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A bstractT hederegulation ofwholesalepowerm arketshassparkedtrad-
ing in powerderivatives.Powerm arketsaresusceptibleto m anipulation by
both large longsand large shortswhen derivativesare traded. T he non-
storability ofelectricity im pliesthatm anipulation ofpowerm arketsdi®ers
in m any waysfrom m anipulation ofm arketsfortraditionalstorable com -
m oditiessuch ascopper.B ecause ofnon-storability, m anipulatorsofpower
m arketsm ustbe producersofpower, so speculative cornersare notpossi-
ble.M oreover, a m anipulatorm usthavem arketpowerin generation.U nlike
storablesm arkets, powerm arketsaresim ultaneouslyvulnerabletoshortand
long m anipulation. M anipulation ism ost likely when poweroutput nears
system capacity and can have dram atic e®ectson prices. T he di®erences
between m anipulation in powerandstorablesm arketsim pliesthatdi®erent
regulatorystructuresarerequiredtoreducem anipulation e± ciently.V ertical
disintegration (combinedwith lim itson thesizeofthelongpositionsowners
ofgeneration can acquire)isprobably them oste± caciousande± cientway
to reducem anipulation in powerm arkets.
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1 Introduction

T he processofderegulation and restructuring in the powerindustry has

created a new, large, and growing m arket in electricity. T hisnew m arket

featurestrading in ¯nancialclaim son power{futures, forwards, options, and

otherderivatives{aswellastrading in physicalpower.

T he existence ofderivativeson powercreatesthe potentialform anipu-

lation in the powerm arket.In essence, m anipulation involvesthe exercise

ofm arketpowerthatthe holderofa largederivativesposition m ay possess

duetovariousconstraintsandrigiditiesin them arket.M anipulation hasoc-

curredperiodically in traditionalcom m odity derivativem arkets, such asthe

m arketsforgrainsandm etals.A sa resultofthethreatofm anipulation, gov-

ernm entsandexchangeshave adoptednum erouspreventive anddeterrence

m easuresto reduce itsfrequency.

Ism anipulation a concern in theburgeoning andasyetim m aturepower

industry? A cursory exam ination ofthepowerindustry suggeststhat it is.

M anipulatorsexploitrigiditiesin theprocessofproducing, transporting and

m arketing a com m odity (Pirrong, 1993).T he non-storability ofelectricity

and generation and transm ission capacity constraintscreate rigidities, so

m anipulation m aywellbea problem forpowerm arkets.Indeed,som em arket

participantsallegedthatm anipulation exacerbatedthehugepricespikesthat

occurredin the M idwestduring June, 1998.

A n analysisoftheeconom icsofm anipulation ofthepowerm arketshows

thatthe holderofa largefuturesposition can m anipulate the m arket.T he

uniquenatureofpowerasa com m odity im plies, however, thattheeconom ics
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ofm anipulation in electricity are quite di®erentfrom the econom icsofm a-

nipulation ofa m oretraditionalstorablecom m odity such ascopper.

In particular, powerisnotstorable.N on-storability im pliesthat a m a-

nipulatorcannotbuy andsella particularunitofpoweratdi®erentprices

ascan the m anipulatorofcopperorcorn. T hisin turn im pliesthat the

powerm anipulatormustproduceelectricity.A sa result, a roguespeculator

cannotm anipulatea powerm arketwhereasthisispossiblein them arketfor

a storablecom m odity.M oreover, non-storability also im pliesthatthesam e

conditionsthatm ake a m arketvulnerableto m anipulation by theholderof

a largelong futuresposition m ake itvulnerable to m anipulation by a large

short. T hisisalso quite di®erentfrom the situation in storablesm arkets.

T heanalysisim pliesthatthepowerm arketism ostvulnerableto m anipula-

tion byboth largeshortsandlargelongswhen thepowersystem isoperating

nearcapacity. T he pronounced di®erencesbetween the econom icsofm a-

nipulation in powerandtraditionalstorablesm arketsalso im pliesthatthe

regulatory responsesthatarem oste± cientin storablesm ay notbee± cient

in thepowerm arket.

In brief, powerm arketsaresusceptibletom anipulation by theholdersof

largederivativespositions, butthe unique nature ofpowerasa com m odity

m akestheeconom icsofpowerm anipulation unique aswell.N on-storability

m akespowerm anipulation easierin som ewaysandm oredi± cultin others.

N on-storability isa rigidity that can contribute to m anipulative pressures

(in conjunction with otherconstraints), but it also im posesconstraintson

the actionsofwould-be m anipulators.T hus, any analysisofm anipulation

in powerm arketsmustexplicitly recognizetheroleofthiscom m odity'sdis-
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tinctivecharacteristics.

T herem ainderofthisarticleisorganizedasfollows.Section 2presentsa

m odelofm anipulation ofa storablecom m odity by a largelong;thisserves

asa standardcase againstwhich the analysisofm anipulation ofpowercan

be com pared. Section 3 analyzesthe econom icsoflong m anipulation in

thepowerm arket.Section 4exam inestheeconom icsofshortm anipulation

in power.Section 5describesbrie°y the role transm ission constraintscan

play in powerm anipulation.Section 6 com paresandcontraststhee± ciency

ofprevention anddeterrence ofm anipulation in powerm arkets.Section 7

brie°y sum m arizesthearticle.

2 L ong M anipulation ofa StorableC om m od-
ity

B eforeanalyzing theeconom icsofm anipulation fora non-storablecom m od-

ity such aspower, it ishelpfulto review the m ore conventionalcase ofm a-

nipulation ofa storablecom m odity such ascopperorcorn.T hecom parison

between storable and non-storable casesillum inateshow the unique char-

acteristicsofelectricity in°uence the econom icsofm anipulation in power

m arkets.

