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Abstract—In this paper we consider the formulation and uses of electric- because experience with electricity markets is still accumulating
ity market equilibrium models. and in part because there are several features of electricity mar-
Keywords—Electricity market, Equilibrium models kets, as suggested above, that are not features of other markets.
In this panel paper, | investigate some formulations of elec-
|. INTRODUCTION tricity market models, relate the modelling assumptions to mar-

Electricity market equilibrium modelling has progressed sidet rules, and discuss the uses of such equilibrium models. The
nificantly in the last two decades, both in terms of formulatiodrganization of this paper is as follows. In section Il, I discuss
and in terms of computability. In this paper, we discuss equi|iﬁ]0de| formulation. In section Ill, | discuss market operation
rium formulations and offer an assessment of where these ma#d price formation. Solution and uses of equilibrium models
els are useful, where they are not, and the prospects for imprée discussed in sections IV and V. | conclude in section VI.
ing them. The focus will be on models of United States markets
and the England and Wales market. Il. MODEL FORMULATION

Modern equilibrium theory began, as is well-known, with | this section, | draw from various sources, including [3], [4],

the notion of a Nash equilibrium [1]. This unifying principles) (6], [7], concerning the formulation of equilibrium models
for understanding the interaction of decision-makers has bgghyiscuss the forms of the:

pervasive in economics. It is natural that it should be app"?dtransmission network model
to analyze electricity markets, particularly given the relatively generator cost function and operating characteristics,

well-defined cost structure for electric power generation andy,q ter function in the market, including the representation
the prevalence in restructured electricity markets of a relativ%}( ancillary services in the market

small number of large market participants, who might reasoN-yemand. and
ably be expected to maximize their profits. . uncertaihty

On the other hand, the details of generator operating cosﬁn each topic, | will distinguish the “economic model” that is
components and the technical engineering constraints on power - L . )
. . o used in the equilibrium formulation from:
system operation greatly complicate the application of economic S . N . .
analysis to electricity markets. Operating cost of generation’isthe underlying physmal modgl,_ that is, a (notionally) exact
not just characterized by a convex function of the quantity erlOdel“Of the thS'Ca' char’:';lcterls'tlcs, and/or .
duced; however, this assumption of neo-classical economics U he cor_nmermal m_odel, that is, the model of the physical
derlies many formulations of equilibrium models [2]. On th& aracterlsucs_used in the actual market. ) .
demand side, considerable demand is simply not exposed & €xa@mple, in the case of the offer function, the economic
wholesale price variation, which greatly complicates the spdB0del corresponds to a choice of the the “strategic” variables of
ification of a demand model. the market participants, which can differ significantly from the

Furthermore, the specification of electricity markets—tH@rm of the offer required by the commercial model.

“market rules”—can be prodigiously complex. For, example, .

the “Protocols” describing the “Nodal market” that will be inA- Transmission network model

troduced in the Electric Reliability Council of Texas (ERCOTA.1 Physical model

in 2009 runs to around 500 pages. Almost uniquely amongst lectri - . f b d

markets, electricity markets are run by essentially automate ect_nc_ trarjsmlsspn systems COI’]SIS_'[ of many buses an

exchanges, so that details of software implementations cantignismission lines, with power flow solutions subject to Kirch-

crucial in understanding outcomes hoff's laws and line flows limited by thermal, voltage, and stabil-
Finally, regulators almost always reserve the right to interveff cqn5|derat|ons [7]. There'may also be constraints on trans-

mission that depend on particular generators being in-service.

if market outcomes are not satisfactory. Consequently, partig . : hat limit f id f
pant behavior can also depend on anticipated responses by r gmogram” constraints that _|m|t OWS across cormdors o
es are often represented as linear inequalities [8].

lators to behavior that is otherwise permitted under market rul
including market power rules.

As in most fields, any attempt to develop a tractable mo
must abstract away from at least some of the detail. HoweverSome of the detail of electricity networks is often hidden
the choices in electricity markets are particularly difficult in paftom market participants in that market prices may not be dis-
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At one extreme, there might be a single market price for masgents for energy and transmission prices. Focusing on trans-
or all energy transacted. This was, roughly, the case in Engission prices, financial transmission rights (FTRs) are used to
land and Wales in the 1990s [6] and was the case in the Electradge transmission prices and are issued by the ISO to market
Reliability Council of Texas (ERCOT) balancing market untiparticipants [11].

