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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

The work describedin this paperwascoordinatedby the Consortiumfor

Electric Reliability TechnologySolutionson behalf of the Departmentof

Energy. The first authorwas also supportedby PSercand by NSF Grants

0119301and0224779.

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 integratedwith theday-aheadmarket

andbasedsolelyon energy bids.Assignmentto reservestatus

and subsequentdispatchis done basedon the merit order

of those energy bids. Generatorswhich are dispatchedto

generatereceive a uniform market clearingprice for energy.

Thosewhich areheld for reservesbut not dispatchedreceive

a capacitypaymentbasedon their implied opportunitycost,

which is the differencebetweenthe uniform market-clearing

price for energy and their own energy bid.

The main goal of this paper is to model the integrated

market for energy reserves, and to derive the equilibrium

bidding behavior of generators.The remainderof this paper

is organizedasfollows. SectionII presentsa formulationfor

the market and derives the equilibrium bidding strategy of

generators.In SectionIII we derive a boundon the expected

energy payments.We then analyzebidding behavior with a

numericalexamplein SectionIV. SectionV concludes.

I I . BIDDING IN THE RESERVE MARKET

We proposerunning a combinedday-aheadmarket for

energy and reserves. The ISO will procure reserve energy

from this market basedon its estimationof how muchwill be

necessaryto meetthe next day’s load reliably. Of thesepro-

curedreserves,somewill be dispatchedto generateenergy,

which dependson the actualreal-timeload.Dispatchedload

will be paid a uniform market clearingprice,andgeneration

capacitywhich is procuredbut not dispatchedwill be given

a capacitypaymentbasedon its opportunitycost.The chart

in Figure1 illustrateshow the proposedmarket would settle

for a given procurementanddispatchquantity.
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Fig. 1. Market SettlementExample.

A. Assumptions

We assumethat the amountof energy procuredwill be

a random variable, Z , which has an atomlessdistribution

function []\^Z`_ with a non-zerodensity on its support ofa bdcfegbihkj
. Onemaythink of this procurementquantityassome

forecastof the load for the next day, plus a reserve margin

which is an additional lfm of that forecastquantity.

In real-time,acertainfraction, n , of thatprocuredquantity

will bedispatchedto generateenergy. Again, we assumethis

fraction n to be randomandto have a distribution functiono \pnq_ , with a support of
a rseutdj

. If we take the view that

the procuredquantity Z is the forecastedload plus a reverse

margin of lfm , thenwe would define
rwv hhyx{z

, andtheactual

fraction dispatchedwill be somewherebetweenthe forecast

quantity and the forecastplus the reserve margin. Note that

since n hasan uppersupportof
t
, we implicitly assumethe

ISO will never have a shortfall of procuredresources.

Naturally, we can define | v n~}�Z to be the total

capacity dispatchedfor energy. The dispatchquantity, | ,

will also be stochasticand its distribution function, �]\p|�_ ,
will be implied by []\y��_ and

o \y��_ and will have a support

of
a r{bdc�e�b�hgj

. Finally, in our analysisof the opportunitycost

auction,we will ignorenetwork effects.This is equivalentto

assumingthereis no network congestion.We alsoignorethe

possibility of different ramp ratesamonggeneratorsso that

energy is alwaysdispatchedin merit orderbasedon marginal

cost. In a realistic setting where generatorshave different
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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-

ments are basedon the marginally procured (as opposed

to dispatched)unit, it overcompensatesenergy producers.

Although this pricing rule could result in overcompensation

of energy, we find that the equilibrium bid-shadingbehavior
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will actuallymitigatesuchoverpayments.To seethis,we first

study a generalclassof auctionmechanisms,in which our

auction falls. For the auctionswe analyze,we assume(in

addition to the assumptionsof SectionII):

1) A generatoris dispatchedto generateenergy basedonly

onwhetherrealizeddemandis greaterthanherrevealed

location, i.e. |Ã° �b ,
2) Generatorswhich are dispatchedare paid a uniform

price basedon | , the demandrealizationand n , the

fraction of reservesdispatched.2

We cannow show, usinga techniquesimilar to that usedby

Riley andSamuelson[5], that underany auctionmechanism

with a settlementrule meetingtheseassumptions,expected

generatorprofits areequivalent.

Theorem 3.1: Supposethe stated assumptionshold and

generatorsare risk-neutralprofit maximizers.The first-best

equilibrium biddingstrategy for any auctionrule will yield a

generatorlocatedat
b

within the resourcestackan expected

profit of

� x{�� ��\^|�_ � �]\p|Ä_Å�®��\ b _ a�t �®�]\ b _ j
Proof: By assumption,generatorsdispatchedto produce

energy receive a uniform paymentwhich is a function of |
and n . SupposeÆ]\p| e nq_ is a function, giving the payment

for each realization of | and n . We can then write the

expectedprofit of a generatorlocatedat
b

and revealing a

location �b as:

�{� \ �b�egb _ vÇ�
h
È � x{��� a Æ]\p| e nq_É�®��\ b _ jÊ� �]\^|�_ � o \�nÂ_ (3)

The FONC for maximizingequation(3) is:¡¡ �b �{� \ �b�e�b _ v £¥\ �b _ �
h
È a ��\ b _Å�ËÆ]\ �b�e nÂ_ j � � o \�nÂ_ v±¨

Assuminga truthful revelationmechanism,this becomes:

� hÈ a ��\ b _¬�®Æ]\ b�e nÂ_ j � � o \�nÂ_ v ¨
� hÈ Æ]\ b�e nÂ_¬� � o \�nÂ_ v �f\ b _ (4)

2Notethatthisassumptionallows paymentsto alsodependon thereserved

quantity, ÌÂÍqÎÐÏgÑ .