A traditionallong m anipulation in them arketfora storablecom m odity,

alsoknown asa cornerorsqueeze, resultsfrom theexerciseofm arketpower.

T heholderofa largelongfuturespositionexercisesm arketpowerbystanding

foran ine± ciently largenumberofdeliveriesagainstfuturescontracts.1 B y
1T he term futurescontract istypically usedto referto a contractforfuturedelivery

ofa com m odity that isexecutedon a centralizedfuturesexchange andguaranteedby a
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doing so, the long increasesthe m arginalcostofproducing the com m odity.

T hisin turn increasestheprice atwhich he can liquidate therem ainderof

hisfuturesposition.Taking excessive deliveriesdoesim posesom e costson

the long, however, ashe mustdispose ofthose excessive quantitiesatsub-

com petitiveprices.T hisissom etim esreferredto as\burying thecorpse" of

them anipulation.2

To dem onstrate thesepointsform ally, assum e thatthe m arginalcostof

producing qunitsofthecom m odity isM C (q)andthedem andforthecom -

m odity isD (q).M arginalcostisincreasing in qwhereasthedem andcurve

slopesdownward.T hatis, M C 0> 0andD 0< 0.In a competitive m arket,

M C (q¤)= D (q¤)attheoptim alquantity q¤.

Ifthereisa delivery-settledfuturescontracton thecom m odity, theholder

ofX > 0long futurespositionscan m anipulate the contractby requiring

shortsdeliverm ore than q¤ units.3 T hisdrivesup the m arginalcost of

delivery andthereby increasesthepriceshortsarewilling topay to liquidate

theirpositions.T helong choosesthenumberofdeliveriesQ to m axim ize:

(X ¡ Q )M C (Q)+ Q D (Q ) (1)

T he ¯rstterm isthelong'srevenuefrom selling X ¡ Q futurescontractsat

the in°atedprice.T hesecondterm isthelong'srevenuefrom selling theQ

clearinghouse.A forwardcontractisa contractforfuturedelivery thatisexecutedover-
the-counterratherthan on an exchange.T he analysisisapplicable to both forwardand
futurespositions.Forsim plicity, I willrefertoany contractforfuturedelivery asa futures
contract.

2SeePirrong(1993, 1995)form odelsofm anipulation.
3T hisanalysisassum esthat derivativesare physically settled. T he analysisisun-

changed if(a)the futuresare cash- or¯nancially-settled at the spotprice and (b)the
cash-settledfuturescontractisbasedon thespotpriceofa singlevariety ofthecom m od-
ity.SeePirrong(1999a)fordetailsin thisargum ent.
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unitsdeliveredto him .

Im plicitin (1)istheassum ption thatthelargelong can sellfuturescon-

tractsandthecom m oditydeliveredtohim atdi®erentprices.T hisisfeasible

fora storablecom m odity.Ifthem anipulatortakesdelivery ofQ unitsofthe

com m odity atdatethecan storethem forresaleatsom elaterdate.Indeed,

them echanicsoftakingdelivery andtransacting in spotandfuturesm arkets

necessitatethis.A swillbecom eapparentm om entarily, thisasynchroneity of

purchase(via delivery)andsale createsa crucialdi®erencebetween m anip-

ulation in a traditionalcom m odity m arketand m anipulation in the power

m arket.

T he¯rstorderconditionsforthisproblem are:

M C (Q )¡ X M C 0(Q)¸ D (Q)+ Q D 0(Q ) (2)

T hisholdswith equality ifQ > 0.Itisstraightforwardtoshow thatthere is

som e X > q¤ such thatQ > q¤.Exam ination of(2)im pliesthat ifQ > q¤,

then M C (Q )> M C (q¤)= D (q¤)> D (Q ).T hat is, during a cornerthe fu-

turespriceatexpiration exceedsthecom petitiveprice, which in turn exceeds

thecom m odity'sprice afterthem anipulation isover.A gain, thisdi®erence

between theprice atwhich the long liquidatesfutures(and im plicitly pays

fordeliveries)andtheprice atwhich hesellstheunitsdeliveredto him isa

m anifestation ofthestorability assumption.

3 L ong M anipulation ofa PowerM arket

B riefre°ection on thenatureofelectricityrevealsthattheobjectivefunction

(1)isinappropriateforpower.R ecallthat(1)allowspurchaseandsaleofthe
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com m odity atdi®erentprices.T hisisfeasiblebecauseofstorability.Itisnot

feasibleforpowerbecauseelectricity cannotbestored.T hatis, iftheowner

ofa long futuresposition takesdelivery ofelectricity when thespotprice is

P, hecannotholditforsom eperiodandsellitata di®erentpriceP0.H ecan

only resellit im m ediately attheprevailing priceP.A lternatively, the long

can consum e the powerdelivered against futurescontracts. C onsum ption

ofelectricity couldentailusing it internally (e.g., to powera m anufacturing

facility).M oreplausibly, \consumption" would involvedelivery to retailor

industrialcustom erswho then consum e it.Itm ustbe true, however, that

these custom erscannot sellpoweron the spot m arket, asotherwise they

couldundercutthem anipulatorby selling poweron them arket.

B asedon thisunderstanding itispossibleto constructa form alm odelof

m anipulation ofa powerm arket.

Severalassum ptionsserveto sim plify theexposition andfocusattention

on thekey issues.

A ssum ption 1 Transm ission iscostlessandthereareno transm ission con-

straints.4

A ssum ption 2 A single¯rm {\F irm 1"{hasaccum ulatedX > 0longfutures

positionsin powerfordelivery attim e t.5

A ssum ption 3 F irm 1hasan obligation to service a loadofL ¸ 0unitsat
tim e t.

