (aMOSfilter). For detaileddescriptionandanalysisof themodelsee[2, 3, 4, 1].

The on-line implementationof the Risømodel is shown in Figure2. An exampleof
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the� predictionsasseenon theWorld Wide Web(WWW) is shown in Figure3. TheRisø
modelhasbeenon-lineservingpredictionsto theWWW sinceJanuary1997.

To give an exampleof the Risømodel’s ability to predictstormsFigure4 shows the
developmentof a stormandhow well thepredictionsagreedwith theobservations.

DMI

HIRLAM

Internet

Risø

HTML-
pages

WWW

Prediktor

user user

user
user

Utility C

Utility B
Utility A

Figure2. Theideabehindtheon-lineimplementationof theRisømodel.
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Figure3. Thepageviewableon theWWWshowingtheRisøpredictions.
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Figure4. Thestormonthe27thFebruaryasseenfromtheAvedøreWind Farm.Solidline
is theobservedproductionanddashedlinesare thepredictionsusingtheRisømodel.
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3.2 IMM model
In theIMM modelstatisticalmethodsareappliedfor predictingtheexpectedwind power
productionin a larger area,usingon-line datacovering only a subsetof the total pop-
ulation of wind turbinesin the area.The approachis to divide the areaof interestinto
sub-areaseachcoveredby a wind farm.Predictionsof wind power with a horizonfrom
half an hour up to 39 hoursarethen formedfor the individual wind farmsusing local
measurementsof climatic variablesaswell asmeteorologicalforecastsof wind speed
anddirection.Thewind farmpower predictionsfor eachsub-areaaresubsequentlyup-
scaledto cover all wind turbinesin thesub-areabeforethepredictionsfor sub-areasare
summarizedto form apredictionfor theentirearea.Themodelis describedin greatdetail
in [9].

Theideabehindtheimplementationis shown in Figure5. Theoverview screenof the
predictionsystematElsamis shown in Figure6.

Wind farm

Met. inst.

Wind farm Wind farm

Data check

Upscaling

Model

Data check

Upscaling

Model

Data check

Upscaling

Model

Sub-area 1
Sub-area 2

Total area

Sub-area 3

Total area predictions

Sub-area predictions

Wind farm predictions

WPPT

GUI

NWP

Figure5. Theideabehindtheon-lineimplementationof theIMM model.
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Figure6. Theoverview screenof theIMM modelasseenat theElsamutility.
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4A Resultsand Conclusions

Theresultscanbecategorisedin threecategories:

1. Themodelswereusedby thetwo majorDanishutilities in their daily dispatchwith
goodresults,thepredictionswereusedfor tradingandplanning.

2. UsingtheNationalGrid Model it wasshown thattheforecastsgaveimprovedfossil
fuel savingsover persistencefor theEngland& Walesgrid – at least13%betterat
40%penetration.

3. Comparingthepredictionsto actualobservationsrevealedthatthepredictionswere
veryaccurate.Severestormswerealsopredictedwell.

Eachof thesewill beexplainedin thefollowing.

4.1 Elkraft implementation
Elkraft PowerCompany coordinatesenergy cooperationin theeasternpartof Denmark.

In theZealandareatherearenow installedwind turbineswith atotalcapacityof around
300 MW. This figure will doubleor triple within the next decade.The influenceof the
fluctuationsof thewind power is alreadybeingfelt in thedaily controlandoperationof
thesystem.Thereforeeffortsarebeingundertakento predictthewind powerproduction.

In the presentversionof the wind power predictionsystemthe dataflows may be
sketchedasfollows. The DanishMeteorologicalInstituteproducespredictionsof wind
speedsfor a numberof specifiedlocations,15 in total, wheremajor wind farmsarelo-
cated.Theprognosesarerepresentedasvaluesfor every third hour, with a time horizon
of 36 hours.

The prognosesaretransmittedto RisøNationalLaboratory, wherethe predictionsof
wind speedareautomaticallytransformedto predictionsof power production,basedon
WAsPanalysesof thespecificwind farms.Thesepredictionsmaybeseenatthehomepage
at RisøNationalLaboratory.

Elkraft Power Company takesthe predictionsfrom RisøNationalLaboratoryvia the
Internet.The predictionsare then combinedwith the available knowledgeto produce
a prognosisfor the whole areaof interest.In particular, the wind turbines,for which
individual prognosesarenot made,areincludedby usingan up-scalingfactor. Further,
tuning of the prognosesis made,for instanceto accountfor major wind farmsunder
constructionor revision.Longertimebiasesin theprognosesaredetectedby comparison
with theavailablemeasurements,givenashourlyor monthlyproductionvalues.

