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Assessment of PV and Wind MicroAssessment of PV and Wind Micro--generationgeneration

Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)Renewable Generation in Built Environment (1)
GeneralGeneralGeneralGeneral CharacteristicsCharacteristicsCharacteristicsCharacteristics::::

���� highly variable (spatially and temporally)

���� micro/small systems – MicroMicroMicroMicro----generationgenerationgenerationgeneration

���� highly dispersed (e.g. in a large urban area)
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���� mix of different technologies (wind, PV…)

SimilaritySimilaritySimilaritySimilarity withwithwithwith LoadLoadLoadLoad Analysis,Analysis,Analysis,Analysis, eeee....gggg.... DemandDemandDemandDemand SideSideSideSide ManagementManagementManagementManagement (DSM)(DSM)(DSM)(DSM)
(both(both(both(both areareareare EnergyEnergyEnergyEnergy ManagementManagementManagementManagement functionalitiesfunctionalitiesfunctionalitiesfunctionalities inininin futurefuturefuturefuture “Smart“Smart“Smart“Smart Grids”)Grids”)Grids”)Grids”)
Large number of small in size and highly dispersed individual units, connected
in parallel to LV networks, exhibiting short, medium and long-term variations, as
well as large changes from one geographic or network location to another



TheTheTheThe analysisanalysisanalysisanalysis ofofofof MGMGMGMG isisisis connectedconnectedconnectedconnected withwithwithwith uncertaintiesuncertaintiesuncertaintiesuncertainties andandandand requiresrequiresrequiresrequires
assessmentassessmentassessmentassessment ofofofof stochasticstochasticstochasticstochastic variationsvariationsvariationsvariations

WhenWhenWhenWhen presentpresentpresentpresent inininin highhighhighhigh numbers,numbers,numbers,numbers, aggregateaggregateaggregateaggregate effectseffectseffectseffects ofofofof MGMGMGMG &&&& DSMDSMDSMDSM
(e(e(e(e....gggg.... atatatat bulkbulkbulkbulk supplysupplysupplysupply pointspointspointspoints atatatat MV)MV)MV)MV) cancancancan bebebebe significantsignificantsignificantsignificant…………

Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)Renewable Generation in Built Environment (2)
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After introducing 
Feed-in Tariffs in 
the UK…

[Ofgem data]

Lecture OverviewLecture Overview

Energy Management in Households/Built Environments: Energy Management in Households/Built Environments: Energy Management in Households/Built Environments: Energy Management in Households/Built Environments: 
Assessment of PV and Wind MicroAssessment of PV and Wind MicroAssessment of PV and Wind MicroAssessment of PV and Wind Micro----generationgenerationgenerationgeneration

(and Demand Side Management)(and Demand Side Management)(and Demand Side Management)(and Demand Side Management)

EffectsEffectsEffectsEffects ofofofof MGMGMGMG &&&& DSMDSMDSMDSM (individual/combined)(individual/combined)(individual/combined)(individual/combined) onononon networknetworknetworknetwork operation/performanceoperation/performanceoperation/performanceoperation/performance::::

���� DetailedDetailedDetailedDetailed networknetworknetworknetwork modelmodelmodelmodel (typical(typical(typical(typical LV/MVLV/MVLV/MVLV/MV residentialresidentialresidentialresidential distribdistribdistribdistrib.... network)network)network)network)
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���� DetailedDetailedDetailedDetailed networknetworknetworknetwork modelmodelmodelmodel (typical(typical(typical(typical LV/MVLV/MVLV/MVLV/MV residentialresidentialresidentialresidential distribdistribdistribdistrib.... network)network)network)network)

���� TwoTwoTwoTwo renewablerenewablerenewablerenewable MGMGMGMG technologiestechnologiestechnologiestechnologies:::: µPVPVPVPV andandandand µWindWindWindWind

���� AssessmentAssessmentAssessmentAssessment ofofofof inputinputinputinput solarsolarsolarsolar andandandand windwindwindwind energyenergyenergyenergy resourcesresourcesresourcesresources

���� DescriptionDescriptionDescriptionDescription ofofofof residentialresidentialresidentialresidential loadloadloadload mixesmixesmixesmixes andandandand dailydailydailydaily loadloadloadload curvescurvescurvescurves

���� AggregateAggregateAggregateAggregate residentialresidentialresidentialresidential loadloadloadload modelmodelmodelmodel (with(with(with(with identifiedidentifiedidentifiedidentified DSMDSMDSMDSM----portion)portion)portion)portion)

���� CorrelationCorrelationCorrelationCorrelation ofofofof µPVPVPVPV andandandand µWindWindWindWind outputsoutputsoutputsoutputs withwithwithwith loads/demandsloads/demandsloads/demandsloads/demands