4I considertheroleoftransm ission costsandconstraintsbelow.
5T hisanalysisalso assum esthatfuturespositionscan be o®-set.T hat is, a ¯rm that

buysfuturesatt0can re-sellthem att> t0.Som e forwardobligationscannotbeo®-set.
Forinstance, a ¯rm thatbuysin theC alifornia PowerExchangeday aheadm arketcannot
re-sellthem thenextday.
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A ssum ption 4 F irm 1can generatew unitsofpoweratcostC (w).C 0> 0,

C 00> 0.

A ssum ption 5 A llotherfuturestradersare atom istic competitors.

A ssum ption 6 T he netsupply curve forpowerfacing F irm 1 isgiven by

Q = S(P).T hatis, ifthe price ofpoweratt isP, the outputofelectricity

by ¯rmsotherthan F irm 1 net ofthe quantity dem anded atP isS(P).

T he function M (Q)= S ¡1(Q)givesthe m arginalsupply price forQ units

deliveredto buyersin the m arket.M 0(Q )¸ 0, andM 00(Q )¸ 0.

G iven these assumptions, it ispossible to analyze F irm 1'sprō tm axi-

m ization problem .F irm 1can choosehow much physicalpowertopurchase

atthespotprice.C allthisquantity Q.A Q > 0indicatesthatthe ¯rm is

a netpurchaserofspotpower.A ¯rm thatislong futurescan acquirespot

powereitherbypurchasingon thespotm arket, ortakingdeliveryagainstthe

futuresposition.A Q < 0indicatesthatthe¯rm isa netsellerofspotpower.

G iven a choiceofQ , the¯rm sellsX ¡ Q unitsofpower;thisrepresentsthe

salesofX expiring futurespositionsnetofthe Q unitsofpowerpurchased

on thespotm arket.T hespotpriceofpowerattheexpiration ofthefutures

position isata priceequaltoM (Q).T hisfollowsfrom thefactthatatom istic

futuresm arketparticipantswillpay no m orethan them arginalsupply price

to repurchasetheirshortfuturespositions(orspotpowerto deliveragainst

futures).T herefore, theshapeoftheM (Q )function isa crucialdeterm inant

ofF irm 1'sdecison.

T heloadconstraint(A ssum ption 2)in°uencesF irm 1'sdecision problem

aswell.Ifthe ¯rm takesdelivery ofQ units, itm ustgenerate L ¡ Q units.
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N otethatifF irm 1cannotgeneratepower, then theloadconstraintdeprives

the¯rm oftheabilitytochoosenetpurchases/sales.T herefore, tom anipulate

them arket, itm ustbethecasethata ¯rm hasgenerating capacity.

R esult1 G iven assumptions1-6, only ¯rmsthatown generating capacity

can undertake a long m anipulation ofa powerm arket.T hatisC (Q)< 1
forsom e Q > 0isa necessary condition form anipulating thepowerm arket.

T hisim pliesthata speculativecornerofthetypesom etim esobservedin

storablesm arketscannotoccurin the powerm arket.A speculative corner

occurswhen a ¯rm thathasno underlying position in thephysicalsm arket

acquiresa largelongfuturesposition andexploitsthem arketpowerinherent

in thisposition tocausethepriceoftheexpiringfuturetobecom earti¯cially

high.T hatis, in a storablesm arket, acquisition ofa su± ciently largefutures

position isallthat isrequiredto execute a m anipulation.In electricity, in

contrast, acquisition ofa largelongfuturesposition isuselessunlessthelarge

long also ownsgeneration.

Taking theseconsiderationstogether, F irm 1choosesQ to m axim ize:

(X ¡ Q )M (Q )¡ C (L ¡ Q ) (3)

In thisexpression, (X ¡ Q )M (Q )isF irm 1'srevenuefrom liquidating X ¡ Q

futurescontractsand¡C (L ¡ Q )isthe ¯rm 'scostofgenerating su± cient

powerto satisfy itsload obligation. N ote that Q < 0isadm issable. A

negative Q indicatesthesaleofpoweron thespotm arket.In thiscase, the

longtakesnodeliveriesagainstfutures,butsellstheentireX unitsoffutures

andthejQjunitsofphysicalpowerinto thespotm arketatthespotprice.6
6T hisanalysisassum esthatthe futurescontract isdelivery settled.Identicalresults
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T he¯rstorderconditionsforthisproblem are:

M (Q )¡ (X ¡ Q )M 0(Q)= M (Q )+ Q M 0(Q)¡ X M 0(Q )= C 0(L ¡ Q) (4)

T his¯rstordercondition im pliesseveralim portantresults.

R esult2 F irm 1m ustface an upwardsloping m arginalsupply price (i.e.,

M 0(Q )> 0)in orderto m anipulate the m arket.

To see why thisistrue, note thatM (Q)= C 0(L ¡ Q)ifM 0(Q )= 0.In

thiscase, Q doesnotdependon X .Thatis, when facing a perfectly elastic

supply curve F irm 1takesthe sam e numberofdeliveriesasit would ifit

hadno futuresposition.T herefore, fora futuresposition todistortF irm 1's

choiceofQ , the¯rm mustpossesssom em arketpowerin generation.

