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Abstract— System operators in the electricity industry are

required to procure reserve capacity to deal with unanticipated

outages, demand shocks, and transmission constraints. One

traditional method of procuring reserves is thr ough a separate

capacity auction with two-part bids. We analyze an alternative

scheme whereby reserves are procured thr ough the energy

market using only energy bids, and capacity payments are

madebasedon a generator’s implied opportunity cost.By using

the revelation principle, we are able to derive the equilibrium

bidding function in this market and show that generatorshave

a clear incentive to understate their costs in order to capture
higher capacity rents. We then show that in spite of making

energy payments based on the marginally procured unit, the

expectedenergy costs under our schemeare bounded by that

of a disjoint auction. We then give a numerical example for a

special caseof uniform demand distrib utions.

I . INTRODUCTION

A commonfeatureof restructuredelectricity markets is

that an IndependentSystemOperator(ISO) is chargedwith

thetaskof maintainingreliability of theelectricitynetwork in

real time. Typically the ISO will perform this by procuring

electricity reserves in advance,which can then be quickly

dispatchedto maintainsystemreliability in real-time.

In competitive markets,theassignmentof generatingunits

to reserve status is done through some form of market

mechanism.Traditionally, the ISO will run a reserve auction
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which is separatefrom any otherenergy marketsit operates.

Under this scheme,it will normally solicit a two-part bid

from eachgenerator—a capacityandenergy price. The ISO

will then compareall the bids by using somescoringrule,

and basedon that make assignmentand dispatchdecisions.

Units which are assignedreserve statusreceive a capacity

payment, regardlessof whether or not they are actually

calledto generateenergy ex post. Units which aredispatched

to generatein real-time are given a supplementalenergy

payment.

The market designchallengeis to devise the scoringand

settlementrule in such a way so as to prevent generators

from collectingexcessive rentsby gamingthemarket.A well

known procurementauctionof this sort which highlightsthe

dangersof a poorly-designedmechanismwere California’s

1993 round of biennial resourceplanning update(BRPU)

auctions.Themechanismwasdesignedto resembleaVickery

auction[1] wherebythe bidder with the lowestscorein the

initial auctionwasallowed to negotiatetermsfor a contract

similar to those offered by the bidder with the second-

lowest score.The rationalefor this auctionmechanismwas

that becauseof its second-pricenature,generatorswould be

inclined to bid their true costs.Bushnell and Oren [2] [3]

predictedthat the specificscoring rule usedin that auction

would lead to an understatementof marginal costs,which

turnedout to be true.

To deal with this incentive problem, Bushnell and Oren

[3] devisea discriminatorypricing andsettlementrule. They

show that in their auction,generatorswill reveal their true
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costsso long as they agreewith the ISO on the probability

distribution of energy calls. Chaoand Wilson [4] devise an

alternative schemewhich is basedon a uniform settlement

price, and show that truthful revelationof costsis incentive

compatibleunder that settlementschemeas well. Further-

more, they point out that their designis more robust in the

sensethat it does not require the ISO and generatorsto

agreeon the probability distribution of dispatchedenergy.

In contrastto theseseparatetwo-dimensionalprocurement

auctionswhich have beenanalyzedin thepast,we considera

reserveauctionwhich is more rob
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rampratesthe ISO may dispatchan ‘out of merit’ expensive

but slow-respondinggeneratorfor energy beforea low cost

but fast-respondingunit in order to save the fast response

unit for reserves in caseof an emergency.

As for the generators,we assumethey are risk-neutral

profit-maximizing firms and that each MW of generating

capacity, which is characterizedby its location within the

resourcestack
b
, is bid individually of others(i.e. thereare

no multiunit effects). Generatorshave perfect information

regardingthe aggregatecost function, ��\ b _ , where
b

defines

the location of eachMW within the resourcestack, along

with theirown positionin themeritorder. Usingthis informa-

tion, generatorswill submitenergy bids for eachincremental

MW of generation.The ISO will thenprocurecapacityday-

aheadbasedon the merit order of the energy bids. All

generatorswhich are called to generatein real-timewill be

paid a uniform market-clearingprice which is the bid of the

marginal procured (not dispatched)unit. Generatorswhich

are procuredbut not dispatchedwill receive their implied

opportunity cost of being held for reserve, which is the

differencebetweenthe market clearingprice and their own

bid.