Theprognosesandonlinemeasurementsaredistributedvia the local areanetwork to
the relevant persons,in particularto thosein the control room and to thosethat trade
poweron short-termbasis.

Thesystemwasintroducedmid-1998,andhasbeenfunctionalduringthelastquarter
of 1998.An exampleof theuserinterfaceat Elkraft is shown in Figure7.
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Figure 7. The predictionsas displayedin the Elkraft dispatch and control centre. The
columnsare hourly measuredwind powerproduction,thestraight horizontalline corre-
spondsto maximumproduction(i.e installedcapacity)andthecurvedline is thepredic-
tion. It is possiblefor thedispatcher to choosebetweencurrentandpreviouspredictions
andproductions,andwhich turbinesto havedisplayed.
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4.2 Elsam/Eltra implementation
In thewesternpartof DenmarkElsamis responsiblefor theeconomicalloaddispatchof
theproductionfrom theprimarypower stations,whereasEltra controlsthetransmission
grid andhasthesystemresponsibility. Thepowerproductionset-upconsistsof 6 primary
power stationsequippedwith 4250MW of CHP (CombinedHeatandPower) units, a
large numberof local CHP units with a total installedpower of 1400MW andfinally
wind turbineswith a total ratedpowerof approximately1000MW. Theproductionfrom
thelocalCHPunitsandthewind turbinesis treatedaspriority production,whichimplies,
thattheavailablepower from thesesourceshasto beacceptedby thesystemresponsible
operator. On a yearly basisthe load in the Elsam/Eltraarearangesbetween1200MW
and3700MW. It is obvious,that themanagementof 1000MW of wind power in sucha
setupwill haveto rely on theavailability of dependablewind powerpredictions.

The IMM model is implementedin a softwarepackagecalledWPPT(Wind Power
PredictionTool). WPPTwasinstalledin the control centresof ElsamandEltra in Oc-
tober1997andhasbeenusedoperationallysinceJanuary1998.The assessmentby the
operatorsis thatWPPTgenerallyproducesreliablepredictions,which areuseddirectly
in the economicload dispatchandthe day-to-dayelectricity trade.In periodswith un-
stableweathertheoperatorsmaychooseto modify thepredictions(typically smooththe
patternof theprediction)beforefurtherusagethough.Theeconomicalvalueof thewind
powerpredictionsis difficult to evaluatedirectly, mainly dueto theproblemof assessing
thecourseof actionhadthepredictionsnot beenavailable.Insteadtwo caseshave been
analysedin orderto illustratehow thepredictionsareusedandwith whichconsequences:n Case1. On 17 October1998thewind powerproductionwascharacterizedby large

fluctuations(seeFigure 8). The deviation betweenthe actualproductionand the
predictiongiven at 10.30am the day beforewas too large to be coveredby the
runningreserve in the periodfrom 5 pm to 7:30pm andthe missingpower would
have had to be purchasedfrom NordPoolat a total price of approximatelyDKK
16,000.The predictiongiven at 4.30 pm the day beforewasso muchbetter, that
the deviation could be counteredby the normal meansof regulationwithout any
additionalcostscomparedto a perfectforecast.n Case2. On November9th thewind powerproductionvariedfrom 350MW at mid-
night on the 8th increasingup to 800MW at noonbeforedecreasingdown to 100
MW at midnight on the 9th. This courseof the wind power productionwasaccu-
rately predictedthe day beforeand consequentlydid not imply any costsfor the
operation,seeFigure9.

As indicatedby theexamplesabove theoperatorsrely on thewind power production
from WPPTin thedaily planningsincethepredictionsaremarkedlybetterthanwhatcan
bederivedfrom othersources.This is not to say, that thereis no roomfor improvement,
andthusWPPTis subjectto continuousimprovementbasedon the experiencesof the
operators.