R esult3 A t the prō t m axim izing choice of Q , then (a) Q > q0, where

M (q0)+ q0M 0(q0)= C 0(L ¡ q0)and(b)dQ=dX > 0.M oreover, ifM 0(Q)+

(Q ¡ X )M 00(Q )+ C 00(L ¡ Q)> 0, then dQ =dX < 1.

holdforcash-or¯nancially-settledcontracts.Forexam ple, considera contractin which
thelongreceivesa payo® equalto thespotprice atcontractexpiration (netofthe initial
futuresprice). If¯rm 1holdsX > 0ofthese contracts, it can receive the sam e prō t
asim pliedby (3)by trading Q unitsofpoweron the spotm arket.Ifthe ¯rm doesso,
the spotprice equalsM (Q).T hus, the ¯rm receivesa paym entofX M (Q)on itscash-
settledcontracts.M oreover, the ¯rm paysQ M (Q)to purchase the Q unitson thespot
m arket, andincursa generatingcostC (L ¡Q)tom eetitsloadobligation.Sincethe¯rm 's
prō tfunction isthesam eregardlessofwhetherfuturesarecash-orphysically-settled, the
¯rm 'sincentivesto exercisem arketpowerare identicalunder¯nancially-andphysically-
settledcontracts.(R esultswilldi®erifthe physicalcontractsallow the sellerto choose
wheretodeliverpower, andthecash-settledcontractsarebasedon thepricesofpowerin
multiplelocations.SeePirrong (1999a)foranalysisofthe importanceofdelivery options
forcontractson storable com m odities;a sim ilarargum entholdsforpower.) In a sim ilar
vein, Joskow andT irole(1998a, 1998b)¯ndthat¯nancially-settledandphysically-settled
contractsforpowertransm ission (ratherthan contractsfortheelectronsthem selves)have
sim ilare®ectson the incentivesoftradersto exercisem arketpower.
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In thisresult, q0 isthe net quantity ofspot m arketpurchasesorsales

the ¯rm takeswhen X = 0.Parts(a)and(b)ofthe¯rststatem entfollow

directly from thesecondorderconditionsforprō tm axim ization.Itstates

that ifF irm 1hassom em arketpowerin generation, then itsnetsales(net

purchases)ofspotpowerare sm aller(larger)when it holdsa long futures

position than when itdoesnot.Part(b)ofthestatem ent im pliesthatthe

increase willbe lessthan one-for-one unlessthe m arginalsupply function

issubstantially m ore convex than F irm 1'sm arginalcost function. N ote

that(b)andA ssum ption 2im ply thatthe ¯rm 'sgeneration isa decreasing

function of itsfuturesposition. T hat is, a m anipulatorsubstitutesspot

electricity (obtained via delivery, spotm arketpurchases, ora reduction in

itsspotm arketsales)foritsown generation.

T hisresult hassom e interesting ram i¯cations. T here are two casesto

consider. In the ¯rst case, q0 < 0, i.e., absent a futuresposition the ¯rm

wouldbea sellerofspotpower.In thesecond, q0¸ 0, i.e., absenta futures
position the ¯rm wouldbe a buyerofspotpower. I exam ine each case in

turn.

F igure 1 illustratesthe ¯rst case where q0 < 0.The line labeled M is

them arginalsupply price.T helinelabeledQ M 0+ M isthe¯rm'sm arginal

revenue(M R )forpowersales(i.e., Q < 0)andthe¯rm'sm arginalexpenseof

input(M EI)forpowerpurchases(i.e., Q > 0).Thecurve C 0(L ¡ Q )isF irm

1'sm arginalcostcurve.In F igure1, the m arginalcostcurve intersectsthe

M R curveto theleftofzero, indicating thatq0< 0.Theprice in thiscase is

P0andisgiven bythepointon them arginalsupplypricefunction M directly

aboveq0.A longfuturesposition resultsin a shiftedM R /M EI curvelabeled
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(Q ¡ X )M 0+ M .A sdrawn, thiscurve intersectsthem arginalcostcurveat

Q > q0, andresultsin a pricePQ > P0.M oreover, since by R esult3 Q is

increasing in X , the largerthefuturesposition, the highertheprice.T hus,

in this¯rstcasethefuturesprice ishigherwhen the¯rm hasa long futures

position.T hefuturesposition causesF irm 1to cutback on itsopen m arket

powersalesin orderto increase the price atwhich it liquidatesitsfutures

position.Equivalently, the futuresposition distortsitsoutputdecision by

causing itto reduce itsown generation andsubstitute outsidegeneration to

serve itsloadobligation.

F igure 2illustratesthe second case where q0 > 0.The labeling ofthe

curvesisthesam e in the two ¯gures.M oreover, thebasic conclusion ofthe

analysisisthe sam e:quantity Q and the m arket price PQ are increasing

functionsofthefuturespriceX .

The m ain distinction between the two casescenterson the interaction

between F irm 1'sfuturesposition and itsm arketpowerin generation. If

F irm 1were to actasa price takerwhen X = 0, itwouldproduce q̂units

ofpower, where M (̂q)= C 0(L ¡ q̂).In the casewhereq0< 0, q0> q̂.Since

F irm 1'snetpowerpurchasesare increasing in X , Q (X ) > q0 > q̂.Thus,

in thiscase, increasing the size ofF irm 1'slong futuresposition inducesit

to increasethedistortion ofitsoutputchoice(relative to itschoice when it

actsasa price taker).Intuitively, in thiscasethe¯rm actsasa m onopolist

when ithasno futuresposition andthe addition ofa long futuresposition

exacerbatesitsincentiveto exercisem onopoly power.

D i®erentresultsm ayoccurin thecasewhereq0> 0.H ere,q0< q̂.In this

case, increasing the futuresposition from X = 0initially causesQ to m ove
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closerto theprice taking choice ofq̂.Indeed, there issom e crucialX = X̂

such thatQ (X̂ )= q̂.A sX increasesbeyond X̂ , however, F irm 1'schoice

ofQ divergesprogressively from q̂.Thus, in thiscase increasing thesize of

F irm 1'slong futuresposition can eitherincreaseorreducethedistortion of

itsoutputchoice(relativetothepricetakingchoice).Intuitively, in thiscase

the¯rm actsasa monopsonistwhen ithasnofuturesposition;any increasein

a longfuturesposition at¯rstattenuatestheincentivetoexercisem onopsony

power, andeventually causesthe¯rm to exercisem onopoly powerinstead.