B. Derivation Of Equilibrium Bidding Function

We theorize that due to the opportunity cost basedca-

pacity paymentusedin this market, generatorswill have an

incentive to shadetheir bids below cost in order to capture

capacityrents.To derive the equilibrium bidding function of

the generators,we use the condition that eachgeneratoris

maximizingexpectedprofits.Supposethat all generatorsbid

accordingto a monotonically-increasingbid function, ��\ b _ .1
An arbitrarygeneratorlocatedat

b
within the resourcestack

must choosea bid �� to maximize its expectedprofits given

the bidding behavior of the other generators.By appealing

to the revelation principle, we can restrict attention to a

direct revelation mechanism,wherein the generatorreveals

a location within the resourcestack. Thus, if we let �b�v�i� h \ ���_ , the generator’s bid of �� is equivalent to it revealing

a location �b within the resourcestack.We can thenexpress

thegenerator’s expectedprofitsasa functionof its actual(
b
)

1The monotonicity requirementis neededso the bid function preserves

the merit orderof the generators.

andrevealed( �b ) locationwithin the stack:�{� \ �b�e�b _ v��
x{�
�� a ��\p��_�����\ �b _ j�� []\���_g� a ��\ �b _d����\ b _ j } a�t � �]\ �b _ j

(1)

Differentiatingequation(1) with respectto �b givesthe first-

order necessarycondition (FONC) for optimality of the bid

choice �b , which is:¡¡ �b �{� \ �b¢egb _ v � ��\ �b _¤£¥\ �b _g� � ��\ �b _� �b a []\ �b _d�¦�]\ �b _ j �§��\ b _¤£¥\ �b _ v©¨
Sincethis is a truthful revelation mechanism,we let �bªv«b
which yields the differentialequation:� ��\ b _��b v a �f\ b _¬���\ b _ j £¥\ b _�]\ b _¬�®[]\ b _ (2)

with the boundarycondition,��\ b _ v ��\ b _ for
b

s.t. �]\ b _ v []\ b _d¯
Thus, the optimal bidding behavior of the generatorswill

be dictated by the differential equation (2). Note that if�]\ b _¦°±[]\ b _ , then ��\ b _³²±��\ b _µ´·¶¹¸»ºy¼ �y½¸ � ° ¨ . Becausewe

assumen¾² t , it is clearthat �]\ b _¿°À[]\ b _ . For an intuitive

explanation of this condition, note that it is equivalent tot �Á�]\ b _Â² t �Á[]\ b _ which says that for any quantity �b
thereis a higher probability of having to procureat least �b
MW thanhaving to actuallydispatchat least �b MW.

I I I . EXPECTED ENERGY COST

An important policy questionwhen designinga market

is how the expected procurementcosts will compare to

alternative designs.The standarddesign,which we use as

our benchmark,is a disjoint market for energy andreserves.

This comparisonis slightly confoundedby the fact the cost

of reservinga unit can be difficult to ascertain.Indeed,our

modelassumesno direct costof reservingcapacity, thus the

only economiccost of being assignedreserve statusis the

opportunitycostof not selling in the energy market—which

is the basisof our settlementscheme.Thus our comparison

will be basedon expectedenergy costs.

A standardcriticism of using an opportunity-costbased

settlementrule in our market is that becauseenergy pay-
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IV. NUMERICAL EXAMPLE

In order to fully derive equilibrium bidding behavior in

this market, we mustmake assumptionson the two demand

distributions and generatorcosts. We will now study an

example in which the two distribution functions []\y��_
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the difference
T

in the settlementprice when energy is paid

the true marginal cost of the dispatchedunit, asopposedto

the shadedbid of the marginally procuredunit under the

proposedauction.

Fig. 3. CostComparisonExample.

V. CONCLUDING REMARKS

We have shown that oneviable alternative to the standard

two-dimensionalprocurementauctionfor reservesis to con-

duct the procurementauction within the day-aheadenergy

market itself. By procuring excesscapacityday-aheadand

dispatchingwhatever resourcesare necessaryin real-time,

the systemoperatorcan run a single transparentmarket as

opposedto two separateoneswhich is a standarddesignin

use today. A clear advantageof this is that generatorsno

longer have to decidewhich market to bid into, which can

be an issueif the two areoperatedsimultaneously. The fact

thatgeneratorsbid accordingto a monotonicfunctionmeans

the dispatchwill be efficient. We have further demonstrated

thatprocurementcostswhengeneratorsoptimally bid in this

market are below what they would be had they truthfully

revealedcosts.As for future work in this area,we hopeto

expandour analysisof joint auctionsfor energy andreserves

with opportunity cost paymentsfor reserves in a network

setting with locational prices due to congestion.We will

also explore the effect of differential ramp rate which may

alter the order in which generatorsare deployed for energy

production.
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