JOR3–CT95–0008,publishablefinal report 11



00:00 06:00 12:00 18:00 24:00

0
20

0
40

0
60

0
80

0
10

00

Figure 8. Case1 (October17th 1998) predictedby the IMM model.Solid line is the
observedproduction,dashedlinesare thepredictions.
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Figure 9. Case2 (November9th 1998) predictedby the IMM model.Solid line is the
observedproduction,dashedlinesare thepredictions.
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4.3 RAL calculations
TheNationalGrid Modelwasrun for theEngland& Wales,CreteandIowagridsandthe
resultswere:o Theforecastsgive improvedfossil fuel savingsover persistencefor theEngland&

Walesgrid - at least13%betterat 40%penetration(cf Figure10).o Theresultsfor Cretearepoorbecausethesiteforecastsarepoor.o Cretehasa lot of fastresponseplantandsoforecastingis not sobeneficialanyway
unlessmodelscansignificantly improve uponpersistenceat up to 4 hoursahead.
Also a studyof Cretewould benefitfrom a hybrid of theRAL NGM andtheRAL
islandsmodel(whichcansimulatedieselstart-upson a minuteby minutebasis).o The Iowa resultsaredisappointing,this is probablybecauseof the crudetemporal
resolutionof theforecasts(six-hours).
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Figure 10. Fossil fuel savingsduring thecalendaryear1994for different installedwind
powercapacitiesinto theEnglandandWalesgrid usingdifferentforecastingmethods.
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4.4 US results
The Risø forecastingmodel wasappliedto selectedsitesin the US. The generalgoal
of this applicationwasto understandwhethertheapproachusedsuccessfullyin Europe
could be transferredto facilities in the US. When the EPRI programmewasbegun in
1996,it wasthoughtthatdataeitherfrom theEPRImanagedeightstationNorth Dakota
Wind ResourceAssessmentProgramor thefirst largeEPRI/DOETVP (TurbineVerifica-
tion Programme)projectat Ft. Davis, Texaswould beused.Theavailability of datafrom
thesetwo projectswaslimited, forcing EPRIto look elsewhere.

Datasetsfrom regionswherewind energy projectswere either operationalor being
consideredwasa significantconsiderationin thechoiceof sites.In addition,areaswhere
theterrainwasnot toocomplex, thatis, hilly or mountainous,andareaswherenumerical
weatherpredictionmodelsmight have sufficient valid datato performsuccessfully. The
GreatPlainswas the prime areaas the terrain is principally flat or rolling farm- and
grasslands.In addition,thereis a sufficient observationaldatabaseupwindof theGreat
Plainswhichshouldallow for goodperformanceof numericalweatherpredictionmodels.
Theprojecteddevelopmentof largewind electricgeneratingfacilitiesin theupperGreat
Plainsof MinnesotaandIowaalsofocusedEPRIon this region.

EPRIobtaineddatafrom thefirst operationalwind plantontheBuffaloRidgein South-
westernMinnesotafor usein the forecastingapplication.This 25MW wind plant came
on-line in mid-1994and power datawas madeavailable by the wind plant owner for
slightly over a 2-yearperiod.Wind speedandwind directiondatawerealsoavailable
for wind resourceassessmentprogramsconductedin Iowa duringthesametime period.
Thesemeteorologicaldatawerealsoobtained.

Applicationof theRisømodelrequirestheuseof numericalweatherpredictiondata.
Theavailability of historicaldatafor theconcurrenttime period,mid 1994to mid 1996,
wasresearched.TheNationalCenterfor AtmosphericResearch(NCAR) wascontacted
andtheir archiveswerereviewed.Theonly completepredictiondatasetavailablefor the
USat thattimewasfor theNestedGrid Model, theoperationalweatherpredictionmodel
usedby theNationalCenterfor EnvironmentalPrediction(NCEP).Thesedatasetswere
assembledandprovidedto RisøNationalLaboratoryfor testingtheirmodelingapproach
on US sites.

TheRisømodelwasappliedto theBuffaloRidgeWind Plant,themeteorologicalsiteat
Alta, andthemeteorologicalsiteatSibley. For thewind plant,preparationfor application
of themodelincluded:p Creationof a digitizedterrainfile. This file includedall terraincontourswithin a 10

km radiusof thewind plant.p Creationof a roughnessdatafile. Thisfile includedanestimateof theterrainrough-
nessfor eachof twelve30 degreesectors.p Creationof thePARK datafiles.Thesefiles includethepowercurvefor theKVS33,
a thrustcurve for the KVS33, a meteorologicaldatafile consistingof shape,scale
andfrequency of occurrenceof thewind speedin twelve 30 degreesectors,andthe
locationof each(73)KVS33 turbine.

For thetwo meteorologicaltowersites,aroughnessfile is theonly requiredinputsince
thesearesinglesites,wind speedis thepredictand,andthefiles for WAsPandPARK are
not required.