T heseresultshavee± ciency im plicationsundercertainassum ptionsabout

the m arginalsupply price function M (Q).Ifallotherm arketparticipants

are price takers, then M (Q ) isthe horizontaldi®erence between the m ar-

ketdem andcurve andthesum ofthem arginalcostcurvesofallrem aining

powerproducers.In thiscase q̂ isthe e± cient levelofoutputforF irm 1.

T hus, when q̂ < 0(the ¯rm shouldbe a netsellerofspotpower), increas-

ing X > 0exacerbatesm arketpower-relatedine± ciency because itcausesa

greaterdivergence between F irm 1'sactualoutput and itse± cientlevelof

output.H owever, when q̂ > 0(the ¯rm shouldbe a netpurchaserofspot

power), increasing X m ay actually reduce m arketpower-relatedine± ciency

because itm ay reducethedivergencebetween actualandoptim aloutput;in

essence, thelongfuturesposition m ay counterbalancem onopsonistictenden-

cies.T here isalwaysa su± ciently large X , however, such thatdeadweight

lossesarelargergiven thisfuturesposition than when X = 0.7

7Sim ilarresultsobtain when F irm 1andotherownersofgeneration are C ournotcom -
petitorswho chooseoutput.It ispossible to show that(a)ifX > 0and q̂ < 0, F irm 1
producesa sm alleroutputthan when X = 0, and(b)although othergeneratorsincrease
output, aggregate output issm allerand the price ishigherwhen X > 0. Thus, total
surplusissm allerwhen X < 0and q̂< 0than when X = 0.
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W elfarecom parisonsare inherently di± cult in thiscontextbecause m a-

nipulation can only occurin a secondbestworld.R esult2im pliesthatlong

m anipulation cannot occurifno ¯rm hasm arket power. T herefore, m a-

nipulation requiressom e pre-existing deviation from a ¯rstbest, perfectly

com petitive world.D eterm ining the welfare e®ectsofm anipulation in this

secondbestworldthereforerequiresan analysisofitse®ectson theactivities

ofallm arketparticipants.

T he price e®ectsofm anipulation dependon the shape ofthe m arginal

supply price function M (Q)aswellasthe size ofthe futuresposition X .

W hen the M (Q )curve isvery °at, variationsin X have littleprice im pact

becausealthough such a changecausesthe¯rm to change itsQ , thischange

haslittlee®ectonprices.T hingsarequitedi®erentwhen M (Q)isverysteep.

In thiscase, increasing X by even a sm allam ountcan have a largee®ecton

price.(O fcoursevariationsin X haveno in°uence on pricesin the lim iting

case in which the M (Q )curve isvertical.)

T hem arginalsupply pricefunction istypically °atforlow levelsofload,

but becom esvery steep asload reachessystem capacity. A san exam ple,

F igure 3 illustratestherelation between hourly spotpricesandload in the

PJM m arketforthe1997-1999period;notethem arkedincrease in slopeas

hourly load approaches48000M W .Forsuch a supply function, the threat

ofm anipulation isquite m odest forlowerlevelsofload, but m ay becom e

acute when loadapproachesitsm axim um .M oreover, dem andforpowerin

the very shortrun (therelevanttim e horizon in a m anipulation analysis)is

notoriously inelastic.T hisim pliesthatpriceincreasesdonotreducequantity

dem andedappreciably.T hecombination ofinelasticsupply andinelasticde-
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m andconspiretocreatea very inelasticm arginalsupplypricefunction M (Q )

when load approachescapacity.G iven a very steepm arginalsupply price,

even the sm alldistortion in quantity choice can have a huge price im pact.

T hus, the introduction ofderivatives(futures, forward, option)trading on

powercan haveappreciablepricee®ectsduring high dem andperiods.

To sum m arize, thissection presentsa m odelofm anipulation ofa power

m arketby a large long.T hisanalysisproducesseveralim plications.F irst,

only ¯rmsthatcan generatepowercan long m anipulate.F irmsthat(a)gen-

eratepower, and(b)arelong futuresm anipulateby distorting theiroutput

choices.Second, powerpricesare higherwhen a generating ¯rm hasa long

futuresposition than when itdoesnot.T hird, whetherpricesarehigherthan

they \shouldbe" dependson whetherwhen acting asa pricetakerthe¯rm

wouldsellorpurchasepoweron them arket.Fourth, the m arket isacutely

vulnerable to long m anipulation when dem and ishigh andcapacity iscon-

strained.U nderthese circum stances, even sm allfuturespositionscan have

m assiveprice im pacts.

Severaloftheseresultsareuniquetothepowerm arket.T henon-storability

ofpowerim pliesthatthetraditionalspeculativecornersom etim esobserved

in m arketsforstorablecom m oditiesisnotfeasible in electricity.T hespec-

ulative cornerrequiresthe m anipulatorto purchase andsellthedeliverable

com m odity at di®erent prices. T hisisinfeasible forelectricity because it

m ustbeconsum edwhen itisdelivered.T heacutevulnerability ofthepower

m arketto long m anipulation during high dem andperiodsisalsopeculiarto

thepowerm arket.H ardoutputandtransm ission capacity constraintsim ply

thatthesupply curveforpowerisextrem ely steepnearcapacity, andeven-
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tually becom esvertical.T heextrem edem andinelasticity thatcharacterizes

the powerm arketalso contributesto a steepnetm arginalsupply function

which in turn m akesm anipulation m ore likely and prō table. M oreover,

outputapproachestheseconstraintswith som eregularity.In contrast, there

are no analogoushardsupply constraintsform oststorable com m odities;it

isalm ostalwayspossibleto enhancesuppliesata particularpointeitherby

increasingproduction orshippingsuppliesfrom som eotherlocation.Supply

curvesforthesecom m oditiesarethereforeupwardsloping, butareunlikely

to approach verticality.

