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Oligopolistic Competition in Power Networks:
A Conjectured Supply Function Approach

Christopher J. Day, Benjamin F. Hoblsgnior Member, IEEEand Jong-Shi Pang

Abstract—Conjedured supply function (CSF) models of  concerning how total supply from rival firms will react to
competition among power generators on a linearized DC net- price. The model can be viewed as a generalization of the
work are presented. As a detailed survey of the power market Cournot models of [32,60] in that each generating company is
modeling literature shows, CSF models differ from previous ap-  gjjowed to conjecture that rival firms will adjust their supplies
proaches in that they represent each GenCo's conjectures re-in response to price changes [25]—unlike the widely used
garding how rival firms will adjust sales in response to price Cournot approach which assumes no such adjustment. It can

changes. The CSF approach is a more realistic and flexible | . . : f v f . -
framework for modeling imperfect competition than other mod- &S0 be viewed as an approximation of a supply function equi-

els for three reasons. First, the models include as a special castibrium model, in which a first order Taylor series represents
the Cournot conjecture that rivals will not change production if the local response of other suppliers around the equilibrium
prices change; thus, the CSF framework is more general. Sec-point; however, unlike SFE models, the assumed and actual
ond, Cournot models cannot be used when price elasticity of responses may differ. By parametrically changing the as-
demand is zero, but the proposed models can. Third, unlike symed supply response, different degrees of competitive in-
supply function equ'librigm_models, CSF eql_JiIibria can be pal- tensity can be modeled, ranging from pure (Bertrand) compe-
culated for large transmission networks. Existence and unique- ;. (infinitely large positive response by rivals to price in-
ness properties for prices and profits are reported. An applica- to oli listic Cournot competition (o r nse)
tion shows how transmission limits and strategic interactions af- creases), to O'Q,Opo IS 'C_ ournot co .pe on (no respo S,e’
fect equilibrium prices under forced divestment of generation. ~ @nd even collusion (which can be simulated by a negative
guantity response to price). Positively slopesFE represent
Index Terms—Electricity competition, Electricity genera- & degree of intensity between the Cournot and Bertrand cases.
tion, Market models, Strategic pricing, Complementarity, Sup- An idea similar to GFs has been used in auction theory, in

ply function models, England, United Kingdom. which a parameter is introduced to represent a bidder’s ex-
pectations concerning how its choice of strategy will affect fu-
|. INTRODUCTION ture bids by competing bidders [48].

THE ability to unilaterally manipulate prices—market _ 1N€ paper starts by reviewing the literature on oligopo-
power—is a growing concern in restructured power mdlstic price qulllbrlum models on power networks, showing
kets. Empirical evidence is mounting that generators ha(& relationship of the CSF model to other approaches. We
been able to raise prices well above caiitipe levels [7,41]. then present bilateral anBOOLCO formiations of CSF
Because transmission limits can be an important sourcdTdels and summarize the properties of the equilibrium
this market power [57], many models of strategic interacti@fices and profits they yield. -An application is made to the
on networks have been developed (reviewed here andEmgland-Wales system, illustrating the advantages of the CSF
[32,59]). These models can address a wide range of questfpfyoach relative to Cournot models.
concerning industry structure and market design. For in-
stance, models have been used to discover unanticipated ways
in which market power might be exercised on netwoekg,[ This section provides a review of alternative approaches to
5,14,46], to identify locations that are particular vulnerable toodeling GenCo interactions in oligopolistic power markets.
market manipulation, to assess the price effects of relievii@ include overviews of: equilibrium modeling approaches;
transmission constraints, and to evaluate proposed mergergepresentations of GenCo strategic interactions and their ap-
We present a model for simulating the exercise of marlgication; and complementarity models using DC networks.
power on linearized DC networks based on a flexible repre- T
sentation of interactions of competing generating firms. Use of Equilibrium Models for Power Markets
term this representation the “conjectured supply functiofost models of generator competition are based upon a gen-
(CSF) approach. A CSF represents the beliefs of a Gerft@ approach of defining a market equilibrium as a set of
prices, producer input and output decisions, transmission
This work was supported by the University of California Energy Institute af@WS, and consumption that simultaneously satisfy each mar-
NSF Grant ECS-00-80577. We thank R. Green for his transmission data. ket participant's first order conditions for maximization of
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Il. EQUILIBRIUM MODEL FORMULATIONS




can also be phrased as a system of variational inequalitiegsed POOLCO-bateral systemse(g, PIM) would also re-
[18,60]. The general form of a MCP problem is as followsult in the same equilibria.

find vectorsx, ythat satisfy the conditio3< x| f(x,y)<0 The other classification—the type of interaction assumed
(read as % 20, f(x,y) < 0, x'f(x,y)= 0") andg(x,y) =Q There among rival generators and other players—has a crucial im-
should be exactly as many conditions as variables. pact on model results. Power producers can be intensely

If a market solution exists that satisfies the optimaligempetitive or they may collude. Seemingly arcane distinc-
conditions for each market player along with the mark#@ns in assumptions concerning player interactions can result
clearing conditions, it will have the property that no particin large changes in economic equilibria and policy implica-
pant will want to alter their decision unilaterally (as in a Nadipns. For example, there is much debate [40,47,62] regard-
equilibrium). Although it is well recognized that no modelingg the proper way to measure and analyze competition in
approach can precisely predict prices in oligopolistic markefgtworks and how strategic behavior by producers will mani-
there appears to be agreement that equilibrium models are irf@i-itself. What conclusions result depend heavily on the as-
pensable for gaining insights on modes of behavior and relagnptions made. Thus, there are advantages to frameworks
differences in efficiency, price levels, and other outcomes of #lat can accommodate varying degrees of competitiveness.

