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Abstract—We compare two alternative mechanisms for cap- in an attempt to rectify market imperfections such as demand
ping prices in two-settlement electricity markets. With sufficient  inelasticity, barriers to entry, imperfect capital markets and
lead time and competitive entry opportunities, forward market locational market power. In this paper we extend our earlier

prices are implicitly capped by competitive pressure of potential . o
entry that will occur when forward prices rise above a certain model in [20] by considering, separately, the effects of these

level. Another more direct approach is to cap spot prices through WO cap types on the spot and forward prices.
regulatory intervention. In this paper we explore the implications In particular, we address the following questions: To what
of the two alternative mechanisms in a two settlement Cournot extent do the generators commit forward contracts under price
equilibrium framework. We formulate the market equilibrium 5o oy do caps on forward prices affect the spot market
as a stochastic equilibrium problem with equilibrium constraints d how d . f he f d ket? Wi
(EPEC) capturing congestion effects, probabilistic contingencies and how do caps pn sppt prices aitect the forward mar _Fj't', e
and market power. As an illustrative test case we use the 53- Study these questions via a two-settlement Cournot equilibrium
bus Belgian electricity network with representative generator model where generation firms have horizontal market power.
cost but hypothetical demand and ownership assumptions. When The system is subject to contingencies due to transmission
compared fo two-settlement systems without price caps we find 54 generation outages as well as to demand uncertainties.
that either of the price capping alternatives results in reduced o del al f K . hich i
forward contracting. Furthermore the reduction in spot prices ur moael also accounts for _networ angestlon which 1S
due to forward contracting is smaller. represented through a capacity constrained DC load flow
approximation of the electricity grid.
We convert our formulation into a stochastic equilibrium

. INTRODUCTION problem with equilibrium constraints (EPEC) where each
It is generally believed that forward contracting mitigategeneration firm faces a stochastic mathematical program with

generators’ horizontal market power in the spot markets afguilibrium constraints (MPEC, see [14]). These MPEC prob-
protect marketers against spot price volatility resulting frofg™MS have quadratic objective functions and share identical
system contingencies and demand uncertainty. Competitl@é/er-level constraints in the form of a parametric linear

entry in the forward market and regulatory caps on spot pricE@mplementarity problem (LCP, see [7]).

are further means of mitigating price spikes and market pOWerThe remainder of this paper is organized as follows. Related

abuse. Previous works by [1], [2], [13], [20], focus on the imglectricity markeF models_and MPEC algorithms are reyiewed
pact of forward markets on spot prices and social welfare uff- the next section, section Il presents the formulation for
der alternative assumptions regarding the relationship betwdBf two-settlement markets. In section IV, we run a variety
forward and spot prices. It was shown that generators hate€xPeriments on our MPEC and EPEC algorithms. Finally,
incentives to contract in the forward markets whereas forwaftf investigate the implications of hypothetical price caps in a
contracting reduces spot prices and increases consumpf?@ﬁwork describing a reallized model of the Belgian electricity

levels and social welfare. These models, however, assum@'&ket

fixed generation stock which is an appropriate assumption

for two-settlement system over short time intervals (e.g., day Il. RELATED RESEARCH
ahead and real time markets). For long term forward contracts
potential competitive entries impose an implicit price cap on.
forward contract prices since new investment in generati
capacity will occur when forward prices rise above a certal
level. Alternatively, regulators in many restructured electricit
markets have imposed price or offer caps in the spot mark

In this section, we review models for electricity markets

th forward contracts and Cournot competition, as well as
EC algorithms.

Wei and Smeers [19] consider a Cournot model with regu-

ed transmission prices. They solve the variational inequali-

ties to determine unique long-run equilibria in their models. In
1Research supported by the National Science Foundation Grant E&‘-bsequem work, Smeers and Wei [18] consider a separated

0224779 with the University of California. energy and transmission market, where the system operator



conducts a transmission capacity auction with power marketéui capacity in more demand scenarios. Powell [17] models
purchasing transmission contracts to support bilateral tramsqglicitly re-contracting by Regional Electricity Companies
actions. They conclude that such a market converges to {(RECSs) after the maturation of the initial portfolio of contracts
optimal dispatch for a large number of marketers. set up after deregulation. He adds risk aversion on the part of