4 ShortM anipulation ofa PowerM arket

T hefram ework developedin thelastsection andappliedto thecaseoflong

futuresposition (X > 0)isalsoapplicablewhen a ¯rm holdsa largeshortfu-

turesposition (X < 0).Thissection analyzesm anipulation when F irm 1has

a shortposition ofX < 0contracts.T hisanalysisdem onstratesthatshort

m anipulation can alsooccurin powerm arkets, andthatthesam econditions

thatm ake long m anipulation m ostprō table also m akeshortm anipulation

m ostprō table.T hisisanotherdi®erencebetween m anipulation ofelectric-

ity m arketsandm arketsforstorablecom m odities.

T he objective function fora ¯rm that hassold X futurespositionsis

identicalto (3). In thiscase, X M (Q )< 0isinterpreted asthe costthat

F irm 1paysto re-purchase itsshortfuturespositions.A sbefore, ifQ > 0,

¡Q M (Q) isthe costofspotpowerpurchases. IfQ < 0, ¡Q M (Q ) isthe

¯rm 'srevenuefrom spotm arketsalesanddeliveries.

It isreadily dem onstrated that results1-3 hold in thiscase. T hat is,
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to m anipulate a ¯rm m ust have generating capacity and m arketpowerin

generation. M oreover, there isa positive relation between Q and the size

ofthe ¯rm 'sposition.T hisim pliesthatthe ¯rm'sspotsales/deliveriesare

larger(orspotpurchasesaresm aller), thelargertheshortposition.

A swhen F irm 1hasa long position, therearetwo distinctcasesto con-

siderwhen the¯rm hasa shortposition.W hen q0< 0(i.e., the¯rm isa net

selleron the spotm arketwhen ithasno futuresposition, asillustrated in

F igure4), theshortposition inducesthe¯rm toincreasespotsales/deliveries.

Sincethe¯rm sellstoo little in theabsenceofa futuresposition in thiscase,

thiscan bebenē cial, although iftheshortposition issu± ciently largethe

deadweight lossfrom excessive salesinducedby the shortfuturesposition

can exceedthe deadweight lossincurred when the ¯rm hasno futurespo-

sition. C onversely, when q0 > 0asin F igure 5the ¯rm isa netbuyeron

thespotm arketwhen ithasno futuresposition, butbuystoo little.In this

case, theshortfuturesposition inducesittoreducespotpurchases, andm ay

actually induceittobecom ea sellerofspotpower.T hus, in thiscasethefu-

turesposition exacerbatesthedistortion thatresultsfrom the¯rm 'sm arket

power.

It ispossible to show thata shortposition m ay have a very large price

im pact when the m arginalsupply price function isvery steep and that a

shortposition willhavelittleprice im pactwhen thisfunction is°at.T hisis

truebecausea sm alldistortion in powerm arketpurchasesorsaleshasa very

large im pacton pricewhen thesupply function issteep.T hus, a largeshort

can have the greatest in°uence overprice in the sam e conditionsin which

thelong hasthegreatestin°uenceoverprice.
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T hislastresultpointsoutanotherdi®erence between m anipulationsin

thepowerm arketandin them arketsforstorablecom m odities.In storables

m arkets, the conditionsthat m ake short m anipulation prō table tend to

m ake long m anipulation unprō table, andvice versa (Pirrong, 1993 R esult

4.6).T hisisagain due to the factthatm anipulatorsin storablescan buy

and sellat di®erent tim esand di®erent prices. T he objective fora short

m anipulatorofa storable isto choosethequantity Q to purchase andthen

dum pon the m arket(ordeliveragainstfutures) in orderto m axim ize the

valueofhisposition netofthecostofacquiring theseQ units:

(X + Q)D (Q )¡ Q M C (Q ) (5)

In thisexpression, since X < 0the m anipulatorwishesto have D (Q )and

M C (Q)assm allaspossible;contrastthiswith (1), where the long m anip-

ulatorwantsto have a large M C (Q ) and a large D (Q ). T hissym m etry

im pliesthat ifconditionsm ake iteasy to drivedown D (Q )withoutraising

M C (Q)too much, shortm anipulation willbeprō tableandlong m anipula-

tion unprō table.T hereverseistrueifitiseasytodriveupM C (Q)without

causing D (Q )to falltoo m uch.

In contrast, the objective functionsfacedby a short and a long in the

powerm arket do not di®erdue to the inability to sellat di®erent prices

because ofnon-storability. T hus, the powerm arket issusceptible to both

short and long m anipulation when supply conditionsare tight, and it is

relatively invulnerableto each when supply conditionsareslack.
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5 Transm ission C onstraints

T he foregoing analysisabstractsfrom transm ission constraints. T hey are

readily introducedinto theanalysis.T wo rem arkssu± ce.

F irst, ifthe large ¯rm (F irm 1)doesnot own orcontroltransm ission,

transm ission constraintsin°uence the m arginalsupply price function.T his

m arginalsupplypricefunction issteeperwhen transm ission constraintsbind

than when they do not. In general, m anipulation succeedsby exploiting

rigiditiesin production and transportation technologies, so m arketsm ore

likely to experienceconstrainedtransm ission arem oresusceptibleto m anip-

ulation.T hus, assumption 1issuper°uousifholdersoffuturesposition have

no controlovertransm ission.