ternative market designs [59]. B. Types of Strategic Interaction in Equilibrium Models

Note that the use of KKT conditions to define market i o .
> next define several types of strategic interaction, most of

equilibria means that we are assuming that each player’s s > . )
timization problem is convex. This is assumption is incorr em being familiar concepts from game theory and industrial

for many power operations and planning problems. For ﬁ?]rganization [24,55,65]. They differ in how each generating

stance, unit commitment or power plant construction involvidn f anticipates that rivals will react to its decisions con-

0-1 binary decisionse[g, 35]. As another example, noncong:erning either pricep or quantities. The CSF approach is

vex feasible regions can also occur if a generator’s decisﬂﬁ'?igned to're.present the full range of th"?‘?'e behaviors. .
model explicitly represents how an ISO determines prices un- 1€ definitions below refer to competition among suppli-
der a locational marginal pricing scheme [8,14,34,67]. fis, soq is referred to as “sales” or “output.” For the mo-

general, when nonconvexities occur, KKT conditions defifent, we disregard the fact that demand is temporally and

ing optimal solutions do not exist, and neither will markélpatially distributed over a network. In addition, these defini-

equilibria. Nonetheless, we will assume that the operatidffg!S ©mit the effect of financial contracts upon marginal

problems we simulate can be approximated as being convéyenues [29]. Finally, these definitions assume that all play-

which gives us the ability to analyze large systems. ers get the market 'clearing price; “pgy your bid” (first price)
The direct solution of market equilibrium conditions b uctions operate differently. Strategic models for the latter

complementarity methods has important computational 44P€ Of auctions can base revenue on the player’s bid [10,53].
vantages. Large complementarity problems can be solved us- 1 YP€S Of strategic interactions that have been or could be
ing GAMS-PATH [26], as well as many contemporary algdicluded in power market models include:

rithms based on advanced nonsmooth Newton methods [23]. Pure Competition (No Market Power)/Bertrandustg
These algorithms permit application of strategic market mod- N firm f ‘s revenuepq is a decision variable; the firm
els to large systems with thousands of power plants and hun- N@ively takes as fixed. So irf's KKTs for profit maxi-
dreds or even thousands of transmission flowgates. mization, marginal revenUdR (= Apg )/ct) = p-

Many studies have used equilibrium models to addres§ Generalized Bertrand Strategy ("Game in Priceisgre,
market power in electricity markets, with some considering P% = Pr&(Pr, P*), wherepr isf 's decision variabley. is
competition in both energy and transmission services. The the vector of prices offered by other firms, agds a
“DC” load flow approximation [58] is widely applied in such ~ function of all prices. The asterisk pn * indicates that
models not only because of its linearity, but also because nu- f acts as if its rivals’ prices won't change in reaction to
merical tests have found that DC congestion costs are good changes irf 's prices. For a homogeneous gobdan
approximations if thermal constraints are the main concern S€ll @ muclgy as it wants to (up to the market demand)
[39]. We classify models of power markets by the clearing if P < lowest delivered price among rival producers; oth-
mechanism (centralize@OOLCO or decenalfized/bilateral) erwise, g = 0. But for heterogeneous goods (such as
and the nature of the interaction among rival generators. “green” and "non-green” power), there may be nonzero

Regarding market clearing mechanisms, most studies CroSS price elasticities, amg(ps,ps) takes on other forms.
have implicitly or explicitly assumed ROOLCO-type cen- * Cournot Strategy ("Game in QuantitiesRevenuepg =
tralized bidding process supervised by an 18@.[ 14,46]. P(@a = p(a +a.)d, wherep(q) is the inverse market
This process results in a set of publicly disclosed market démand function and; is the quantity supplied by firms
clearing prices. There have also been studies that model bi- Other thanf. The asterisk means thiaacts as if it be-
lateral trading [36] and the market power that large power lieves thatqy is fixed. Thusf's first order conditions
traders might exercise [61]. It has been shown, however, that Will have the following marginal revenue term:
if there is perfect competition among traders so that they arbi- MR = Apgx )/ = p + (plA)(1 + A/ )k
trage away any non-cost based price differences between dif- =p + (PlA)I + 0)g = p + (P/A)ck
ferent locationsthen POOLCO and itateral trading systems * Collusion: If f colludes with another supplier, then they
yield the same prices under either perfect competition [9] or Might maximize their joint profit. This makes the coop-
Cournot competition [44]. Thus, one would expect that erative game theory assumption of “transferable utility";
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i.e., side payments without transaction costs are possible. p. A market clearing mechanisra.g.,the late Califor-
Other assumptions yield other collusive models. nia PX) then determings, and setsy = gi(pl¢r). As a
StackelbergStackelberg models define a “leader” whose result, the revenue term fts profit function isp[g:(p|¢r)
decisions correctly take into account the reactions of “fol- + 5, .+ qy(pl¢s*)] ak(p|gr). The asterisk ipy* indicates
lowers”, who do not recognize how their reactions affect thatf treats bid functions from other firms as if they are
the leader’s decisionskE.g, let firm f be the leader, and fixed. SFE models were originally developed to address
suppliers other thahbe followers whose supply response  situations in which supplier response to random or vary-
to p is correctly anticipated to bg;™{p). Thenf's ing demand conditions is considered.