2002 [9].

At an intermediate level of representation, the commercial3 Economic model
network model might include a representation of what are
deemed to be major inter-regional transmission constraints, wi
other “local” constraints not apparent in market prices. This a

Turning now to the implications for economic modelling of
lectricity markets, there are at least two issues involved. The

proach has been used in ERCOT from 2002 [9] and was use IFRt is th_at the economic model may only gpproximate the
mmercial network model. For example, in a commercial

California in the late 1990s. In both cases, proxy thermal limi del with th |t <sion limit ted. th
on certain transmission lines or corridors are used to repres'gm el wi ermal transmission fimits represented, the eco-

the underlying transmission system nomic model might ignore these constraints or focus on time
When proxy transmission constraints are represented in Rwee”ﬁds whendthe coqstramts are not gnﬁmg []}f]' ‘ Ket”
commercial network model, there is a choice of whether to com- | "€ sec?]n Issue is ec|0n0m|c n:]o_ elling of “out-of-mar (la(t
pletely abstract from Kirchhoff’s laws using a “transportationaCt!ons'_ The most typlca approach is to ignore QL_Jt-of-mar et
model, as was used initially in the commercial network mod@Ftions in the economic model, under the supposition that they
for the California market, or use an equivalenced network tHA2Ke only a small qualitative difference to the overall outcome.
represents Kirchhoff's laws for the calculation of the flows oh!OWeVer, in some cases, the effects of out-of-market actions
the lines that represent the proxy constraints. may be part of the focus of economic modelling. An example

The latter approach of proxy constraints for an equivalencgaih'? woull(d tbe ?n assessment of the economic significance of
network is currently taken in the ERCOT market, where a rel§--0-market actions. _
As another example, the choice of the number and boundary

tively small number of “congestion zones” are linked by “com- |
mercially significant constraints.” All buses in each congestid}f he zones in ERCOT affects the level of out-of-market ac-

zone are modelled essentially as being co-located in the cdipns. An analysis might seek to assess the effect.of an increased
mercial network model. Commercially significant constrainfaiMber of zones on the cost of out-of-market actions.
are proxy thermal limits assigned to certain groups of lines join- The third issue is the modelling of FTRs, both in terms of the
ing between the zones. The effect of dispatch in zones on flgiPcess of issuing them and how they affect market participant
on the commercially significant constraints is represented B§cisions.
average power transfer distribution factors for the buses in theFinally, a further consideration is the model of how partici-
zones. pants represent the effect of their decisions on transmission con-
At the other extreme, the commercial network model mig$traints. The economic model of participant behavior may only
represent considerable detail, as in the market models in #dtially reflect the effect of participant decisions on the trans-
Northeast United States and in the market models that will B#Ssion constraints, implicitly specifying that the participants
introduced into ERCOT in 2009 and in California in the futuredre ignoring or cannot perceive some of the information avail-
Large numbers of buses] lines and line flow ConstraintS, inc|u'a3|e to them about transmission. This will be described further
ing Contingency ConstraintS, are exp“cmy represented in SuEhseCtion 11-C.2 in the context of offer functions, since the offer
commercial network models. In all of these markets except tHefiction may implicitly determine this issue.
of the New York 1ISO, however, “DC power flow” is used to rep-
resent transmission [10]. That is, reactive power and voltaBe Generator cost function and operating characteristics
constraints are still, at best, represented as proxy thermal limts ;
Even in the New York ISO mafket, voltage c%nst)r/aints may nc%t' 1 Physical model
be enforced. Thermal generators have energy, start-up, and minimum-load
Even when the commercial network model is deliberatefyperating costs, together with ramp rate constraints and mini-
chosen to match the physical model as closely as possible, thawen up- and down-times. Ramp-rate constraints implicitly de-
will still typically be discrepancies. Consequently, in all martermine spinning reserve capability since spinning reserve is of-
kets there must also be some mechanism to deal with “out-tén defined as the sustained increased in generation available
market” issues. That is, there is some mechanism to deal witfthin 10 minutes, while start-up time sequences will implicitly
constraints that are not represented in the commercial netwdgtermine the capacity to provide non-spinning reserves, since
model or which are only approximately represented. For examsn-spinning reserves are typically required to be synchronized
ple, in a model that uses DC power flow, the proxy representd injecting power into the system within, for example, 30 min-
tion of voltage constraints may not completely match the natustes.
of the physical voltage constraints. When the outcome of theTypically, energy cost functions for thermal generation are
market would violate these physical constraints, some “out-a@fenlinear functions of production, with marginal cost functions
market” measure must be taken, typically involving a “side paysually increasing with production, except at valving points. In
ment” to particular market participants in exchange for changim@ntrast, typical hydro generators have low, roughly constant,
their generation in a way that aids satisfaction of the constraintsarginal costs, but there is an opportunity cost associated with
Finally, in typical markets there are financial hedging instrihe use of the limited energy in a reservoir.