Second, ifthe holderofa futuresposition controlstransm ission he can

m ake m anipulation m ore prō table. T he owneroftransm ission can in°u-

ence the m arginalsupply price function by rationing accessto transm is-

sion. R ationing accessm akesthisfunction lesselastic, thereby increasing

the prō tability ofm anipulation. T hus, ¯rm sthat controlgeneration and

transm ission and have obligationsto serve load are potentially dangerous

m anipulators.8

8T irole and Joskow (1998a, 1998b)analyze the e®ect ofcontractsthat confereither
¯nancialorphysicalrightsto transm ission on the incentive of¯rm sto exercise m arket
powerin generation.
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6 Preventing and D eterring M anipulation in
PowerM arkets

T he foregoing analysisim pliesthat powerm arketsm ay be vulnerable to

m anipulation by holdersoffuturespositions, and acutely so when supply

conditionsaretight.Sincem anipulation can im posedeadweightlosses, wel-

farewouldbeim provedifthefrequency ofm anipulation couldbereducedat

a su± ciently sm allcost.

T here are two basic m eansofreducing the frequency ofm anipulation:

prevention anddeterrence.Prevention entailsactionsthatreducethem arket

powerofthoseholding futurespositions.D eterrence involvesthe im position

of¯nancialpenaltieson those who are determ ined(afterthe fact)to have

m anipulatedthe m arket.Prevention anddeterrence are substitutes.B oth

arecostly.E± cientregulation ofthem arketrequiresthechoiceofthelowest-

costm echanism .

E± cientdeterrencethrough the im position ofexpostsanctionsrequires

thatm anipulation can bedetectedwith high probability (Shavell, 1993;Pir-

rong, 1999).In storablecom m odity m arkets, m anipulation (especially long

m anipulation)haspeculiarandpronouncede®ectson pricesandquantities

thatcan bedetectedwith high probability.M oreover, thesepatternscan be

reliablydistinguishedfrom non-m anipulativepatterns.F inally, thebehavior

ofa m anipulatorin the m arketfora storable com m odity isreadily distin-

guishedfrom thebehaviorofa non-m anipulative agent.Ifthese conditions

alsoholdin thepowerm arket, deterrencewillbea relatively cheapm eansof

reducing theprobability ofm anipulation.
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U nfortunately, the characteristicsofthe powerm arketm ake itpossible

thatdeterrence willnotbe ase± cient ore± caciousthere asit can be for

storable com m odities.Pricescan spike andvary dram atically in a compet-

itive, unm anipulated m arket when output approachescapacity. A lthough

m anipulation m ay exacerbate theseprice m ovem ents, itm ay provedi± cult

todistinguish reliablym anipulativepricespikesfrom non-m anipulativeones;

conditioningon loadbeingapproxim atelyequaltocapacity, theextrem evari-

abilityofpricesin competitiveconditionsreducesthestatisticalpowerofany

hypothesistest.

A fact-̄ ndercouldutilizeadditionalinform ation todeterm inewhethera

m anipulation hasoccurred.Forexam ple, thetheory im pliesthata long m a-

nipulatorgenerateslesspowerthan hewouldifheownednofuturesposition.

T herefore, thefact-̄ ndercouldinvestigatethefuturespositionsandgenera-

tion activitiesofm arketparticipantslooking fora ¯rm thatgenerated\too

little" power. T hisisproblem atic, however, inasm uch asdeterm ining the

quantity ofpowera ¯rm \should" generatedependson a variety ofcom plex

costandtechnicalconsiderations.A sa sim pleexam ple, a ¯rm couldm erely

claim thatitsgenerating capacity waslowerthan norm aldueto a technical

m alfunction.D eterm ining whethera forcedoutage wasnecessary at a par-

ticulartim e isnot trivialand couldbe subject to intense disputesam ong

techniciansthatjudicialorregulatory authoritiesare ill-suitedtoreferee.

So-called\econom icwithholding" ofcapacity ism oreeasily identi¯edun-

dercertain m arketstructures.In particular, in powerpoolssuch asPJM ,

N EPool, orthe C alifornia m arket, generatorssubm itbidsthatindicate the

price atwhich they are willing to operate theirgenerating units.Ifa gen-
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erator'sbid ism arginalorinfram arginal, the ¯rm isobligatedto sellpower

atthe m arketclearing price (i.e., the price atwhich the quantity ofgener-

ation suppliedby thebiddersequalsthequantity dem andedatthatprice.)

A long m anipulatorcan withhold capacity by subm itting a bid to supply

powerfrom a plantata price in excessofitsm arginalgenerating cost.For

example, B owringetal(2000)show thaton 7June, 1999, a particulargener-

ating unitin PJM wasbidto operateat$850/M W h despitethefactthatit

operatedon otheroccasionswhen thespotprice ofpowerwassubstantially

below $850/M W h.9 T hissortofevidence can m ake it easierto identify a

m anipulator, buteven given thisinform ation itm ay bedi± cultto identify

the econom ic im pact ofsuch actions.Forexam ple, it wasclearthatPJM

capacity wasinadequate to m eet dem and on 7 June, 1999. Thus, prices

would likely have \spiked" in any event. It isdi± cult to determ ine how

m uch sm allerthespikewouldhavebeen ifthisparticulargeneratorhadnot

bidthisunitata price wellabove m arginalcost.T hism akesitdi± cultto

determ ine whether(a)priceswere in factarti¯cially high due to m anipula-

tion, and(b)whethertheactionsofthisparticularparty causedthepriceto

becom e arti¯cial.Since undercurrentU S law it isnecessary to proveboth

pricearti¯ciality andcausation (i.e., proofoftheability to causean arti¯cial

price)toprovea m anipulation case, even evidenceon econom icwithholding

ofcapacity m ay be insu± cientto form thebasisfora m anipulation case.