revenue can be expressedpfg +q.¢ “(p)ldr . Stackel- We now define the equilibrium of a game involving thee
berg games in whichis a leader and its followers are instrategies. Some of the games are Nash games [24,65]:
stead customers for its output or suppliers of its inputs et X; 0 X; be strategies under control of firnX;

have other formulations. Often, "(p) is nonsmooth the space of feasible strategiesffoK; = {X,, g=f};
because it results from solving equilibrium conditions. and/T(X;, X ) the payoff tof given the decisions of all
General Conjectural Variationg=p[g+d.«(a)]qr; out- firms. Then {*, f}is a Nash Equilibrium irX if:
put g«(g) from firms other thanf is assumed to be a MO X %) > TG X% X O X, v
function ofgr. The marginal revenue term fobecomes: For Cournot gamesX; = ¢ ; for generalized Bertrand games,
MR = Apq) /Ay X; = pr, and for supply function equilibri&; = ¢. Important

= p+ (PplA)(L+As IR = p+ (PlAY)(1+6) o questions include whether equilibria exist in pure strategies
whereg is the constant “conjectural variation” (CV). 8f and are unique, and how they can be calculated.
= 0, the Cournot game results. Meanwhfles -1 yields In contrast to Nash games, what we call a "generalized

the pure competition game, whie= +N can represent equilibrium" occurs if either: (d)s feasible strategies depend
collusive behavior (quantity matching) when there amn actions of other firmd.€., X; = X¢«(X), called a “general-
N+1 identical producers. I equals the actual "local"ized Nash Equilibrium” in [62]), and/or ()anticipates that
response of rivals, then this is a "consistent conjecturesfal reactions will depend in a predictable way upéfi.e.,
model [11]; however, a theoretical criticism has been thdt =X(X;)). The CSF game is of type (b) [48], as are games
unless peculiar informational assumptions are made, theolving Stackelberg players and conjectural variations.
Cournot CV is the only one that can be consistent [16]. {Xs*, f}is a Generalized Equilibrium in X:

The CV approach has been criticized in the industrial — /7(X¢*, X4(X*)) = T, X:(X0) X O X¢(Xy), ¥vf ,
economics literature not only because it is a static model andX ¢ = X 4(%¢*), vf

;hrit ;itﬁf;ﬁ; (ljjjr? gr;?caﬁi;gai\gg)y, fu?gigzseigznsees gr ?r;[ 0_Applications of Alternative Interactions to Power Markets
retical difficulties involved in empirical estimation 6f Most of the above types of games have found apiptic to
when marginal cost data is absent. Howeweent theo- Power markets. Collusion has been modeled, for example, as
retical work [13] shows that some CV models are ttfe cooperative Nash bargaining game [3] and as cooperative
reduced form of equilibrium strategies in games invollimit-pricing, in which existing firms collude to prevent new
ing repeated p|ay_such as da”y power auctions. F[ijms from entering [36] Such |Im|t-prICIng is credited with
ther, if credible cost data can be obtained (which is eadf€€Ping a lid on prices in the UK [69]. Meanwhile, Stackel-
in power generation than in other industries), thecan 0erg models have represented interactions between large
be estimated [69]. power producers (‘leaders”) and one or more “followers”
Conjectured Supply Function (CSF)n this case, output (Smaller generators and/or the IS@)J, 33,34,50,67].

by rivals is anticipated (perhaps incorrectly) to respond to At the other extreme, the most intense competition re-
price according to functiom(p): as a resultpg = p[s sults from Bertranq games [36,37,70], in which each firm
+q.4p)lar. (In contrast, CV models posit a response §00ses a single price for each generator or each area served,
quantity) This can be viewed as generalizing Stackelhd believes that other firms will not 'ch'ange their prices in
berg models in that the conjectured response may FtPonse. If there are no capacity limits and transmission
equal the true responsg™(p). The CSF model alsoCOSts, price then falls to marginal cost—the competitive re-
superficially resembles the SFE method, described nelt- But where there are such constraints or costs, the gener-
The CSF approach has not previously been used in nlz€d Bertrand model results, and prices can itseemar-

ket power simulations; however, it has several adva@nal cost and even fluctuate without end [8,37]. In the latter
tages that make it worth considering. One is th¢p) Case, the equilibrium is a mixed strategy (probabilistic) one.
might be modeled as a smooth function, simplifying cal- A |€ss intense form of competition is Cournot competi-
culation of equilibria. We discuss other advantages Bi, where firms instead choose quantity to generate or to sell
low. A drawback of CSF models is that they suffer tréS if rivals will not alter their quantities. Its simplicity and,
same theoretical limitations as the CV model. in many cases, ease of computation have made the Cournot
Supply Function Equilibria (SFE) [43In this game, the conjecture a popular game concept in power marke:t models
decision variables for each firrare the parametegs of [€-9- 2,6,14,17,51,52,68,71]. = Another argument in its favor

its bid function g(pl¢). This function describes hOWis that markets involving long-term commitments to capacity