Fromthe numericalweatherpredictiondatafile, the 10 meter, 950hPa, 850hPa and
700hPa wind speedwereextracted.Thedatafor a matrix of four sites,coordinatepoint
42,43,51,and52areextrapolatedseparatelyto theBuffaloRidge,Alta, andSibley sites.
This forms the basisfor the predictedwind speed.For example,the predictionsfrom
the model run of 12159412(December15, 1994at 1200GMT)would consistof wind
speedandwind directionvaluesfor 8 timeperiodsat six hourintervals,out to 12179412
(December17,1994at1200GMT).
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The model was first appliedto the meteorologicaldataat the Alta site. Predictions
of averagewind speedat eight different time periodsin the future twice eachday are
madeusingthemodel.Thesepredictionsarebasedon thenumericalweatherprediction
model.Thesepredictionsarethencomparedto theobservedvaluesfrom theAlta tower.
A matrix is thencreatedcomparingthe predictedandobserved values.This matrix is
plottedin Figure11. Thepoorcorrelationandpronouncedlack of linearity betweenthe
predictedandactualvaluesaredisappointing.
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Figure 11.ScatterPlot of theForecastWind SpeedVersusActualWind Speedat theAlta
Site.

The reasonfor this is not yet clear. The dataset,consistingof predictedvaluesand
actualvalues,eitherwind speed(Alta andSibley) or wind power (Buffalo Ridge)is still
being analyzedby staff at Risø. It is possiblethat the large grid spacingin the NGM
model,comparedto thesmallergrid spacingin theHIRLAM model,couldbeoneof the
causative factors.

5 Exploitation Plans

This sectionwill describethedifferentwaystheresultsof this projectareplannedto be
usedin futureprojectsandcommercialapplications.

In Denmarkthe Energy Agency via the EFP99researchprogrammehas fundeda
project wherethe Danishutilities will be provided with a predictionsystemwhich is
a combinationof theRisøandtheIMM predictionsystemsdescribedin this report.It is
plannedthatat theendof theprojectall Danishutilities with a high penetrationof wind
energy will have thispredictionsystemintegratedin thedaily dispatchandscheduling.

In theUSit is hopedthataEPRI/DOE-fundedprojectwill startin 1999.Themaingoal
is to implementthe Risøpredictionsystemin the US, predictingfor a numberof wind
farmsin theUS.

Therearealsonumerouspossiblecommercialapplications;both for companiesinter-
estedin sellingpower to a energy markedandutilities with balanceobligations.

JOR3–CT95–0008,publishablefinal report 15



Referq ences

[1] Landberg, L, 1999:Operational resultsfrom a physicalpowerpredictionmodel.
ProceedingsEWEC99,Nice (FR).

[2] Landberg,L, 1999:Short-termpredictionof thepowerproductionfrom wind farms.
J.Wind Eng.Ind. Aerodyn.,80, 207–220.

[3] Landberg L, 1998:A mathematicallook at physicalpower predictionmodel.Wind
Energy, 1, 23–28.

[4] Landberg, L andSJWatson,1994:Short-termpredictionof local wind conditions.
Boundary-LayerMeteorol.,70, 171–195.

[5] Machenhauer, B (ed), 1988:HIRLAM final report. HIRLAM TechnicalReport5,
DanishMeteorologicalInstitute,Copenhagen,Denmark.

[6] Mortensen,NG, L Landberg, I TroenandEL Petersen,1993:Wind AtlasAnalysis
andApplicationProgram(WAsP),User’sGuide. Risø-I-666(EN)(v.2),RisøNational
Laboratory, Roskilde,Denmark.133pp.

[7] Sanderhoff, P, 1993:PARK– User’s Guide. A PC-programfor calculationof wind
turbine park performance. Risø-I-668(EN),Risø National Laboratory, Roskilde,
Denmark.8 pp.

[8] Troen,I andEL Petersen,1989:TheEuropeanWind Atlas. Publishedfor theCEC
by RisøNationalLaboratory, Roskilde,Denmark.656pp.

[9] Nielsen,TSandH Madsen,1999:Experienceswith StatisticalMethodsfor Predict-
ing Wind Power. In proceedingsfrom EWEC99,Nice(FR).

[10] Halliday, JA, 1988:Wind meteorology and the integration of electricity generated
bywind turbines. PhD-thesis,Univ Strathclyde,RAL internalreportRAL T 075.

[11] Landberg,L , A Joensen,G Giebel,SJWatson,H Madsen,TS Nielsen,L Laursen,
JU Jørgensen,DP Lalas, J Tøfting, H Ravn, E MacCarty, E Davis, J Chapman,
1999:Implementingshort-termpredictionat utilities. Final reportto theEuropean
Commission,JOULEprojectJOR3–CT95–0008.

16 JOR3–CT95–0008,publishablefinal report