B.2 Economic model C.2 Economic model

In typical restructured electricity markets, there are tens orEconomic models typically abstract from the details of the
hundreds of generators. However, historically, such genecmmmercial model, often paralleling the form of the economic
tion assets have been owned by a relatively few market partigiodel of the cost function. If the economic model of the cost
pants. In particular, since most restructured electricity markdtsction is portfolio-based, then the economic model of the of-
were previously regulated monopolies or state owned utilitifey function may also be portfolio-based. For example, typi-
the ownership of generation will typically remain concentratethl economic models of the England and Wales market in the
in each geographical area unless significant divestiture has d890s use a portfolio offer representation, paralleling the eco-
curred. Even when divestiture occurs, assets are often sold a®aic model for the cost function, even though each individual
group, so that ownership may remain relatively concentrated generation unit was offered separately into the market [3], [4],

Particularly when transmission limits are not modelled, it i§]. In some cases, such as the ERCOT zonal balancing market,
common to model the cost function of participants by approxin economic model with portfolio offers may roughly match the
mating the costs of a number of individual generators by a singlemmercial model. However, even in this case, there are likely
equivalent portfolio-based cost function, typically correspondi be differences between the economic and commercial model,
ing to an affine or piecewise affine marginal cost function. Thigarticularly if transmission constraints are not fully represented
abstracts various details such as unit commitment decisions amnthe economic model.
valving points, under the presumption that for any desired de-Although the commercial model typically requires an offer
mand to be met by the participant, there is a well-defined comanction, economic models may represent the effective outcome
mitment and dispatch configuration that would meet that def the market through a hypothetical “strategic variable,” such
mand. Naturally, this may be a poor approximation since tlas quantity as in the Cournot model, that does not literally cor-
commitment configuration depends on more than just the despond to the commercial model.

mand level at a particular time. For each participant that is modelled explicitly, the assumed
form of its offer defines the strategic variables of the partici-

C. Offer function pant. For participark = 1,...,n, we will write s, for the strate-

C.1 Commercial model gic variable of participank. For example, in a single-interval

Cournot modelsc may specify the average power or the energy
Markets in the United States typically allow offers that regyroduced during the interval. In a multi-interval modglmay
resent a complex function that is aimed at capturing the detglls 5 vector with elements corresponding to each interval or to
of the physical model of the generator cost function characterbﬁ-oups of intervals. In these cases, the strategic varide
tics and parameters. In contrast, the California Power Exchafgfte dimensional.
market allowed for only energy offers. The strategic variable may be more complex. For example, in
Representation of thermal units in day-ahead offer-based magypply function model, the strategic variaglés a function or
kets in the United States typically involves discrete variabl@sset of parameters representing a function that is (almost every-
to model on-off status together with one or more continuoygere) the inverse of the offer into the market. In the case that
variables to represent energy and ancillary service productighe strategic variable is a function, it may be infinite dimen-
Ancillary services include spinning and non-spinning reserveggnal.
and other services. Typical markets allow offers for energy thatyyhen transmission is represented in the economic model,
correspond to representing the marginal energy cost functionygs interaction between the values of strategic variables and the
either a piecewise constant or piecewise linear function. Ancilznsmission constraints must be modelled. This may implic-
lary services are increasingly also being integrated into the Safiifdefine the model of how participants believe that they affect
market offer structure as the energy offer [13]. transmission. For example, in Cournot models with transmis-
Some markets, such as the day-ahead markets in England §8f constraints, participants may be represented as not under-
Wales in the 1990s and in PJM, require that cost functions @anding that they can directly affect whether or not a particular
parameters be held constant over extended periods, such ga@mission constraint is binding. That is, this effect is not ac-
day, that consist of multiple pricing intervals. Other day-ahegg@rately modelled in the representation of their profits. Whether
markets allow for different offer costs every hour, although thefgijs assumption is appropriate or not depends on the sophistica-
may be several pricing intervals within each hour and offers &§gn of market participants.
required to be specified day-ahead. Typical “real-time” marketsgina|ly, bilateral contracts for energy and financial transmis-
mvolye several intervals over an hour, during which time Pﬁ"-‘@on rights affect economic outcomes by changing the exposure
are fixed. Some markets, such as New York, have restrictions@fnarket participants to prices. Since bilateral energy contracts

changes in some offer information if the change would lead td@ay not be publicly disclosed, this poses problems for mod-
substantive impact on market prices. elling outcomes.