it is willi | : . may show Cournot—t'ypel behavior in the long run, even if the
muchg thatf says it is willing to supply at a given prlcefirms compete on price in the short run [70]. Variants on the
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Cournot theme include assumptions that each rival plant vgtices, outputs, and marginal costs is possible [25]). It might
hold its output fixed, that power sold by rivals to each areatherefore be argued that one may as well use Cournot models
a region is fixed, and that power flows induced by rivals angth artificially high (and also arbitrary) elasticities to simu-
fixed. For example, Oren [46] shows that under Cournot &ste more intensive competition. But that approach distorts
sumptions about power flows, generators who recognidemand by decreasing it when prices are high, when in actu-
transmission limits can chose outputs to prevent congestaity demand would not change; economic and environmental
so as to avoid paying congestion charges. Stoft [63] insteadrket outcomes are therefore also misrepresented by the
models a market in which rival sales to each area are assu@edrnot model. CSF models, in contrast, do not distort con-
fixed [see also 56]. He shows that markets with apparerglymption in this manner. We suggest that the rival supply re-
competitive HHIs can yield prices welbave compgtive lev- sponse implicitly assumed by eafche treated as a parameter
els. Because Cournot models assume that rivals do notthat can be varied to explore how market power might be
spond to price changes, the results are exquisitely sensitivmtmifested and distort outcomes. At a minimum, it is worth-
the elasticity and form of the market demand curve. As dehile to simulate a range of response assumptions (including
mand elasticities in power markets are now low (in part b8eurnot) to check whether alternative rival responses might
cause of residual regulation and the lack of real-time pricingalitatively alter the conclusions (in the manner of [48]).
Cournot prices tend to be very high and uncertain. SFE models have different limitations than Cournot mod-

However, it has been argued that the Cournot and Bels. Equilibria for SFE models have proven difficult to calcu-
trand assumptions may be inappropriate R@OLCO-type late for large systems with transmission networks and signifi-
auctions, in which every firm bids a supply function for eaatant number of generators with limited capacity. The rea-
generator or for their entire output. In this case, the decissons, which were referred to above, are that the ggngr
variable is the bid function’s parametafs Therefore, SFE firm’s optimization problem on a network is inherently non-
has been chosen as the basis of many power market modahyex (and hence a challenge to solve) and, further, equilib-
[5,20,22,27,30,34,53,54,66,67,70]. The resulting equilibriga may not exist. Unless strong restrictions are placed on the
generally represent an intermediate level of competition, fgrm of the bid functions (such as linear with only the slope
ing between the Bertrand and Cournot results. But sonoe-intercept being a variable), modelers have been forced to
times equilibria are not unique, and a large range of outcomeake unrealistic assumptions such as all firms having identi-
is possible; in general, the Cournot equilibrium will be thegal marginal cost functions. Therefore, although the asserted
upper bound [4,30,43,64]. A drawback of SFE models is thiealism of the SFE conjecture makes it attractive for markets
equilibria are difficult to calculate; indeed, none may exigtithout significant transmission constraints, it is not a practi-
[5]. Thus, most SFE studies have been designed for veay modeling method if realistic details on demand, genera-
simple systemse(g, 1 to 4 nodes). Alternatively, when lartion, and transmission characteristics are desired. In con-
ger networks are considered, the model searches over onisast, complementarity models based on the Cournot conjec-
handful of strategies to find the optimal strategy for each tofe have been solved for very large systems, and those mod-
two firms [22], or bids are restricted to a linear function witbls can be modified to represent strategic interactions based
either fixed slope or intercept [34,67]. A fundamental probn conjectural variations orSEs.
lem is that the optimization prob'lem faced by each firm i5 Complementarity Models on DC Networks
nonconvex, and can possess multiple local optima. i o )

To our knowledge, there are no published power markeRlutions to many of the equilibrium models mentioniedva
models based on the general conjectural variationsSgisC are obtained e!ther by exhaust.lve enumeration of combina-
The major reasons appear to be the conceptual simplicityiBRs Of strategies (“payoff matrices”) which are then exam-
Cournot models and the perceived appropriateness of $fgd for Nash equilibriag.g, 17], or by closed-form solution
models for POOLCO markets. However, the tatter mod- ©f simple equilibrium modelse{g, 8]. Neither approach can
els also have serious limitations that make it worthwhile & used for large-scale models with many players and trans-
consider alternative approaches. First, as indicated earlfBiSSion limits or other constraints. Numerical methods are
Cournot models do not give meaningful equilibria when pri&cessary.  Numerical solution of equilibrium conditions
elasticities are low or zero—as they often are for short-r§fated as a MCP is the basis of several power market models
power demands, ancillary services, and short-run supplied®#-1,12,51,52], including the CSF models of this paper.
transmission capacity. It is not reasonable, for example, to Previously, [32,60] have presented complementarity-based
assume that a supplier will be able push prices arbitrar’iW?’de'S of markets for energy and trgnsmssmn services in which:
high without any response whatsoever from rival supplief§) generators behave strategically in the energy market (Cour-
(Conjectural variation models share this problem with Coutot): (D) transmission capacity is rationed competitialaHo-
not models when price elasticities are very low or zero; un|&&¥ [38)/Schweppe [58] or Chao-Peck [15]); (c) power flows over
8 < -1, equilibrium prices will be very high or infinite.) An-& linearized DC petwork; e}nd (d) no ar'bltragers exist to erase
other criticism of Cournot models is that they usually predigPn-cost-based differences in prices at different locations. These
that mergers will be unprofitable for the merged firms [21]. Medels (like [68]) can also include the possibility of generation

In contrast to Cournot models, CSF models give modg@pacny expansion. Existence and uniqueness of market eqwllb—
ers the flexibility to consider more realistic supply respons&@ can be proven [18,44,60]; these results are made possible by
Unfortunately, any particular supply response assumption il a@ssumption that generators are price takers with respect to
be somewhat arbitrary (although empirical estimation froffgnsmission prices. (If generators instead recognize that their



decisions are constrained by transmission limits, pure strategy A
equilibria will, in general, not exise[g, 8]. This assumption
means that the market for transmission is incomplete [18].)

