
DOI:10.7500/AEPS201208259

EconomicEvaluationforSystemswithHighPenetrationof
WindPowerBasedonPriceSensitivityAnalysis

KaiLIU1敩KunZHANG1敩JinZHONG2敩YunheHOU2敩
FelixF敭WU2敩HaomingLIU3

敤1敭TheDispatchingandControlCenterofChinaSouthernPowerGrid敩Guangzhou510620敩China敾

2敭DepartmentofElectricalandElectronicEngineering敩TheUniversityofHongKong敩HongKong敩China敾

3敭CollegeofEnergyandElectricalEngineering敩HohaiUniversity敩Nanjing210098敩China敥

Abstract敽Thispaperproposeamethodforpricingenergyandreserveinthesystemwithstoragetobalanceitshigh
penetrationofwindpower敭Atwo灢stagenetwork灢constrainedschedulemodelbasedonstochasticprogrammingco灢
optimizesenergyandreservesisprovidedbygeneratingunitsandstorageinthesystem敭ConstraintsincludeDC
Kirchhofflawsthroughoutthenetworkforallpossiblewindproductionscenarios敭Thevaluesofgeneratingunits
andstorageforreserveandenergy敩aswellaswindenergy敩tosystemoperation敩arederivedfromtheoptimality
conditionsintermsoflocationalmarginalprices敭Theproposedpricingschemeprovidespropersignalsofthesystem
costofenergyandreserveprovisionaswellasutilization敭Italsorecognizesthecontributionofstoragesystemsto
accommodateuncertaintiesinducedbystochasticrenewableenergyforsystems敭
Keywords敽storagesystems敾Karush灢Kuhn灢Tucker敤KKT敥 conditions敾 marginalpricingtheory敾stochastic
programming敾windenergy

ManuscriptreceivedAugust30敩2012敭
ThisworkissupportedbyNationalBasicResearchProgramofChina
敤973Program敥敤No敭2012CB215102敥敩NationalNaturalScience
FoundationofChina敤No敭51206138敥andChinaSouthernPower
GridProject敤No敭K灢ZD2012灢003敥敭

0暋Introduction

暋 Concerns of global warming and energy crisis are
aggressivelypromptinggovernmentsthroughouttheworld
toupgradetheirpowersystems敭Aconceptofsmartgridis
widely discussed斲1斴敩which promises a reliable敩secure敩
economic敩efficient敩environmentallyfriendlyandsafeenergy
infrastructure敭Anditisbelievedthatthestoragesystemis
oneofthekeytechnologiesinasmartgridconstruction斲2斴敭
暋Theimportanceofstoragesystemhasbeenwellidentified
inthepowersystem敭Theintroductionofstoragesystems
willchangetheoperatingparadigmofmodernelectricpower
systems敭Currently敩electricpowersystemsareoperating
withthephilosophycalledloadtracking敩i敭e敭敩thehighly
predictable demand is met with highly controllable
generation斲3斴敭Asaresult敩the generation and demands
shouldbebalancedinstantaneously敭Duetotheessential
uncertaintyandvariabilityofrenewableenergysources斲4斴敩
the traditional load tracking operating philosophy is
challengedunderthenewenergyparadigm敭Powersystems
havetoinvolvemoreflexibleresourcestoachievebalance敭
Storagesystemsareoneofthekeytechnologiestomitigate

newchallengesofpowersystemoperation敭
暋Physically敩storagesystemsbenefitpowersystemsin
manyaspects敩especiallyforsystemswithhighpenetration
renewableenergyintegration斲5斴敭Overthe pastdecades敩
pumpedhydrostoragefacilitiesdominatedthelarge灢scale
storagelandscape敭Duetoitsefficiencyandresponsibility敩
thepumpedhydroisusuallyemployedtoimplementload
shift敭Nowadays敩storagetechnologies敩such as battery
chemistries敩high灢speed mechanicalflywheels敩compressed
air energy storage and electric vehicles敩 provide new
dimensionofsystem operation斲6斴敭Thebenefitsofstorage
systemsincludefollowingaspects敽敤1敥mitigatinguncertainty
andvariabilityassociatedwithrenewableenergy敩primarily
windandsolarpower敾敤2敥smoothingfluctuationofdemand
to achieve a more economic and reliable operation斲7斴敾
敤3敥mitigatingcongestionoftransmissionsystemsbyshifting
peakload敾敤4敥providingblackstartresourcestocranknon灢
blackstartunits or pickup criticalloads during system
restoration after a complete or partial outage敾
敤5敥contributingenergytodamposcillationoffrequencyand
phaseangles斲8斴敭
暋 Even with well灢identified benefits of storage敩the
quantificationofthevalueofastoragesystemremainstobe
discussed斲9斴敭Acomprehensivepricingschemeincludesnot
onlytheoperatingcost敩butalsothecontributionstothe
system敭Asoundpricingschemepromptstheutilizationof
storages敩whichiscriticalfora new energy paradigm敭
However敩fewcomprehensivestoragepricingmethodologies
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havebeenestablished敭Contributionsforsystem operation
andthe storage system cost are separately studied at
present敭Theidea ofnodalprice provides a systematic
methodtopricedifferentkindsofservices敩suchasenergy
reservefor power systems敭 Based on the concept of
locationalmarginalprice敤LMP敥敩allofcostsandsystem
constraintsareintegratedintoageneralframework斲10灢11斴敭
暋TheideaofLMPisadoptedtopricethestoragesystemin
thispaper敭Acontinuousandconvex modelisestablished
associated with constraints of transmission systems敩
generating units and storage systems敭A scenario灢based
approachisemployedtoconsiderrenewableenergyoutput敭
Byderiving Karush灢Kuhn灢Tucker敤KKT敥conditions敩the
priceofthestoragesystem is obtainedfrom Lagrange
multipliersofallbalanceequationsin both normaland
emergencystates敭