Bilateral energy contracts, such as contracts for differences,
for hedging energy price variation are typically arranged b®. Demand
tween parties in addition to offers into the day-ahead and reg]- .
time markets [11]. Such contracts may not be publicly di ).1 Physical model
closed. Some markets also have “installed capacity markets,In many restructured electricity markets, demand is not ex-
which provide payments for capacity. posed to wholesale electricity prices. Consequently, the price



sensitivity of demand to wholesale price, at least in the sholénd and Wales market in the 1990s and in PIM [3], [4], [6] or

term, is essentially zero. In some markets, particularly in dagequire that offers remain constant over multiple pricing inter-

ahead markets, large demands, in particular, may have somevéds in an hour, as in real-time markets.

cility to specify their willingness-to-pay for energy and conse- Single-interval models also do not capture demand uncer-

qguently there may be some demand price elasticity at any giamty. In multi-interval models that focus on day-ahead mar-

time. kets, the role of uncertainty in demand may be somewhat hidden
Over time, demand varies, with typically a diurnal cycle thair incorporated into the temporal variation of demand. Uncer-

is modulated by weather, human cycles such as weekdajainty will be discussed in more detail in Section II-E.

weekends and public holidays, and season. The temporal vari- )

ation of demand over a day is usually much larger than the Uncertainty

amount of demand variation that can be effected by typicalMany decisions in the operation of electric power systems

changes in price over a day. Moreover, uncertainty in issuggist be taken in advance of full knowledge. Issues relating to

such as weather that affect demand means that demand is itgetfision making under uncertainty are therefore also relevant to

uncertain. Uncertainty will be discussed in Section II-E. electricity markets [14].

D.2 Commercial model E.1 Physical model

In the absence of price-responsive demand, demand may b®any electricity market parameters, such as demand, residual
forecasted, either short- or long-term. When there is pricdemand, fuel costs and availability, and equipment capacity, are
responsive demand, a forecast of non price-responsive demateghastic.
can be added to the specification of price-responsive demand. .

Demand uncertainty is often managed through the combinatier?. Commercial model

of day-ahead and real-time markets. Typical commercial models incorporate a recognition of the
_ uncertainty of equipment capacity through the incorporation of
D.3 Economic model reserves. Stochastic demand is accommodated through the use

D.3.a Price elasticity. As will be discussed below, economicOf real-time markets that pay based on the deviation of actual
equilibrium models, particularly Cournot models, are extremﬁg/‘_er?t'on from day-ahead schedule and charge based on the
sensitive to the specification of demand price elasticity. Becai@viation of actual demand from day-ahead schedule or forecast.
of this, demand is often specified in economic models as havig% Economic model
far larger price elasticity than is actually physically present in’
the market. There are at least two interpretations of this, both ofWhile stochastic issues can be incorporated into the models,
which may apply simultaneously. stochastic parameters other than demand are typically not ex-
The first interpretation is that the assumed price elasticity RCitly modelled. In many cases, real-time markets may not be
simply a calibration to the observed market behavior. While it 8&plicitly modelled either, under the assumption that the forecast
reasonable to calibrate model parameters to observed beha@bglemand used in the day-ahead market is typically negligibly
such calibration significantly undercuts the predictive value ffferent from the real-time demand and that the addition of the
such models, except possibly in the context of sensitivity anafgal-time market to the economic model would not change the
sis. As will be discussed in section I1I-C, specification of priceesults significantly.
elasticity may also attempt to mimic administrative price forma-
tion under conditions where supply and demand do not cross and
it becomes necessary either to curtail demand or deploy resere$Physical model

to meet demand. In most other markets besides electricity, there is significant

_ The second interpretation is that the assumed price elastigjy.o elasticity of demand, the possibility of storage of product,