Other models consider arbitragers/marketers. In [61], gen-
erators are competitive, but a small set of Cournot arbitragers P
wield oligopsonist market power when buying from generators
along with oligopolistic market power when selling to power con-
sumers. Versions of this model with thousands of variables have
been solved for large systems in the EU. In contrast, the arbitra-
ged hilateral model in [32] represents Cournot generators, with
the assumption that low barriers to entry for arbitragers imply E >
that they behave competitively. A large scale version of the latter S Sg
model has been solved for the Eastern Interconnection [31], con- (a) Fixed slope CSF
sidering 2728 plants, 829 producers, and 814 transmission flow-
gates. Metzleet al. [44] prove that this model is equivalent p, A
to Cournot competition in ROOLCO system.

The CSF models of this paper can be viewed as Py =—F—S+A,
generalizations of the bilateral (with and without arbitrage)
and POOLCO models in [32,44] to the case of non-Cournot
strategic interactions. These models are introduced next. p

Py =P +(@/B_)(s, —S)

I1l. CONJECTUREDSUPPLY FUNCTION MODELS A

=fi

The CSF model for a bilateral market has four components:
A. Sets of KKT conditions for profit-maximizing GenCos,
one set for each GenCo, based on the CSF assumption. - >
These generation firms directly contract to sell power S S
to consumers or load-serving entities; buyers of power
are price-takers and are modeled as demand CUrvesgig 1. Atternate Forms for Conjectured Supply Functions
B. A set of KKT conditions representing a transmission
services provider (ISO) who maximizes the value of The anticipated sales; [MW] by its rival firms &5 =

(b) Fixed intercept CSF

transmission services provided.e( a Schweppe- Z4 -1 S;i) iS also a variable in the CSF GenCo model, which
Hogan allocator of transmission capacity) or, equivalistinguishes it from the Cournot model. Thus, total sales to
lently, an efficient Chao-Peck market for flowgates. consumers ait equalqg, = s; + S5 + &, whereg, [MW] is the

A set of KKT conditions for arbitragers who maximizeéet amount of power sold by arbitragerd.atTotal sales are
profit from buying power at one location and selling itelated to price through a demand functopfp). In our ap-
others. This set of conditions can be omitted if a bilglication, demand is assumed to be affingp;) = Qi —

eral model without arbitrage is to be simulated. £Qi/Pio)pi, With Q, and P,, being the MW quantity and
without-arbitrage model can yield price differences b&MWh price intercepts, respectively. In most power market
tween nodes that deviate from the cost of movirgpplications, this demand function will be quite inelastic.
power between those nodes. Finally, a crucial relationship in the CSF model is the
Market clearing conditions that ensure that: the®njectured (rival) supply function itse#f;(ps). It represents
amount of transmission services demanded by genenaw f anticipates that total sales by rivals will depend on
tors and arbitragers equals that provided by the ISjce. Ifsq(pr) = sq*, a constant from the point of view fof

the amounts of power that each generating firm antithen the CSF model reduces to a Cournot model [32]. More
pates will be sold by other GenCos and arbitragegenerally, we assume thai(ps) is affine. Given these vari-
equal the amounts they actually sell; and the prices aiples and relationships, firfis problem is:

ticipated by different participants are consistent. MAX 1T =2 (5 — WHSi — Zin (Ciin—WH)in
Each component is summarized in turn below. Then in Sec- g hiectto: CSFs: sq = Sq(py) i
tion lll.E, we present a POOLCO version of the CSF model.  pemand functions: s; + sq +a* = G(pr) i
A. Generating Firm Model Generation limits:  gin < Gin {Urin) Vih
A generating firmf participating in a bilateral market is Energy balance:  Zi S = Zih Gin (@)
Vs, Gin 20

modeled as having two basic decision variables: its generation
xin [MW] from generatorsh at network nodeg and its sales CoefficientCyp, [$/MWh] is the marginal cost of generatbr
s [MW] to consumers, load-serving entities, or arbitragers etvned byf, while Gs, [MW] is the upper bound for genera-
nodei. In addition, the pricgy [$/MWh] it anticipates at tion from that unit.w* [$/MWHh] is the price of transmission
each node is a variable. (Note thak has subscript How- services from the assumed network hub to riod€he aster-