Substitutingequation(4) into equation(3) yields:�{� \ b�e�b _ v � x{�� a �f\p|�_¬�®��\ b _ j � � �]\^|�_v � x{�� ��\p|�_ � �]\^|�_Å�®��\ b _ aÒt �Ë�]\ b _ j¤e
which is the desiredexpression.

We can now look at the two settlementrules, in which

energy paymentsarebasedon themarginally dispatchedand

procuredunits.Ó Mar ginally Dispatched Payments

Whenpaymentsarebasedon the marginally dispatched

unit, our paymentfunction is:

Æ]\^| e nÂ_ v ��\p|�_
the bid of the last dispatchedunit. Substitutingthis into

equation(4) givesus:

��\ b _ v �f\ b _»¯
Thus,generatorsbid their true costof generation.Ó Mar ginally Procured Payments

When paymentsare, instead,basedon the marginally

procuredunit, the paymentfunction becomes

Æ]\p| e nÂ_ v ��\^|ÄÔ�nÂ_
When we substitute this into equation (4), we can

derive the following integral expressioncharacterizing

the optimal bid function:� hÈ ��\ b Ô�nq_ � o \pnq_ v ��\ b _d¯
The result of Theorem 3.1 (as demonstratedby our two

examples)relieson generatorsoptimally adjustingtheir bids

to maximize profits under any given settlementrule. As a

result,their expectedpaymentsareexactly equivalentto what

they would acheive underanauctionwhich paysthembased

on the marginally dispatchedunit.

As a simple corollary, any other bid function will give

expectedprofits no greaterthan what can be achieved with

the optimal bid function. In general,the bid function in our

auctionwith opportunitycostcapacitypaymentswill resultin

lower energy payments,becausegeneratorsshadetheir bids

to receive greatercapacityrents.
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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��_ ando \Õ� _ areuniform.

A. Bidding In Uniform Distributions Case

In our example,we assumethedensityof theprocurement

quantitywill be: Ö \^Z`_ v tb h � b c e
and likewise the densityof the dispatchquantitywill be:× \pnq_ v tt � r ¯
Thesetwo distribution functions imply the density of the

dispatchedquantity, which is:

£¥\p|Ä_ vÙØÚÚÛ ÚÚÜ
h¼ h � È ½ ¼ �yÝ � �¤Þg½àßâáfã \§äÈ z Þ _ for

r{b c ²À|Ã² b c eh¼ h � È ½ ¼ �yÝ � �¤Þg½ ßâáfã \ hÈ _ for
b�c ²å|Ã² r{bih�eh¼ h � È ½ ¼ � Ý � � Þ ½ ßâáfã \ z Ýä _ for
r{b h ²À|Ã² b h ¯

Using thesedensity functions,we can derive the equilib-

rium bidding behavior in the market numerically3. In our

example we assumevaluesof
b c vætuçèeké�¨ê¨

MW and
b h vëfë e�¨ê¨f¨

MW, a reserve margin of 10% which corresponds

to
ríìî¨ ¯ ï ¨ ï t , and a linear cost function cappedfrom

below at $15 per MWh. The chart in Figure 2 shows the

equilibrium bidding strategies in relation to the costof each

unit. We seethatgeneratorswhich havea positive probability

of beingprocuredfor reservesbut not dispatchedto generate

energy have an incentive to shadetheir bids below true cost.

This is due to two effects which confound one another.

As a generatormoves further up in the resourcestack, its

probabilityof beingdispatched(or procured)falls.Thusthere

is a lower chanceof it being forced to generateat a loss.

Furthermore,when a generatoris procuredday-ahead,its

probability of being dispatchedfor energy dependson how

closeit is to settingthemarket-clearingprice.In otherwords,

when the market clearingprice is closeto its own bid, then

theprobabilityof beingdispatchedis relatively low. It is only

asthemarginal unit is furtherup theresourcestack(meaning

3We are unable to derive a closed-form solution to the differential

equations.
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Fig. 2. Equilibrium Bidding Function:Uniform Example.

B. Expected Procurement Costs

Using the data from our numerical example, we can

calculateexpectedenergy costsunderour auctionmechanism

andcompareit to what it would be in an auctionwhich pays

basedon the marginally dispatchedunit. Theorem3.1 tells

us that expectedenergy profits underour auctiondesigncan

be no greater than what would be achieved when energy

paymentsarebasedon the marginally dispatchedunit.

We can numerically comparethe expectedcosts to see

that this is indeed true. The expectedenergy costs when

generatorsbid accordingto our equilibrium bid functionand

energy paymentsaremadebasedon the marginally procured

unit is:

I �J vÇ� �yÝ�¤Þ \ �LKÈ
K
M �i��\ON�_ � �]\ MQP Z v N�_Õ_ � []\RN�_d¯

Whereas,if generatorsbid truecostin anauctionwhich pays

basedon the marginally dispatchedunit, the expectedcost

will be:
I �S v�� �yÝÈ � Þ M ����\ M _ � �]\ M _d¯

Using the data from our example, we find that under

our proposedschemedispatchcostswould be approximately

$655,586,whereasunder truthful revelation and payments

basedon the marginally dispatchedunit, expectedenergy

costs will be approximately$664,942.Figure 3 illustrates
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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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