is not only due to actual demand response, but is also a priyy re|atively lax transportation constraints, so that total supply
for unmodelled “competitive mf_:lrket partlc_lpants, suchas OWRIhd total demand can essentially always be assumed to intersect
ers of small shares of generation. That is, some of the prige, single market clearing price. However, in electricity mar-

elasticity is a representation of participants whose market shargs ' the |ack of storability of electricity and the lack of price

is small enough that profit maximization for them involves ofg aqticity of demand implies that scarcity of electricity is not

fering at marginal cost. Since the anticipated behavior of suglyy nossible, but would occur in the absence of active man-
small participants can be determined in advance, it is theref%r&ernent of the market by an independent system operator. In

subsumed into a “residual demand” faced by the larger parti%—ct, supply and demand is equated in electricity markets on a
pants. moment by moment basis by the operation of ancillary services.

D.3.b Temporal variation. Turning to temporal variation in Moreover, because of limitations on transmission, market clear-
demand, some models focus on a particular moment or int#g prices will typically vary geographically.

val over which the demand forecast would be roughly constant.
Such single-interval models do not capture interactions whEn C
market rules require that offers remain constant over multipleThe commercial model typically abstracts from the active
pricing intervals in a day, as in the day-ahead markets in Engeed for supply and demand to be balanced and models the

IIl. M ARKET OPERATION AND PRICE FORMATION

ommercial model



crossing of supply and forecast demand. If there is insufficiesitows specification of the profit. In particular, the profit for par-
supply, ancillary services may be used to forestall persistent iticipantk is specified by soms(s¢, s_k), wheres_y = ()4« is
balances between supply and demand. In this case, pricesthescollection of strategic variables of all the participants besides
kets in North America represent some of the effects of transmis-
sion constraints on market prices.

Furthermore, electricity markets are typically organized as
single price markets, with all accepted offers paid at the nodally
varying clearing price, or some approximation to it. Howevewheres®, = (s})..
there have been proposals for “pay-as-bid” markets where eacfThis basic “single-shot” model of a day-ahead or real-time
accepted offer is paid its offer price [15]. market can be extended to recognizing that the day-ahead mar-

Moreover, for various reasons, including market power coket market repeats on a daily basis and the real-time market re-
cerns, prices may be set at a level other than the market cleafpeats on an hourly basis. Such “repeated games” typically in-
prices that would equate supply to demand. This is particulaslglve additional model assumptions, particularly when collusive
prevalent under conditions of scarcity. The presence of instaltagignalling” is possible.
capacity markets and of unit commitment decisions in the mar-computation of a “single-shot” equilibrium can be easy or

ket model implicitly couples decisions across multiple intervalgifficult depending on the specification of the form of the strate-
even if energy offers are not required to be consistent acr@gg variables, the market operation model, and the number of
multiple intervals. participants. As mentioned in Section 1I-C.fi may imper-

Finally, there are typically both day-ahead and real-time magctly represent the profit function, particularly in the context of
kets. Quantities in the real-time markets are based on deViatimsmission constraints. Another mode"ing issue is the repre-
from forward positions in the day-ahead market. sentation of bilateral contracts and FTRs [16].

There are a number of possible solution methods for equilib-

rium models as discussed in the following sections.
Similarly, typical economic models abstract from the active

need for supply and demand to be matched in electricity markgts
and simply model the crossing of supply and demand curves as
specified by the economic model. In cases where supply and dein small models, it is possible to solve for equilibria analyti-
mand do not meet, there is a need to define the effect that wogddly. For example, in a single-interval Cournot model it is pos-
occur in the commercial model due to using ancillary servicesible to solve analytically for the outcomes. In other cases, the
As mentioned above, in some cases, such actions may be mgshlysis requires consideration of cases, but may still be suscep-

elled in part by assumed price elasticity of demand, even if sugble to analytical techniques [17], [18], [19].
price elasticity is actually absent from the market.
. For examplg, ina Cournot modgll, wh_ere the ecqnomic mo _I Fictitious play
involves participants setting quantities, it is essential to have de-
mand price elasticity in order to have a well-defined price. In When models become too complex to solve directly, a natural
Cournot models with transmission constraints represented,aimproach is to successively update strategic variables. For exam-
order to obtain well-defined nodal prices it is generally necesle, each participant may find its profit maximizing response to
sary to assume that demand at each bus is price responsive. fH#sther participants’ strategic variables and use that to update
may be an extremely poor representation of actual demand elasown strategic variables. A sequence of strategic variables is
ticity. produced for each participant and the hope is that the sequences
Installed capacity markets and unit commitment issues meynverge to the equilibrium. A number of variations on this ba-
not be represented explicitly under the assumption that the gt idea is possible that use different approaches to finding the
ergy market is not (directly) affected by installed capacity angtofit maximizing response [20], [21], [22], [23].