ever, in equilibrium, they; for all f must be equal at each isk (*) on this and other variables indicates that although this
guantity is a variable from the market model’s point of view,
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it is viewed as fixed (exogenous) by fifim Meanwhile,u, The KKT conditions of this model for the primal variables
[$/MWh] is the dual multiplier for the generator capacit{s;, gsn) and dual variablesuf,,&) define a mixed comple-
constraint, whileg; [$/MWh] is the dual for the energy bal-mentarity problem that is either linear (if the fixed slope CSF
ance, interpretable dss marginal cost at the hub of the lin-is used) or nonlinear (in the case of a fixed intercept CSF).
earized DC network. We omit the dual variables for the dBhe nonlinearity in the latter case arises becauses{sg*,
mand functions and CSFs because the reduced model wepdc-s, a*)s; term in the objective function is not the simple
tually solve (see below) eliminates those equations quadratic function obtained for the fixed slope case. Explicit
Two versions of the affine CSFs are considered here, egpressions fop;(ss*, pi*, S, &) and the KKT conditions
sulting in two distinct models. The first assumes that tlaee in [49] (and are also available from the authors).
slopeof s5(p) is constant (Fig. 1a): In real markets, there are many GenGCeg.( twenty
sqi(pr) = s* + Bsi (P — p*) three in the England-Wales case studied below), which yields
whereB; is the assumed rate of change in rival supply parvery large model because of the need to keep track of sales
unit price, andgs*, pi*) are a supply-price pair that the funcby each firm at each node. However, the model can be sim-
tion passes through, and which GerfGaeews as fixed. But plified by treating the smaller firms as price-takers rather
from the point of view of the marketsy(*, p;*) are actually than strategic firms. When there is arbitrage, a price-taking
variables that in equilibrium equal the actual amounts supm will anticipate that it can maximize its profit by selling
plied by other firms and price, respectively. This condition ike entire output of each of its generators at its bus at the pre-
imposed by the market clearing conditions of Section III.D. vailing price, which it takes as fixed; this is because any addi-
In the second CSF version, eatinstead assumes thational revenues it might anticipate from selling at a higher
theinterceptof the function is constant (Fig. 1b): price elsewhere will, in equilibrium, be exactly offset by the
si(pn) = (P — As) Si* 1 (p* — Ax) transmission cost to that point. The price-taking and arbi-
whereAy is the assumed price intercept of the CSK &ii.  trage assumptions allow the sales variables to be eliminated,
In an equilibrium, then, price at eachwill be p*, and resulting in the following model for price-taking firms:
each GenCo anticipates that if price deviates from this level, R N T
then rival GenCos will change their supply fregt accord- MAX T = Zin (p*=Con)Gin
ing to the CSF assumed. Note tipgdt andsgq* arenot as-
sumptions, but are instead equilibrium values of variables.
Varying degrees of competitiveness in the market can §e |so Mmodel
simulated by different values éf; or B;. For instance, high
values of either parameter would imply more horizontaF€
in Fig. 1 (as long a8 < p*); each firmf would then believe
that rivals will be quick to jump in with more supplyfift-
tempts to raise prices by restricting its output. This provid%
more incentive to cut prices, and the equilibrium will b
closer to perfectly competitive levels than it would be oth
\gelzstiet}i.vel r;)c:ieegl?;ﬂmao:gﬁi?iozﬁrtrand behavior and the Comservicesili _W.* yi subject to a DC load flow, yielding KKTs:
On the other hand, setting low values for the parameteré(Oryi AL W — ZPTDRy 4= 0 (1IS01)
yields less intensive competition; eith&r = < or B = 0 for 4, vk 0< 4| (ZPTDRyy —T) <0 (1S0O2)
will result in vertical GFs in Fig. 1, equivalent to the Courwhere PTDFy is the power transmission distribution factor
not model. The CSF approach also gives the modeler flfW/MW] for flowgate k resulting from an injection at the
bility to allow different firms to have different expectationshub and withdrawal at node and Ty is the MW flowgate
For example, some firms might compete intensely (which climit. The duals can be viewed as Chao-Peck flowgate prices,
be simulated by setting thedt; or B to relatively high lev- and thew* as the difference between spot prices at the hub
els), while other firms in the same market might be more iandi under locational marginal pricing [18].
clined to attempt to manipulate prices (so thejr and B .
might be set to relatively low levels). As suggestagrg C. Arbitrager Model

S. t.: Gin < Giin (tin)  V i,h
Y0in 20

The derivation of this model is presented in [32]. It repre-
sents the efficient rationing of transmission capacity. (Other
formulations of the transmission pricing problem are possible,
ch as zonal or uniform pricing [68].) There are two types
variables:y; (the MW of transmission service provided
fom the hub to) and Ay (the dual variable upon the flow
constraint for flowgaté). The model maximizes the value of

these parameters can be estimated [25]. In equilibrium, arbitrage will eliminate any price differences
Once selected, the functiorss(ps) and g(ps) can be between nodes that are not based on cost, implying that [32]:
used to eliminate variables and sy from the model. Price Prub® + Wi* = pi* vizhub (A1)

can then be expressed as a function of the variabl¢sgi*, Dp. Market Clearing Conditions

Si, a*}, along with parameters@,, P,o} and eitherAy or B.

. depending on which CSF is used. The above GenCo prMﬂrket clearing conditions ensure that supplies of transmis-
1 .

maximization model for the bilateral market then reduces to":fion services equal demand, and that prices and rival supplies
anticipated by eachequal the actual equilibrium amounts:

MAX Zi [pri(S*, Pi*) S &%) W*]Si — Zin (Ciin —_W*)gﬂh Vi = ZeS + a* — Zen Orin i (MC1)
s.t.. Gin <Gin (Lsn) ¥ ih pi(ss*, Pi*, S, &%) = pi* vi,f (MC2)
Zi S = ZinhOrin @) Si* = Zm#t Smi Vi, f (MC3)