���� IllustratedIllustratedIllustratedIllustrated usingusingusingusing MidlothianMidlothianMidlothianMidlothian regionregionregionregion inininin Scotland,Scotland,Scotland,Scotland, UKUKUKUK
(around(around(around(around thethethethe citycitycitycity ofofofof Edinburgh)Edinburgh)Edinburgh)Edinburgh)



Aggregation MethodologyAggregation Methodology
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Aggregate LV Load Model (1)Aggregate LV Load Model (1)
Daily Load Curves Available (at 11kV or higher levels)Daily Load Curves Available (at 11kV or higher levels)Daily Load Curves Available (at 11kV or higher levels)Daily Load Curves Available (at 11kV or higher levels)

Should be “Decomposed” in Main “Load Categories”Should be “Decomposed” in Main “Load Categories”Should be “Decomposed” in Main “Load Categories”Should be “Decomposed” in Main “Load Categories”

Available for DSM
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Available for DSM



Aggregate LV Load Model (2)Aggregate LV Load Model (2)

Main Load Categories
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Aggregate LV Load Model (3)Aggregate LV Load Model (3)
From (End-use) LoadType to (Modelling) Load Category
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It is only an example – can be applied to all other types of
loads…



Aggregate LV Load Model (4)Aggregate LV Load Model (4)

Decomposition of Daily Load Curve
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LV Network ModelLV Network Model
Typical LV/MV Residential Network (Configuration & Parameters)
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Cables:

Transformers:

185 0.12271 0.06575 0.00023954

95 0.14403 0.06662 0.00017804

185 89.84 43.68 -

95 171.12 53.47 -
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(mm
2
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0.4 0.2

(p.u. on 100MVA)

R/km X/km B/km

Cable
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Feeder

Type

Operating

Voltage 

(kV)

R X

Min Max

33/11 Dyn11 15 0.06 1 0.8 1.05 0.0143

11/0.4 Dyn11 0.5 2.04 9.28 0.95 1.05 0.025

Tap step 

(p.u.) 

Tap range (p.u.)

(p.u. on 100MVA)

Operating 

Voltage (kV)

Vector

Group

Rating

(MVA)



AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((11111111))))))))
Assessment of Input Energy Resources: 

City of Edinburgh (15km x 15km)
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((22222222))))))))
Assessment of Wind Energy Resources: 5 Sites, ±14 Days
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((33333333))))))))
Assessment of Wind Energy Resources: 5 Sites, Averages
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((44444444))))))))
Assessment of Wind Energy Resources: All Sites,  Max/Min/Ave
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((55555555))))))))
Assessment of Power Outputs: Generic µWind Models:

���� Database with ~190 Database with ~190 Database with ~190 Database with ~190 µWTs from 60+ manufacturersWTs from 60+ manufacturersWTs from 60+ manufacturersWTs from 60+ manufacturers

���� ManufacturersManufacturersManufacturersManufacturers fromfromfromfrom US,US,US,US, UK,UK,UK,UK, China,China,China,China, Canada,Canada,Canada,Canada, Spain,Spain,Spain,Spain, IrelandIrelandIrelandIreland…………

���� Horizontal/VerticalHorizontal/VerticalHorizontal/VerticalHorizontal/Vertical AxisAxisAxisAxis SystemsSystemsSystemsSystems ((((168168168168xHAWTs,xHAWTs,xHAWTs,xHAWTs, 20202020xVAWTs)xVAWTs)xVAWTs)xVAWTs)

���� 95959595%%%% withwithwithwith ratedratedratedrated powerpowerpowerpower <<<<10101010 kWkWkWkW
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���� 95959595%%%% withwithwithwith ratedratedratedrated powerpowerpowerpower <<<<10101010 kWkWkWkW

���� ForForForFor ~~~~140140140140 µWTs,WTs,WTs,WTs, powerpowerpowerpower curvecurvecurvecurve providedprovidedprovidedprovided inininin specificationspecificationspecificationspecification

���� FourFourFourFour GenericGenericGenericGeneric µWTsWTsWTsWTs ���� representrepresentrepresentrepresent majoritymajoritymajoritymajority ofofofof µWTsWTsWTsWTs onononon thethethethe marketmarketmarketmarket

………………..Generic ………………..Generic ………………..Generic ………………..Generic µWT_1WT_1WT_1WT_1

…………Generic …………Generic …………Generic …………Generic µWT_2WT_2WT_2WT_2

…………Generic …………Generic …………Generic …………Generic µWT_3WT_3WT_3WT_3

………Generic ………Generic ………Generic ………Generic µWT_4WT_4WT_4WT_4

m/s4.2for,12.329.7 2

1_ ≥+−= ν
µ

vvP
WTG

m/s3for,12.026.447.11 32

2_ ≥−+−= ν
µ

vvvP
WTG

m/s2.3for,16.034.41.13 32

3_ ≥−+−= ν
µ

vvvP
WTG

m/s3.3for,611.086.22.6 32

4_ ≥−−+−= ν
µ

vvvP
WTG

AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((66666666))))))))
Generic µWindTurbine Models: Power Curves
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((77777777))))))))
Generic µWindTurbine Models: Power Curves