1暋ScheduleEnergyandReserveUnderUncertainty

暋LMPisapricingtooloftheelectricityproductioninthe
systemsaroundtheworld敭ThemethodologyofLMPisto
mathematicallydeductthevalueofaparticularenergyor
reserveservicetothesystem operationintermsoftotal
systemcostorsocialwelfare斲9斴敭Inthispaper敩thetheoryof
LMPisintroducedtoquantifythevaluesofstorage敩wind
power敩energy敩andreservethermalunitsinasystem敭
暋Thedispatchmodelconsideringwinduncertaintyisbased
onatwo灢stagestochasticprogramming model敽敤1敥atthe
schedulingstage敩thesystemoperatorschedulestheenergy
andreservecapacityinthegenerationside敩aswellasthe
scheduledoutput敮absorbenergyofstorageunits敾敤2敥atthe
secondstage敩whichisrelatedtotheactualoperationofthe
system敩theuncertaintiesresultedfrom windfluctuationare
modeledbythescenarioswithprobabilities敭Thedeviations
intheactualoperationarebalancedbytheup灢anddown灢
regulationservicesprovidedbybothgeneratingandstorage
units敭
暋Theobjectivefunctionisto minimizetheexpectedcost
fromgenerationsideCby

暋暋暋C= 暺 (
n

CGn敤P0
Gn敥+CU

R敩GnRU
Gn +CD

R敩GnRD
Gn +

暺
k
毿kCGn敤rU敩k

Gn -rD敩k
Gn )敥 敤1敥

wherenistheindexofsystembuses敾ktheindexofwind
powerscenarios敾CGn敤攢敥theproductioncostfunctionofthe
unitatbusn敾P0

Gn theproductionscheduledfortheunitat
busn敩limitedtoPmin

Gn andPmax
Gn 敾CU

R敩GnandCD
R敩Gnthecostsof

theunitatbusntoprovideup灢anddown灢reservepowers敩
respectively敾RU

GnandRD
Gntheup灢anddown灢reservecapacity

scheduledfortheunitatbusn敩limitedtoRUmax
Gn andRDmax

Gn 敩
respectively敾rU敩k

Gn and rD敩k
Gn the up灢 and down灢reserve

regulation provided bytheunitatbusninscenariok敩
respectively敾and 毿k is the probability of wind power

scenariok敭
暋InEq敭敤1敥敩thefirsttermistheenergyproductioncost敾
thesecondandthirdtermsarethecostsofunitstoprovide
up灢anddown灢reserve敾thelasttermistheexpectedcostof
up灢敮down灢reserveregulationrealizedbyunitsduringeach
scenariooftheactualsystemoperation敭Forsimplicity敩we
assumeasinglegenerator敩storageandasinglebuslocated
ateachbusofthesystem敭
暋 The objective function is subject to the following
constraints敩withcorrespondingLagrangemultiplierdefined敭
暋1敥Constraintsofpowerbalanceequationspertainingtothe
schedulingstageandtheactualsystemoperation敽

P0
Gn +P0

Sn -Ln +P0
Wn = 暺

r暿毃n

Bnr敤毴n -毴r敥敽毸0
n敩炐n 敤2敥

暋P0
Gn +P0

Sn +rU敩k
Gn -rD敩k

Gn +rU敩k
sn -rD敩k

sn -Ln +Pk
Wn =

暋暋暋暺
r暿毃n

Bnr敤毴nk -毴rk敥敽毸k
n敩炐n敩炐k 敤3敥

where毃nisthesetofbusesdirectlyconnectedtobusn敾P0
sn

theproductionscheduledforthestorageatbusn敾Ln the
loadatbusn敾P0

Wnthewindpowerforecastedatbusn敾Bnr

thesusceptanceoftheline敤n敩r敥敾毴nand毴rthevoltageangles
atbusnandratschedulingstage敩respectively敾rU敩k

sn andrD敩k
sn

theup灢anddown灢reserveregulationprovidedbythestorage
atbusninscenariok敩respectively敾Pk