unit commitment issues. Moreover, many models consider only|t should be emphasized that ficticious play assumes myopia
the day-ahead or only the real-time market, even though bejRthe part of market participants. That is, they do not anticipate
markets operate jointly. changes in strategic variables by other participants when they
update. Consequently, there is no representation of the “repeated
game” nature of electricity markets.

The modelled equilibrium of a market is a set of participant
offers suc_h t_hat no participant can improye its profit by unilag:  pathematical program with equilibrium constraints
erally deviating from the offer. Formally, if there are modelled
participantk =1,...,n, with strategic variables,k=1,...,n, A more systematic approach is to model the market clear-
then we can implicitly calculate the profit in, for example, theng mechanism by its optimality conditions and then incorpo-
day-ahead or real-time market, to any participmue to the rate them into the optimization problems faced by each partici-
choice of strategic variables by all the participants. That is, tpant [24]. The application of such techniques to market models
choice of the strategic variables leads to a market clearing prit&s grown with the increasing availability of software for solv-
and quantities of production that, together with the cost functiong such models.

s € arg rgaw(&,sik),

C. Economic model

Analytical models

IV. EQUILIBRIUM AND SOLUTION



V. VALIDITY, USES AND LIMITATIONS OF EQUILIBRIUM is that, although the level of prices or the effect of other issues
MODELS will not be calculated exactly, there will be a reasonable estima-
A fundamental question in using equilibrium models ig‘on of thechangedue to the modelled variation. This allows the

whether they are reasonable models of industry behavior. Hﬂtential for policy conclusions to be.made from studies, even
some cases, the underlying assumptions about knowledge, plleme absence_ Qf perfect representatlon of m_arket fer_;ltures or of
maximization, and rationality may not be consistent with ofid€lity to participant behavior. In the following sections, we
served behavior. For example, in the ERCOT balancing mgHmmarize case studies of three SL_lch sensitivity analyses. Natu-
ket, some smaller market participants’ behavior is not consistéﬁ“y’ the _results of any such modelling efforts must be evaluated
with a model of profit maximization [12], [25]. with caution.

Furthermore, in some cases, no “pure strategy” equilibriu
exists and there are only “mixed strategy” equilibria [26], [27].
Unfortunately, in many cases there may be no straightforward!n an electricity market with multiple intervals in a day, for
interpretation of a mixed strategy equilibrium in the context gixample, it is possible to imagine that market rules allow for
an electricity market where, empirically, there is very little evonly a single set of energy offers that must apply across all in-
idence for randomized offers. In some cases, the existencd&vals in the day. Alternatively, market rules may allow for
0n|y mixed Stra’[egy equ”ibria may be evidence that assunfﬁfers that can vary from hour to hour. Both alternatives have
tions in the model are inappropriate or that the model is ilkeen adopted in practice.
conditioned [21, section 4.4]. To consider the effect of a requirement that offers remain con-

Finally, in some models, particularly supply function equilibStant across multiple intervals compared to allowing more flex-
ria, there may be multiple equilibria. Unfortunately, the predbility, it is possible to formulate a supply function equilibrium
ence of multiple equilibria is problematic since it significantiynodel representing both cases. All other issues are assumed the
reduces the predictive value of the analysis. There have bé&éfne for both models and, for the purposes of isolating this par-
several approaches to try|ng to “refine” mu|t|p|e Supp|y functioﬁcular iSSlJe, many of the detailed features of eleCtriCity markets,
equilibria by eliminating most of the range of equilibria usingncluding transmission constraints, might be ignored.
various criteria [21], [28], [29], [30]. The result of such an analysis is presented in [21], [28]. A