17

AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((88888888))))))))
Aggregate (“Master”) Generic µWind TurbineModel
Mix/AggregationofGeneric µWT1 - 18%, Generic µWT2 - 32%

GenericµWT3 - 32%, Generic µWT4 - 18%

18m/s3for,)084.092.287.7)(1( 32)3(75.0

__ ≥−+−−=
−−

ν
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vvveP
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totMWTG



AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((99999999))))))))
µµµµWind Power Outputs for EstimatedWind Resources
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1010101010101010))))))))
Assessment of Solar Energy Resources: Following the Same 

Procedure as for Wind Energy Resources…
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1111111111111111))))))))
Assessment of Power Outputs: Generic µPV Models:

���� Database with 240+ Database with 240+ Database with 240+ Database with 240+ µPV systems from few dozen manufacturersPV systems from few dozen manufacturersPV systems from few dozen manufacturersPV systems from few dozen manufacturers

���� Again,Again,Again,Again, manufacturersmanufacturersmanufacturersmanufacturers fromfromfromfrom aroundaroundaroundaround thethethethe WorldWorldWorldWorld

���� FourFourFourFour mainmainmainmain technologiestechnologiestechnologiestechnologies

���� Monocrystalline,Monocrystalline,Monocrystalline,Monocrystalline, polycrystalline,polycrystalline,polycrystalline,polycrystalline, thinthinthinthin filmfilmfilmfilm andandandand amorphousamorphousamorphousamorphous
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���� Monocrystalline,Monocrystalline,Monocrystalline,Monocrystalline, polycrystalline,polycrystalline,polycrystalline,polycrystalline, thinthinthinthin filmfilmfilmfilm andandandand amorphousamorphousamorphousamorphous

���� Manufacturer’sManufacturer’sManufacturer’sManufacturer’s specificationsspecificationsspecificationsspecifications thoroughlythoroughlythoroughlythoroughly examinedexaminedexaminedexamined

���� FourFourFourFour GenericGenericGenericGeneric µPVsPVsPVsPVs ���� representrepresentrepresentrepresent majoritymajoritymajoritymajority ofofofof µPVsPVsPVsPVs onononon thethethethe marketmarketmarketmarket

…………………………..Generic …………………………..Generic …………………………..Generic …………………………..Generic µPV_1PV_1PV_1PV_1

…………………………..Generic …………………………..Generic …………………………..Generic …………………………..Generic µPV_2PV_2PV_2PV_2

…………………………..Generic …………………………..Generic …………………………..Generic …………………………..Generic µPV_3PV_3PV_3PV_3

…………………………..Generic …………………………..Generic …………………………..Generic …………………………..Generic µPV_4PV_4PV_4PV_4
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1212121212121212))))))))
Generic µPV Models: Efficiencies
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1313131313131313))))))))
Generic µPV Models: Efficiencies
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1414141414141414))))))))
Aggregate (“Master”) Generic µPVModel
Mix/Aggregation of Generic µPV1 - 40%, Generic µPV2 - 43%

Generic µPV3 - 9%, Generic µPV4 - 8%
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AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1515151515151515))))))))
µµµµPV Power Outputs for Estimated Solar Resources

25

AggregateAggregateAggregateAggregateAggregateAggregateAggregateAggregate MicroMicroMicroMicroMicroMicroMicroMicro--------generationgenerationgenerationgenerationgenerationgenerationgenerationgeneration ModelModelModelModelModelModelModelModel ((((((((1616161616161616))))))))
Combined µµµµWind & µµµµPV (50%-50%) Power Outputs
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ImpactImpactImpactImpactImpactImpactImpactImpact &&&&&&&& PerformancePerformancePerformancePerformancePerformancePerformancePerformancePerformance AssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessment ((((((((11111111))))))))
Change inActive Power Demand:
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ImpactImpactImpactImpactImpactImpactImpactImpact &&&&&&&& PerformancePerformancePerformancePerformancePerformancePerformancePerformancePerformance AssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessment ((((((((22222222))))))))
Change inVoltage Profiles:
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ImpactImpactImpactImpactImpactImpactImpactImpact &&&&&&&& PerformancePerformancePerformancePerformancePerformancePerformancePerformancePerformance AssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessmentAssessment ((((((((33333333))))))))
Harmonic Distortion (MG & Incandescent ���� CFL):
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THANK YOU!THANK YOU!

Discussion & Questions?Discussion & Questions?
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Discussion & Questions?Discussion & Questions?