Wn thewindpower
realizedatbusninscenariok敾毴nkand毴rkthevoltageangles
atbusnandrinscenariok敾and毸0

nand毸k
naretheLagrangian

multipliersofcorrespondingconstraints敭
暋Equations敤2敥and敤3敥arethepowerbalancesforthe
schedulingstageandtheactualoperationofthesystem敭DC
loadflowisconsidered敭
暋2敥Transmissioncapacityconstraints敽
暋-K0

nr 曑Bnr敤毴n -毴r敥曑K0
nr敽vmin敩0

nr 敩vmax敩0
nr 敩炐敤n敩r敥 敤4敥

-Kk
nr 曑Bnr敤毴nk -毴rk敥曑Kk

nr敽vmin敩k
nr 敩vmax敩k

nr 敩炐k敩炐敤n敩r敥
敤5敥

whereK0
nristhescheduledcapacityofline敤n敩r敥敾Kk

nrthe
capacityofline敤n敩r敥inscenariok敾andvmin敩0

nr 敩vmax敩0
nr 敩vmin敩k

nr 敩
vmax敩k

nr are Lagrangian multipliers of corresponding
constraints敭
暋Networkconstraintsareconsideredinbothscheduling
stageandactualoperationofthesystem敭
暋3敥Constraintsrelatedtogeneratingunits敽

暋暋rU敩k
Gn 曑RU

Gn敽毬Umin敩k
Gn 敩毬Umax敩k

Gn 敩炐n敩炐k 敤6敥
rD敩k

Gn 曑RD
Gn敽毬Dmin敩k

Gn 敩毬Dmax敩k
Gn 敩炐n敩炐k 敤7敥

Pmin
Gn 曑P0

Gn -rD敩k
Gn 敽氀min敩k

Gn 敩炐n敩炐k 敤8敥
P0

Gn +rU敩k
Gn 曑Pmax

Gn 敽氀max敩k
Gn 敩炐n敩炐k 敤9敥

Pmin
Gn 曑P0

Gn 曑Pmax
Gn 敽氀min敩0

Gn 敩氀max敩0
Gn 敩炐n 敤10敥

RU
Gn 曑RUmax

Gn 敽毮Umax
Gn 敩炐n 敤11敥

RD
Gn 曑RDmax

Gn 敽毮Dmax
Gn 敩炐n 敤12敥

where毬Umin敩k
Gn 敩毬Umax敩k

Gn 敩毬Dmin敩k
Gn 敩毬Dmax敩k

Gn 敩氀min敩k
Gn 敩氀max敩k

Gn 敩氀min敩0
Gn 敩

氀max敩0
Gn 敩 毮Umax

Gn 敩 毮Dmax
Gn are Lagrangian multipliers of

correspondingconstraints敭
暋Equations敤6敥灢敤12敥arevariableboundsandtechnical
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constraintsforgeneratingunits敩whichalsolinkvariablesin
actualoperationofthesystem tothoseatthescheduling
stage敭Forinstance敩reserveregulationsarebounded by
scheduledreservecapacitiesandgenerationtechnicallimits敩
andscheduledreservecapacityislimitedbytherampingrate
oftheunit敭
暋4敥Constraintsrelatedtostorage敽

暋暋0曑Ssn -P0
sn 曑Smax

n 敽氁min敩0
sn 敩氁max敩0

sn 敩炐n 敤13敥
Smin

n 曑Ssn -P0
sn -rU敩k

sn 敽氁min敩k
sn 敩炐n敩炐k 敤14敥

Ssn -P0
sn +rD敩k

sn 曑Smax
n 敽氁max敩k

sn 敩炐n敩炐k 敤15敥
whereSsnistheinitialenergyinstorageunitatbusn敾Smin

n

andSmax
n thelowerandupperlimitsofstorageunitatbusn敩

respectively敾and氁min敩0
sn 敩氁max敩0

sn 敩氁min敩k
sn 敩氁max敩k

sn areLagrangian
multipliersofcorrespondingconstraints敭
暋Equations敤13敥灢敤15敥arevariableboundsandtechnical
constraintsforstorageunitsinbothschedulingstageand
actualoperationofthesystem敭Thetechnicalconstraintsfor
storagecaneitherbethestoragecapacityortheratedpower敭

2暋PriceDerivation

2敭1暋KKTConditions
暋Thepricingschemeofeachserviceprovidedinthesystem
arededucted from the KKT conditions associated with
Eqs敭敤1敥灢敤15敥敭 Some of these conditions敩 which are
particularlyusefulforestablishingthepricederivation敩are
statedbelow敭NotethatListheLagrangianfunctionof
Eqs敭敤1敥灢敤15敥as
灥L