Vs, Gin 20 Gathering together the KKT conditions for each generiator



along with conditions (1SO1,2), (A1), and (MC1-3), defines a The first question concerns the relationship of the solu-
mixed complementarity problem. The problem can be simgiiens of the various models. As noted, the bilateral models
fied by using several of the equality conditions to eliminav@th and without arbitrage in general yield different prices.
some variables (similar to [32]). The resulting reduced co®e do the fixed intercept and slope CSFs (except in the ex-
plementarity model can then be solved for the equilibrium doeme cases where the parametkfsandBy are chosen to
lution, including pricesg*, w* ) quantities & , Si*, Oin, represent either pure or Cournot competition).
a*, yi), profits (%), and dual variableg, .6, 4). The in- However, it can be shown that the POOLCO model and
sights gained by comparing the values of these variables bitateral model with arbitrage yield identical profits and total
der alternative market designs, industrial structures (esgples for eacliand the samp* for the CSF (constant slope)
numbers of firms), and physical system designs (e.g., trandel. This result was previously known for the cases of per-
mission capacity) can be useful for market designers, regdtst competition [9] and the Cournot model [44], but now is
tors, and market participants. partially generalized to the CSF case. Thus, in theory, the
amount of GenCo market power in the POOLCO aihat-b
E. A POOLCO Maket Model eral models is the same, as long as sufficient arbitrage exists.
A POOLCO market model is developed here analogous to the Panget al. [49] show an additional equiva|ence result:
POOLCO Cournot model in [32]. Each generator sells its @Rat a CSF bilateral model with arbitrage can be calculated in
tire production at its node (sp = Zn grn, Vi,f) and each firm eijther of two ways, either with the arbitrage condition (AC1)
f anticipates how the 1SO will alteceepted bids and powerexternal to the producers’ models, or with the arbitrage condi-
transfers so that locational marginal pricing (LMP) relationion explicitly recognized by generators and incorporated in
ship is maintained (equivalent to equation (A1)). Thus, theeir constraint set (as in the POOLCO model). The solu-
CSF POOLCO producer model is at the saimee simpler tjons to the two models yield identical profits, total sales, and
and more complex than the bilateral model preserteslea prices in the fixed slope models (which can be demonstrated
It is simpler in that they; variables can be eliminated, but |hs|ng the same arguments as in [44]) Thus, the model that is
is more complex because the GenCo model now includes (f3siest to solve can be used, which is the POOLCO model (as
as a constraint along with arbitrageas an endogeous deciit has fewer variables). Finally, it has been shown [49] that
sion variable that adjusts so that (Al) is satisfied. The gy solution to the external arbitrage/fixed intercept model

duced form of that model is: also solves the internal arbitrage/fixed intercept model.
MAX T = Zin[pi(Ss*, Pi*, Zn Gins a1) — GinlGrin The second question concerns whether solutions to the
st: LMP: pi(Si*, Pi*, Zn Gin s @) market equilibrium problem exist. For the fixed slope CSF
—PnudSthug P En Gt hubn A hup— W0 wizhub model, solutions exist under very mild conditions; this can be
Arbitrage balance: La; =0 proven in the same way that existence is proven for the Cpur-
gin < Giin (L) vih not model in [44] using results from linear complementarity
Ygin =0 theory. The third question, solution uniqueness, is addressed

in the same way for the fixed slope CSF model. As in the

The POOLCO market clearing catidns also differ: case of its Cournot counterpart [44], linear complementarity

Yi = i‘i . . V? (MC1:) theory can be used to show that profits, prices, and total firm
prigsfi » P*y B0 Gin, &) = P VLT (MC2)  sales are unique for that model.

S* = Zm# 1 Zh Grin vi,f (MC3) Answering the second and third question for the intercept
a = &y i, f (MC4) CSF model is more complicated because the market equilib-

(MC1’) results from the fact that “arbitrage” (actuallyrjym conditions in that case definenaniinear complemen-
POOLCO) flows are the only ones in the system. (MC2’) aRglity problem, for which fewer theoretical results exist. Yet
(MC4) are ecessary because prices and arbitrage are defijgd possible to show that if the fixed intercepts are below
for each firm, but in equilibrium must be equal across firms.4 computable bound, then a solution will exist for the fixed

The POOLCO market model is taimed by gathering jntercept model [49]. Furthermore, prices and each firm’s to-
the KKT conditions for the GenCo model, along with (MC1'tz| sales and profits will be unique.

4) and the transmission conditions (ISO1,2). The arbitrage
condition (A1) is automatically satisfied by definition of the

producer models, and does not need to be included explicitly. _ ]
The resulting mixed complementarity model can be simpftS @n illustration, we apply the CSF model to the England

fied by using equality conditions to eliminate variables; f@"d Wales (E&W) system. Oligopoly models have been used

instance, the LMP equality can be used to eliminatethe previously to assess the impacts of market power, market
structure, and divestments on E&W pricese.g|

10,19,27,30,42], but transmission constraints were not con-
IY' CSF Mooe PR_OPERTIES ) sidered. Here, using the simplified model of the E&W trans-
Here we examine three questions concerning theoretiggksion network developed by Green [28], we compare results
properties of the solutions. The results are summarized Pgm the fixed intercept and variable slope models with the
low; proofs are available in [44,49]. As pointed obo¥®, @ Cournot model. At present, congestion management in the
key assumption underlying these results is that generatorsgggy market is not performed in the manner assumed by the
price takers with respect to transmission. models developed here. However, there has been an ongoing

V. APPLICATION TO THEENGLAND-WALES MARKET



review of these arrangements by the UK Office of Gas and 3(price (E/MWh)
Electricity Market (OFGEM) [45]. The models developed
here could be used to provide insight into possible outcomes CSF pre-divestment (199

of adopting the proposals that OFGEM had been considering. 5&

A. No Transmission Constraints 20lCSF after 1st divestment (1996 -9

Our first analysis disregards transmission constraints to show Marginal supply cost““.,,..ﬁ-‘“
the general nature of the FCM solution. Fig. 2 shows our es- o
timate of the E&W marginal cost curve in 2000 (the step 10
function). This curve includes 53 power plants (including
imports from Electricite’ de France and Scottish power)
owned by 23 different companies. For our investigation of
the no transmission constraints models, we examine the pos-0 20000 40000 6000

sible effect of the 1996 and 1999 E&W generation divest- Demand (MW)

ments upon equilibrium prices using the fixed intercept FCid. 2. E&W System Marginal Cost Curve and Conjectured Supply Functions
model. In each of those years, the Office of Electricity Reg@995. 1996, 1999) for 52 GW Load (Dots are CalculatediiBa)

lation responded to concerns about the exercise of market
power [e.g., 69] by requiring the two largest suppliers in the
system (National Power and PowerGen) sell off portions of
their generation assets.