Even putting aside the three issues of the validity of equilirincipal result of a rule requiring consistent offers is in the mit-
rium modelling, mixed strategy equilibria, and multiple equilibigation of market power. The requirement to offer consistently
fia, it remains that there are a large number of economic md¥er a time horizon with multiple pricing intervals can help limit
elling assumptions made in equilibrium models as discussed/i¢ exercise of market power, by depressing the prices that can
sections Il and IIl. Given all of these assumptions, it is likelpe achieved in equilibrium compared to the equilibrium prices
that the models are not capable of exact predictions of markéten offers can vary from interval to interval. The basic in-
prices and market outcomes. sight is that market participants must compromise their offers

Even in the absence of accurate predictive capability, hoetween on- and off-peak. Naturally, the results of any such
ever, an important role for such models is the principled analygigalysis must be tempered with the observation that much of the
of the effect of changes in market rules or the effect of chang@etail of the market was modelled in a simplified manner.
in market structure. Examples include analyses of the effect qf:
« detailed choices in the specification of alternative market rules
such as: Single clearing price electricity markets are sometimes crit-

— allowing offers to change from interval to interval versus raeized as paying excessive prices to infra-marginal generators
quiring offers to remain constant over multiple intervals [28;ompared to “pay-as-bid” markets. As pointed out in [11], how-
[21], and ever, such naive proposals for pay-as-bid markets neglect to

— single clearing price versus pay-as-bid prices [31], [18], realize that offers will change in response to changes in mar-
« changes in market structure such as mandated divestitureskét, rules. A result of economics, called the “revenue equiva-

. Market rules regarding the changing of offers

Single clearing price versus pay-as-bid prices

[22], lence theorem” [39] suggests that the equilibrium prices in sin-
« representation of transmission constraints [8], [32], [24], [26¢le clearing price and pay-as-bid markets should be the same
[33], and that market participants will be paid the same in equilibrium
« level of contracts, such as: in both markets. However, not all of the assumptions required
— bilateral energy contracts [16], [34], and for the revenue equivalence theorem actually hold in electricity
— financial transmission rights [35], [36], markets.
« modelling assumptions, such as: As in the case of modelling the effect of consistency of bids,
— the assumed form of cost functions or offer functions [37§ simplified model of an electricity market can be used to obtain
[38], a sensitivity result for the change between single clearing price
— the use of portfolio-based versus unit-specific costs or offeend pay-as-bid prices. In some models of electricity markets,
and pay-as-bid pricing can result in lower equilibrium prices than in
— the representation of unit commitment. single clearing price markets [31], [18]. As previously, the sim-

In these cases, a general analytical strategy is to hold mplitity of the market model means that results should be inter-
market rules and features constant and then vary one particpleeted with caution. (Furthermore, there are serious drawbacks
issue. In doing such a qualitative “sensitivity” analysis the hopd pay-as-bid markets, including the likelihood of poor dispatch



decisions when price predictions by market participants are ifne] Richard Green, “The electricity contract market in England and Wales,”
perfect.)

[17]

C. Divestitures

The Journal of Industrial Economigcsol. XLVII, no. 1, pp. 107-124,
March 1999.

Haili Song, Chen-Ching Liu, and Jacques Lawarr “Nash equilibrium
bidding strategies in a bilateral electricity markdEEE Transactions on
Power Systemsol. 17, no. 1, pp. 73-79, February 2002.

In some markets, market structure has been changed by ma#)- You Seok Son, Ross Baldick, Kwang-Ho Lee, and Shams Siddigi, “Short-
dated divestitures. This occurred twice in the England and Wales term electricity market auction game analysis: Uniform and pay-as-bid
market in the late 1990s. A model of this market, with demand
elasticity calibrated to observed market prices, was used to i@p] Kwang-Ho Lee and Ross Baldick, “Solving three-player games by the ma-
ify the size of the change in market prices due to the divestitures. trix approach with application to an electric power markéEEE Trans-
The results of such an analysis are reported in [6], [22]. Ge[lgo]
erally speaking, the model was able to reproduce the change works,” in|EEE Tutorial on Game Theory Applications in Power Systems

in prices from before to after the divestitures. However, t}l%l]
model was calibrated to observed demand prior to the divesti

ture, which somewhat weakens its predictive value.

VI. CONCLUSION [22]

In this paper, | have discussed equilibrium models, their so-
lution, and uses. There has been considerable effort in recent 2, pp. 123-141, 2001.
years in developing the theory and application of these modé#s]
There are strong prospects for improving such models, although
their application should be tempered with the understanding the
the actual market is likely to include a host of details that remain
unmodelled. Several examples of qualitative sensitivity analy$ss;
were described.
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