灥P0
Gn

=灥CGn

灥P0
Gn

-毸0
n -暺

k
敤毸k

n -氀max敩k
Gn +氀min敩k

Gn 敥=0敩炐n敤16敥

灥L
灥rU敩k

Gn
=毿k

灥CGn

灥rU敩k
Gn

-毸k
n +毬Umax敩k

Gn +氀max敩k
Gn =0敩炐n敩炐k 敤17敥

灥L
灥rD敩k

Gn
= -毿k

灥CGn

灥rD敩k
Gn

+毸k
n +毬Dmax敩k

Gn +氀min敩k
Gn =0敩炐n敩炐k敤18敥

灥L
灥P0

sn
=毸0

n -暺
k

敤毸k
n -氁min敩k

sn +氁max敩k
sn 敥=0敩炐n 敤19敥

灥L
灥rU敩k

sn
= -毸k

n +氁min敩k
sn =0敩炐n敩炐k 敤20敥

灥L
灥rD敩k

sn
=毸k

n +氁max敩k
sn =0敩炐n敩炐k 敤21敥

灥L
灥RU

Gn
=CU

R敩Gn -暺
k
毬Umax敩k

Gn +毮Umax
Gn =0敩炐n 敤22敥

灥L
灥RD

Gn
=CD

R敩Gn -暺
k
毬Dmax敩k

Gn +毮Dmax
Gn =0敩炐n 敤23敥

2敭2暋PricingSchemeforGeneratingUnits
暋1敥Energyprice敽

灥C
灥Ln

敽毺E
n =毸0

n +暺
k
毸k

n敩炐n 敤24敥

where毺E
nistheenergypriceatbusn敭

暋Theenergypriceindicatedaboveisconsistentwiththat
proposedinRef敭斲11斴敭Wereferthereadertotheappendix
ofRef敭斲11斴foritsderivation敭
暋2敥Reservecapacityprice敽

灥C
灥RU

Gn
敽毺U

Gn = 暺
k
毬Umax敩k

Gn 敩炐n 敤25敥

灥C
灥RD

Gn
敽毺D

Gn = 暺
k
毬Dmax敩k

Gn 敩炐n 敤26敥

where毺U
Gn and毺D

Gn arethepricesofup灢anddown灢reserve
powerprovidedbytheunit敭
暋Notethatthereservepricesproposedinthispaperdiffer
withthesecuritypricedefinedin Ref敭斲11斴敭Pricesin
Eq敭敤25敥andEq敭敤26敥arederivedinAppendixB敭
暋3敥Reserveregulationprices敽
灥C

灥rU敩k
Gn

敽毺EU
Gnk =毿k

灥CGn

灥rU敩k
Gn

+氀max敩k
Gn =毸k

n -毬Umax敩k
Gn 敩炐n敩炐k 敤27敥

灥C
灥rD敩k

Gn
敽毺ED

Gnk =毿k
灥CGn

灥rD敩k
Gn

-氀min敩k
Gn =毸k

n +毬Dmax敩k
Gn 敩炐n敩炐k 敤28敥

where毺EU
Gnk and毺ED

Gnk arethepricesofup灢anddown灢reserve
regulation provided by unit at bus n in scenario k敩
respectively敭
暋Fromtheclassicaltheoryofelectricityprice敩thereserve
regulationpricecontainsfuelcostwiththeprobabilityaswell
as the Lagrange multiplier of capacity constraints of
generatingunitinsuchscenario敭Notethattheequalityin
Eq敭敤27敥comesfromEq敭敤17敥敭
暋4敥Energyprice敽

灥C
灥P0

sn
敽毺E

n =毸0
n +暺

k
毸k

n敩炐n 敤29敥

暋Fromtheviewofpowerbalance敩theenergysuppliedby
generatorsandstorageshasnodifferences敭Thus敩energy
pricesforbothgenerationandstoragearethesame敩as
showninEq敭敤27敥敭
暋5敥Pricesofregulationsprovidedbystorages敽

灥C
灥rU敩k

sn
敽毺EU

snk =毸k
n敩炐n敩炐k 敤30敥

灥C
灥rD敩k

sn
敽毺ED

snk =毸k
n敩炐n敩炐k 敤31敥

where毺EU
snk and毺ED

snk arethepricesofup灢anddown灢reserve
regulationprovidedbystorageatbusninscenariok敭
暋Thepricesofregulationsprovidedbystorageareshownin
Eq敭敤29敥敭Notethattheregulationpricesofstorageare
higherthanthatofgeneratingunitswiththevalueof毬Umax敩k