Prevention ofm anipulation through structuralm eansm ay bem oreprac-

ticalthan deterrencein powerm arkets.Speci¯cally, vertical\disintegration"

m ay reducethefrequency oflong powerm arketm anipulations.R ecallthat
9V ariationsin fuelcostcannotexplain thisoperating pattern.
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a ¯rm must own generating capacity to m anipulate the m arket. A power

m arketerthatm ustserveload, butwhich ownsno generating capacity, can-

notm anipulate the m arketeven ifit isallowedto accum ulate a large long

futuresposition (perhapsasa hedge).A lthough a ¯rm thatownsgeneration

can execute a long m anipulation ifitownsa long futuresposition, itwould

have little justi¯cation forholding such a position ifitdoesnothavea load

service obligation.Such a ¯rm wouldsellpowerfuturesifitwere a hedger.

T herefore, a combination of(a)verticaldisintegration in which ownersof

generation haveno loadserviceobligations, and(b)position lim itsthatcon-

strain theability of(disintegrated)ownersofgeneration to accum ulatelarge

longfuturespositions, can sharply reducethevulnerability ofthem arketto

long m anipulation.

T here are two potentialdi± cultieswith thisapproach to reducing long

m anipulation. F irst, verticalintegration m ay o®erbenē ts. Ifso, vertical

dis-integration willbe a costly rem edy to long m anipulation.Forexam ple,

integration betweenloadservingandgeneratingentitiescan im provecom mu-

nication andinform ation °ow, which in turn can leadto im provedoperation

andinvestm entdecisions.Sim ilarly, integration can reducethepotentialfor

opportunisticholdup, although thisproblem ism itigatedto theextentthat

there isa well-functioning spot m arket forpowerwith severalbuyersand

sellers.

Second, although verticaldisintegration andrestrictionson theability of

generatorsto holdlargelong positionsreducesthem arket'svulnerability to

long m anipulation, itdoesnotaddressthe problem ofshortm anipulation.

R ecallthatan ownerofgeneration who isshortfutureshasan incentive to
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increaseoutput(beyondthelevelitwouldproducein theabsenceofa futures

position)todepressthefuturesprice.

T hissecondproblem m ay notbe too worrisom e in a disintegratedm ar-

ket.D isintegratedownersofgeneration (i.e., generating ¯rm swith L = 0)

are alwaysnetsellersofpower.R ecallthatholding shortfuturespositions

actually inducesthese¯rmsto sellm orepowerthan they wouldabsentany

futuresposition.Ifgeneratorsexercisem arketpowerby restricting output,

\shortm anipulation" m ay actually im provewelfare.H owever, thedi± culty

ofm aking welfarecomparisonsin thecontextofpowerm arketm anipulation

m akesdē nitive statem entsim possible. N onetheless, whereasgenerators'

holding oflong futurespositionsexacerbatestendenciesto restrict output,

theirholdingofshortfuturespositionsdoesnot.T hissuggeststhatalthough

distinegration andrestrictionson generatorsholding largefuturespositions

doeslittle to reduce short m anipulation, thisdisadvantage islikely to be

m orethan o®-setby thefactthatthesepolicieswillreducesubstantially the

m arket'svulnerability to long m anipulation.

T he foregoing suggeststhat the unique nature ofm anipulation in elec-

tricity m arketsm ay requireuniquem easurestoreduce itsfrequency.Penal-

izing m anipulatorsafterthe fact isquite e± caciousin m arketsforstorable

com m odities;thedi± culty ofdistinguishing m anipulative price m ovem ents

from non-m anipulative onesunderm inesthe e± cacy ofexpostdeterrence

in the powerm arkets. C onversely, preventative m easuresare likely to be

costly and cumbersom e in m arketsforstorable com m odities;the combina-

tion ofdis-integration andposition lim itson generatorsisa powerfulm eans

ofpreventing long m anipulationsin the powerm arket.U nlessthe costsof
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disintegration are excessive, it isarguably the preferredm eansofreducing

thefrequency ofm anipulationsin power.

7 Sum m ary and C onclusions

N on-storabilitydistinguisheselectricity from virtually allothercom m odities.

T hisunique feature ofpowercausesthe econom icsofm anipulation ofthe

powerm arket to di®erfrom the econom icsofthe m arket forany storable

com m odity (such as, soybeans).In particular, whereasspeculative corners

arefeasible in storablesm arkets, a purespeculativecornerisnotfeasible in

power.A powerm anipulatormustboth producepower.N on-storability also

im pliesthatpowerm arketsare vulnerable to m anipulation by large shorts

andlarge longs, whereasstorablesm arketsare typically vulnerable to only

onetypeofm anipulation (usually long m anipulation).T heuniquenatureof

poweralso im pliesthatthebestregulatoryresponsetom anipulation islikely

to bedi®erentin powerm arkets.

M anipulation isa potentiallyseriousconcern in powerm arketswhensup-

ply conditionsare tight, asduring a sum m erheatwave in N orth A m erica.

M anipulatorsexploit frictionsin production and transportation, and such

frictionsareacute when dem andconditionsplacestrainson generation and

transm ission systems. M anipulation can exacerbate the large price m ove-

m entsthatcan occurundersuch conditions.T here ismuch lessdangerof

m anipulation during norm alperiodswhen capacity and transm ission con-

straintsarenotbinding.

W hen combinedwith lim itson long derivativespositionsheldby owners

ofgeneration, verticaldisintegration in the powerindustry can sharply re-
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duce, andperhapselim inate, thelong m anipulativethreatin powerm arkets.

V erticaldisintegration isa key componentofutility restructuring in m ostju-

risdictions.D isintegration m ay also benecessary to ensurethedevelopm ent

ofliquid ande± cientm arketsform anaging powerrisks.W ithoute®ective

disintegration, the threat ofm anipulation m ay im pede the developm entof

liquidm arketsforpowerfutures, forwards, andoptions.
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