A load of 52,000 MW is considered with zero price elas-
ticity (the vertical dashed line). In that case, Fig. 2 shows
that pure competition (P = marginal cost) gives a price of 15
£/MWh. However, because there are a few very large gen-
eration firms in E&W, prices that would be projected by most
oligopoly models would be higher than that. As an extreme
case, Cournot prices would be infinite because of the zero
price elasticity; thus, that model is of dubious relevance.

On the other hand, the CSF approach gives equilibrium
prices that are generally more consistent with those actually
experienced (on the order of a few tens of percent above mar-
ginal cost [69]). In that model, we assume that the seves - E&W 13 Node System

largest GenCos behave strategicadlly.(their models include set ownership structure. Eight GenCos are assumed to act

CSFs), while the others are price takers. We executed the, . e
fixed intercept model assuming thag = O for all strategid strategically and 14 are price takers. The strategic firms are

for the model’s single node= 1. This level was chosen be_mos.tly the GenCog thf"lt own multiple coal and gas fired gen-
cause an affine approximatioﬁ to the actual marginal Cgr?tmg plants, Wh.”e independent power producers and nu-
curve for the market would have an intercept of appro)E:I_ear plants are price takers. In total there we model 56 pIan'Fs
matelv that val Th ing that h i ar%d 21 flowgates between the 13 nodes. Because of transmis-
tely that value.  Thus, we are assuming that each firm age ints in the Midlands region, we anticipate signifi-
as if it believes that its rivals will have supply curves with an! constraints in t gion,
elasticity of 1. The CSF model was solved three times oncg@t price differences between nor'thern (N1-N7) and south-
for each owﬁership structure. The resulting equilit;riurenrn nodgs (N8-N13). For the fixed intercept model, we exam-
prices are 23 £/MWh for the p.re-1995 market concentration.. four interceptsiy; = 0, As = -10,Aq = -100 andAq =
Y000 [E/MWh]. Four slopes are considered in the fixed

19 £/MWh after the 1995 divestment, and 17 £/MWh aftér pe model: B = 1000, B; = 100, B; =10 and B, =1 [MW
. - l (I ’ (I (N

the further divestment in 1999. Thus, decreasing mar e?E/MWh)]. These values range from very competitive to

concentration in that manner should be expected to S'gnl'}cﬁjcompetitive conditions, respectively.

cantly decrease the amount by which the companies wou Mean prices for the northern (N1-N7) and southern

:iilzg g:fshigcl)l\)//einmgiglnzalbflossgl.ow-:-:ges{ﬁeriztjallfscg;?:g%r e;lgodes (NS-N13) are calculatgd from the solutions of the
supply function resultin.g from each solution (derived fromoumm’ fixed intercept and fixed slope model.s'. These re-
the calculatedisq*, pi*); the effect of decreasing market con§UItS’ as well as those for the perfectly competltlve qqtgome,
centration is toI éhilft 'Ehat curve downwards in a more cofic show.n in Table | for the three dlﬁerent price elast|C|t|gs.

The influence of network constraints on power flowing

Egt':“é? tggeég?:r;' Wﬁﬂ%ulgr\zggﬁfmjﬁ ds?g;/\v/r; as the IntPTrrbm generating plants in the north of the country to load in
P ’ the south is evident in these results (higher prices in the south
B. Transmission-Constrained Model than the north). Although such constraints would not occur

We now apply the fixed intercept and variable slope cdgf all load levels (they are more likely during high load net-
models and the Cournot model using a 13 area approximaf{ifk maintenance conditions), their influence on an efficient
of the E&W transmission grid (Fig. 3) with the year 20060ngestion-pricing regime can be pronounced, as seen here.

CSF after 2nd divestmeijt (199P)




TABLE I.
CoMPARISON OFCOMPETITIVE, COURNOT, AND CSF RRICES FORE&W UNDERALTERNATIVE ELASTICITIES
Elasticity; Prices| Competitivel ~ Cournof Fixed SloBe MW/($/MWh), Fig. 1a) Fixed IntercepAg $/MWh, Fig. 1b)
in North, South Solution Solutior] 1000 100 10 1 0 -10 -100 -1000
E=0.1:R= 14.66 27.11 15.10 16.94 23.78 26.68 15.81 16.43 20.81 2579
Ps = 16.78 30.04 17.39 19.88 26.70 29.61 18.88 19.42 24.15 2872
E=001:R= 14.66 42.02 15.11 17.17 30.96 40.17 15.83 16.45 23.69 3689
Ps= 16.78 46.08 17.41 20.63 34.63 44.24) 19.61 20.54 27.39 4081
E=0.01:R= 14.66 163.99 15.13 17.55 48.61 129.54 15.88 16.88 29.85 91.56
Ps= 16.78 172.56 17.42 21.43 55.76 136.84 19.84 21.09 33.68 94.85
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