Gn 敭
2敭3暋PricingWindPower
暋Thepricesofthewindpowerare敽

灥C
灥P0

Wn
敽毺E

n =毸0
n +暺

k
毸k

n敩炐n 敤32敥

灥C
灥Pk

Wn
敽毺k

Wn =毸k
n敩炐n敩炐k 敤33敥

where毺k
Wn isthe price of wind deviation at busn in

scenariok敭
暋Thepriceof windproductionin Eq敭敤32敥isderived
directlyfromtheLagrange multipliersofEq敭敤3敥ofthe
bus敩inwhichthewindproductionislocated敭Notethatthe
windpricerepresentsitsvaluetosystemoperation敤power
balance敥敩eventhoughitsoperatingcostistrivialandsimilar
tohydro灢powerunits敭
暋Thepriceofwindproductionattheschedulingstageisthe
energyprice敭Thepriceforwinddeviation敤Pk

Wn -P0
Wn敥in
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eachscenariois毺k
Wn敭Notethatmathematicallythepriceof

winddeviationequalsthepriceofregulationprovidedby
storage敭Therelationsbetweenthewinddeviationpriceand
thereserve regulation price are given in thefollowing
section敭ThetotalpaymenttowindproductionCW includes
twoparts敽

CW = 暺
n

毸0
n +暺

k
毸k( )n P0

Wn +暺
k
毸k

n敤Pk
Wn -P0

Wn[ ]敥 =

暺
n

毸0
nP0

Wn +暺
k
毸k

nPk( )Wn 敤34敥

暋Thepaymentto windproduceraccordingtotheprices
aboveisequaltothatforthescheduledwindproductionP0

Wn

attheenergyprice毺E
n minusallthepaymentsforreserve

capacity敩reserveregulationprovidedbythegeneratorand
storage敩as well as the congestion fee resulting from
accommodatingwindrealizationinactualoperationofthe
system敭ThederivationisgiveninAppendixA敭

3暋PriceProperty

暋 The proposed method is important to evaluate the
economicvalueofeachserviceprovidedforthesystem敩
especiallythevalueofreserveservice provided by both
generating units and storage to absorb the uncertainty
inducedbywindpower敭Someimportantpropertiesofthe
proposedpricingschemearedescribed敭
3敭1暋LinkBetweenStorageRegulationPriceandGeneration
RegulationPrice
暋ConsideringthatEq敭敤3敥foraspecificscenariokis
reducedby1MW攢hofstorageregulationorwindpower敭To
balancetheadditionalreductionofstorageregulationorwind
power敩twokindsofservicesofgeneratingunits maybe
required敽theschedulingof1MWofreservecapacityandits
subsequentdeploymentintheformof1MW攢hofregulation
energyduringtheoperationofactualsystem敭Thus敩the
marginalcostofbalancingsuch1MW攢hreductionofstorage
regulationorwindpowerinscenariok敩whichisstorage
regulationandwinddeviationpriceinEqs敭敤30敥and敤33敥敩
isequaltothe marginalcostofadditional1 MW ofthe
reservecapacityin毬Umax敩k

Gn plusthemarginalcostofadditional
1MW攢hofreserveregulationbythegeneration敩whichis
reserveregulationpricegivenbyEq敭敤27敥敭Asshownin
Eq敭敤35敥敩the relationship is also consistent with the
equationofKKTconditioninEq敭敤16敥敭

毺EU
Gnk +毬Umax敩k

Gn =毺EU
snk =毺k

Wn敩炐n 敤35敥
暋 Asaresult敩theregulation by storage and up灢wind
deviationismorevaluablethanthatbygeneratingunitsin
specificscenario敭Thus敩itnotonlysupplyenergy敩butalso
helptolowerthe minimum requirementoftotalreserve
capacityinthesystem敭
3敭2暋WindPayment
暋Ifwindproducersprovidepartoftheenergysupply敩they
shouldreceiveapositivepaymentfortheircontributionto
thesocialwelfare敭Thispropertydirectlystemsfromthe

previousone敩consideringthatthegenerationcostofthe
windfarmisvirtuallyzero敭AccordingtoEq敭敤A6敥inthe
AppendixA敩thepaymenttowindproducersresultsfrom
thepriceoftheenergy minusthecostsofthescheduled
reservecapacitybygenerators敩thereserveregulation敤to
absorbwindfluctuations敥bybothgeneratorandstorage敩as
wellasthefeeassociatedwithnetworkcongestionevents敭
3敭3暋FullCostRecovery
暋Fromtheviewofsocialwelfare敩everyproducerthatis
committedinthesystemtoprovideagivenservice敩either
energyorreserve敩hastheguaranteeofrecoveringthecosts
derivedfrom itsprovisionand utilization敩unlesssucha
commitmentisimposedbytechnicalreasons敩suchastheunit
mustrunconstraints敭Theproofofthepropertycanbe
foundinAppendixC敭
3敭4暋RevenueReconciliation
暋 The proposed pricing mechanism guaranteesthatthe
collectionofpaymentsfromloadsequalstotalpaymentsto
allservicesinthesystem敭ByapplyingEqs敭敤2敥敩敤A2敥and
敤A6敥敩therevenuereconciliationispresentedas敽

暺
n
毺E

nLn =CW +CGen+Cstorage+Ccongest 敤36敥

暋暋暋CGen = 暺 [
n

毺E
nP0

Gn +毺U
GnRU

Gn +毺D
GnRD

Gn +

暺
k

敤毺EU
GnkrU敩k

Gn -毺ED
GnkrD敩k

Gn ]敥

Cstorage = 暺 [
n

毺E
nP0

sn +暺
k

敤毺EU
snkrU敩k

sn -毺ED
snkrD敩k

sn ]敥

暋暋Ccongest = 暺
敤n敩r

{
敥

敤毺E
r -毺E

n敥Bnr敤毴n -毴r敥+

暺
k

敤毸k
r -毸k

n敥Bnr斲毴nk -毴rk -敤毴n -毴r }敥斴

whereCGen敩CstorageandCcongestaretotalpaymentsforunits敩
storageandcongestion敩respectively敭
暋ByapplyingEq敭敤34敥敩ityieldstherevenuereconciliation敽
the collection of payment from load for their energy
consumptionequalsthepaymenttogenerationforenergy
supplyandreserveback灢up敩storagefortheenergysupply
andregulationservices敩windproducerfortheproduction敩
congestion fees and other services to absorb wind
fluctuations敭

4暋CaseStudy

暋Theproposedpricingschemesandtheirpropertiesare
illustrated by a 3灢bus system shown in Fig敭1敭 Line
reactancesareall0灡13 敤per灢unitvalue敥 onthebaseof
41MWand120kV敭ThedispatchmodelincludingEqs敭敤1敥灢
敤13敥 is solved by CPLEX solver on the platform of
GAMS斲12斴敭
暋Table1liststhedataofgeneratorsandstorage敭The
minimumoutputlimitsofgeneratorsarezero敭Aninelastic
loadof285 MW islocatedatbus3敭A storageunitis
installedatbus1敭A windplant敤WP敥isplacedatbus2
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withapowerproductioncharacterizedbyabasecaseand
fourscenariosgiveninTable2敭
暋Table3 showsthereserveand energy dispatches of
generatorsandstorage敭Onlygeneratingunit2isscheduled
toprovidethereserve敭Thestorageisscheduledtosupply
23MW攢hattheschedulingstage敩reserving2MWspaceto
provide2 MW ofregulationinthescenarioofwindpower
shortage敭 Fig敭1暋3灢busexamplesystem

Table1暋Dataofgeneratorsandstorage
Units Pmax

Gn 敮MW CGn敮敤$攢敤MW攢h敥-1敥 CU
R敩Gn敮敤$攢MW-1敥 CD

R敩Gn敮敤$攢MW-1敥 RUmax
Gn 敮MW RDmax

Gn 敮MW
G1 100 20 15 5敭5 5 5
G2 50 30 14 4敭3 15 15
G3 100 25 19 4敭5 10 20

Storage Initialenergy 5MW攢h Upperbound 30MW攢h Lowerbound 0

Table2暋Dataofwindpowerscenarios
Scenarios Pk

Wn敮敤MW攢h敥 毿k

Basecase 42 0灡6
k=1 50 0灡1
k=2 45 0灡1
k=3 25 0灡2

Table3暋Dispatchresultsofbasecasewithoutcongestion

Units
Scheduling Pk

Wn敮敤MW攢h敥
P0

Gn敮
敤MW攢h敥

RU
Gn敮

MW
RD

Gn敮
MW

k=1 k=2 k=3

G1 100 0 0 0 0 暋0
G2 20 15 5 -5 -5 15
G3 100 0 0 0 0 暋0

Storage 23 - - -3 暋2 暋2

暋Table4liststhepricesforgeneratingunits敩storageand
windproduction敭Theenergypriceis $30敮敤MW攢h敥敩the
sameasthemarginalcostofmostexpensiveunitG2敭The
pricesofup灢anddown灢reservecapacityprovidedbyG2are

$22灡2敮MW and $4灡2敮MW敩 and the prices of its
regulations in each scenario are $3敮敤 MW攢h敥敩
$1灡2敮敤MW攢h敥and$6敮敤MW攢h敥敩respectively敭
暋Thepriceofwindproductionatschedulingstageisthe
energyprice敭Thepricesforwinddeviationsineachscenario
are0敩$1灡8敮敤MW攢h敥敩and$22灡2敮敤MW攢h敥敩respectively敩
whichareequaltothe pricesofregulation provided by
storage敭
暋Notethatthewindpriceinscenario3isrelativelyhigh敭
Becausetheadditionalwindpowerinscenarioswithlowwind
is morevaluable敩itnotonlycontributestotheenergy
supply敩butalsoindicatesareductionofwindvolatility敭In
addition敩thepriceofwinddeviationandregulationprovided
bystorageinscenario1is0敭Physically敩inscenario1witha
high wind production敩a disturbance of load or wind
productioncanbebalancedbystorage敩anddoesnotaffect
theobjectivefunction敭

Table4暋Energyreservevepricesandregulationpriceforbasecase

Units 毺En敮
敤$攢敤MW攢h敥-1敥

毺U
Gn敮

敤$攢MW-1敥
毺D

Gn敮
敤$攢MW-1敥

毺EU
Gnk敤or毺EU

snk敥敮敤$攢敤MW攢h敥-1敥 毺ED
Gnk敤or毺ED

snk敥敮敤$攢敤MW攢h敥-1敥
k=1 k=2 k=3 k=1 k=2 k=3

G2 30 22灡2 4灡2 - - 6 3 1灡2
Storage 30 - - 0 1灡8 28灡2 0 - -
Wind 30 - - 0 1灡8 28灡2 - - -

暋Note敽毺E
1=毺E

3=$30敮敤MW攢h敥forG1andG3敭

5暋Conclusions

暋Thispaperprovidesamarginalpricingschemeadaptedto
systemsthatincludealargeamountofstochasticenergy
sources敭Thepriceofstoragesystemisderived敭Itaccounts
forboththecostsderivedfromtheenergydispatchandthe
costsrelatedtotheschedulingandallocationofreserves
敤provisionanddeployment敥敭Theconclusionsareasfollows敭
暋1敥Thepricingschemereportedinthispaperisspecially
suitedto powersystems with high penetration of wind

powers敭Evenforasystem withoutmaturepowermarket敩

theproposedmethodcanprovideanapproachtoassessvalues

ofastoragesystem敭

暋2敥Duetothecharacteristicsoftherenewableenergy敩the

scenariobasedmethodisemployedinthispaper敭Themethod

canbeextendedto meettherequirements ofrenewable

generationanalysisinrealisticsystems敭

暋Furtherresearchisneededtoextendtheschemeproposed

topricestoragesystemconsideringtheircontributionstothe

dynamicperformancesofthesystem敭
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暋Appendicesinthispaperareavailableonlineatwebsiteof
AutomationofElectricPowerSystems敤http敽敮敮aeps敭sgepri敭sgcc敭
com敭cn敮aeps敮ch敮index敭aspx敥敭
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基于价格灵敏度分析的风储系统经济性评估

刘暋恺1,张暋昆1,钟暋金2,侯云鹤2,吴复立2,刘皓明3

(1.中国南方电网电力调度控制中心,广东省广州市510620;

2.香港大学电机电子工程学系,香港;3.河海大学能源与电气学院,江苏省南京市210098)

摘要:提出一种针对含大规模风电的电力系统储能和备用的灵敏度定价方法。结合随机场景分析技术,建

立考虑直流潮流约束的调度优化模型,可涵盖所有可能的风电出力场景。基于所提模型,采用边际定价方

法,通过最优性条件和拉格朗日乘子,推导了传统发电机、风电和储能系统的能量价格及备用服务价格因子。
该定价方法可量化电网中各种机组和储能装置对于系统运行的经济价值,为调度运行和规划提供了参考和

依据。
关键词:储能;Karush灢Kuhn灢Tucker(KKT)条件;边际定价理论;随机规划;
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附录 A  Equivalence of Wind Payment 
 

Considering (6), the total payment for wind power is  

0 0 k k
W n Wn n Wn

n k

C P P
 

  
 

               (A1) 

Total payment to scheduled wind power at energy prices is 

0 0 0S E k
W n Wn n n Wn

n n k

C P P
 

   
 

                    (A2) 

The difference of these two payments is  

 0S k k
W W n Wn Wn

n k

C C P P                  (A3) 

From the difference of (1.2) and (1.3) for each , 

   , , , ,[ ]S k U k D k U k D k
W W n Gn Gn sn sn nr nk rk nr n r

n k

C C r r r r B B                (A4) 

Applying Eqs. (14)-(19) to replace k
n , 

 

 

   

0 max, max, ,
,

max, min, , min, ,
,

max, ,( )( ) [
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n k n k Gn

D k k D k k U kGn
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n k n kGn

k D k k
sn sn n nr nk rk nr n r

n k n k r

C
C C P P r

r

C
r r

r

r B B

   

   

     


 
        

 
      

      

 

 

  
Θ

]

        (A5) 

Considering (A4) and (A5), 
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 

, , , ,

,

[ ]
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      
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  (A6) 

The first term of Eq.(A6) is the payment for reserve capacity. The second term the payment for regulations. The 
third term the payment for the congestion fee due to wind power realization. 

 
 

Appendix  B  Derivation of Reserve Price 
 

Since reserve capacity variables do not appear in the balance equation Eqs. (2) and (3), the reserve price is 
derived by perturbation analysis.  

Let the optimal reserve be . The stochastic dispatch model in Eqs. (1)-(13)can be written as 
*min ( , )C Rx              (B1) 

s.t. ( ) :f x 0 λ              (B2) 
* ( ) :R x g 0 β            (B3) 

( ) :h x 0 σ              (B4) 

where C is the objective function, vector x all variables other than R, f the balance equations (B2) and (B3), 
constraints (B2) the linking of R to x, h other inequality constraints in the problem, and , ,λ β σ are the Lagrange 

multipliers of the corresponding constraints. Bold symbols represent vectors. 
The optimal solution must satisfy the KKT optimality condition, i.e. 



 

 

*

*

( ) 0, ( ) , ( )

[ ( )] , ( )

, ,

T T T

T T

C

R

R

                  
   



L f g h
λ β σ 0

x x x x x

f x g x 0 h x 0

β g x 0 σ h x 0

λ β σ 0

              (B5) 

Assuming that with a differential perturbation dR over R*, Eq.(B3) is still satisfied as 
* *( ) ( ') 0R R dR     g x 0 g x           (B6) 

where x’ is the new optimal solution after the perturbation. 
Constraints (B3) can be equalities or inequalities at the optimum. Firstly, considering that constraints are 

satisfied as equalities: 
*0, ( ) 0i iR g x                 (B7) 

With a negative differential perturbation dR, constraints Eqs(B7) can be still assumed as equalities. 
* ( ') 0R dR g x                (B8) 

Considering (B7) and (B8) 

( ') ( )i
i i i

g
dg d g g dR


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

x x x
x

          (B9) 

i i idg dR               (B10) 

Secondly, considering the inequality case, i.e.,  
*0, ( ) 0i iR g  x                (B11) 

If 
i  is equal to 0,  it is noted that (B10) is finally satisfied for inequality constraints. 

Supposing that the optimal value of  the objective function is changed by the perturbation dR as 
C

dC d





x
x

               (B12) 

Considering the first equation in (B5)  

T T TdC d d d
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   
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T T Tf g h
λ x β x σ x λ df +β df +σ df

x x x
 (B13) 

Considering Eq.(B2) and the third equation in Eq.(B5) 
T Tλ df = λ (f + df) = 0         (B14) 

 Likewise ,if Eq.(B4) is satisfied as inequality 

, T   σ 0 h 0 σ dh 0            (B15) 

Else ,if Eq.(B4) is satisfied as equality 

, , T  σ 0 h 0 σ h 0          (B16) 

 Constraints (B4) after the perturbation also satisfy the KKT optimality condition as 

( ) ( )T  σ dσ h dh 0          (B17) 

where σ + dσ  is the Lagrange multipliers after perturbation. Then it follows that  

( ) ( )   T T T T T Tσ dh σ dh +σ h σ + dσ) (h + dh -dσ (h + dh) = -dσ dh = ο Δ 0      (B18) 

Then (B12) becomes 

i
i

dC dR Tβ dg          (B19) 

Consequently, the price of R* is 

*R i
i

dC

dR
           (B20) 

 Applying Eq.(B20) to the up- and down-reserve powers provided by generations and storage yields Eq.(23). 

 

 



 

 

Appendix C   Proof of Cost Recovery of Energy and Reserve 

The cost recovery of energy, reserve capacity and regulation are proved below, under the assumption that 
minimum power output constraints of units are not binding.  

1) Cost recovery of energy 
From Eqs.(14) and (22), the energy price must satisfy  

max,
0 0

,E kGn Gn
n Gn

kGn Gn

C C
n

P P

 
   
                  (C1) 

Thus the payment guarantees full recovery of the cost.  
2) Cost recovery of reserve 
For up-reserve power provided by units, from Eq.(15), the reserve capacity price in Eq.(23) must satisfy  

max, max ,U k U U U
Gn Gn Gn Gn Gn

k

CR CR n                          (C2) 

Hence Eq. (C2) guarantees that the cost for providing up-reserve is fully recovered by the payment. The cost 
recovery of down-reserve power can be proved in a similar fashion.  

3) Cost recovery of reserve regulation 
From Eq. (25), the prices of the up-reserve regulation by units must satisfy 

max,
, ,

,EU kGn Gn
Gnk k Gn kU k U k

Gn Gn

C C
n

r r

 
   

 
                   (C3) 

thus, the cost of such regulation is fully recovered by the payment. Also the cost recovery of down-reserve 
regulation can be proved similarly. 
 

 