Hobbs [12] calculates a Cournot equilibrium under thBECs to earlier models. Generators act as price setters in the
assumptions of linear demand and cost functions, which leadmtract market. He shows that the degree of coordination has
to a mixed linear complementarity problem (mixed LCP). In an impact on the hedge cover demanded by the RECs, and
market without arbitrageurs, non-cost based price differengasints to a “free rider” problem which leads to a lower hedge
can arise because the bilateral nature of the transacti@oser chosen by the RECs.
gives firms more degrees of freedom to discriminate betweenNewbery [15] analyzes the role of contracts as a barrier to
electricity demand at various nodes. This is equivalent toemtry in the England and Wales electricity market. He extends
separated market as in Smeers and Wei [18]. In the market withrlier work by modelling equilibria of supply functions in
arbitrageurs, any non-cost differences are arbitraged by tradiws spot market. He further shows that if entrants can sign
who buy and sell electricity at nodal prices. This equilibriunbase load contracts and incumbents have enough capacity, the
is shown to be equivalent to a Nash-Cournot equilibrium iniacumbent can sell enough contacts to drive down the spot
POOLCO-type market. Hobbs, Metzler and Pang [11] presemice below the entry deterring level, resulting in more volatile
an oligopolistic market where each firm submits a lineapot prices if producers coordinate on the highest profit supply
supply function to the Independent System Operator (ISG)nction equilibrium (SFE). Capacity limit however may imply
They assume that firms can only manipulate the interceptstbt incumbents cannot play a low enough SFE in the spot
the supply functions, but not the slopes, while power flowsarket and hence cannot deter entry. Green [10] extends
and pricing strategies are constrained by the ISO’s linearizBidwbery's model showing that when generators compete in
optimal power flow (OPF). Each firm in this model faces 8FEs in the spot market, together with the assumption of
MPEC problem with spatial price equilibrium as the inneCournot conjectural variations in the forward market, imply
problem. that no contracting will take place unless buyers are risk

Work in forward markets has focused on the welfare ewverse and willing to provide a hedge premium in the forward
hancing properties of forward markets and the commitmemtarket. He shows that forward sales can deter excess entry,
value of forward contracts. The basic model in [1] assumesid increase economic efficiency and long-run profits of a
that producers meet in a two period market where therelége incumbent firm faced with potential entrants.
some demand uncertainty in the second period. Allaz showsyao, Oren and Adler [20] study the Nash Equilibrium in the
that generators have a strategic incentive to contract forwaveb-settlement competitive electricity markets with uncertainty
if other producers do not. This result can be understoad transmission, generation and demand in the spot market.
using the concepts of strategic substitutes and complemenke Cournot generators’ and the social-welfare-maximizing
of Bulow, Geneakoplos and Klemperer [4]. In these termsystem operator’s behaviors are modelled in both forward and
the availability of the forward market makes a particulagpot markets. The equilibrium is modelled as an EPEC in
producer more aggressive in the spot market. Due to thwhich each generation firm solves a MPEC problem. The
strategic substitutes effect, this produces a negative effectrodel is applied to a six-bus illustrative example, and it
its competitors’ production. The producer with access to the found that the generators have incentives for committing
forward market can therefore use its forward commitment forward contracts under spot market uncertainties and con-
improve its profitability to the detriment of its competitorsgestions, whereas two settlements increase social welfare,
Allaz shows, however, that if all producers have access diecrease spot price magnitudes and volatilities.
the forward market, it lead to a prisoners’ dilemma type of
effect, reducing profits for all producers. Allaz and Vila [2]
extend this result to the case where there is more than one time
period where forward trading takes place. For a case withoutin this section, we introduce a generic model of the two-
uncertainty, they establish that as the number of periods whegitlement electricity system with both spot and forward price
forward trading takes place tends to infinity, producers los@ps. The system with either spot or forward market is a
their ability to raise market prices above marginal cost due $pecial case of this generic model by setting the forward or
the competitive solution. the spot price caps, or both, to infinity.

von der Fehr and Harbord [8] and Powell [17] study In this generic model, we formulate the two-settlement
contracts and their impact on an imperfectly competitivelectricity markets as a complete-information two-period game
electricity spot market: the UK pool. von der Fehr and Harbondith the forward market being settled in the first period,
[8] focus on price competition in the spot market with capacitgnd the spot market being settled in the second period. The
constraints and multiple demand scenarios. They find thequilibrium in either market is a sub-game perfect Nash
contracts tend to put downward pressure on spot pricesjuilibrium (SPNE, see [9]).
Although, this provides disincentive to generators to offer suchIn the forward market, the generation firms determine their
contracts, there is a countervailing force in that selling a largerward commitments while anticipating other firms’ forward
number of contracts commits a firm to be more aggressigeantities and the spot market outcomes. The spot market is
in the spot market, and ensures that it is dispatched into éssubgame with three stages: in stage one, Nature picks the

IIl. THE MODEL



state of the world so as to reveal the actual capacities of thes Pr(c): Probability of state- in the spot market.
generation facilities and the transmission lines as well as thes §;: (6; > O,Zi:z(i):z 0; = 1) the weights used to settle
shape of the demand functions at each node; firms determine the zonal prices.

generation quantities to compete in a Nash-Cournot manner in

stage two; and the System Operator (SO) determines howglo The Spot Market

dispatch electricity within the network to maximize total social For th ke of lit I gif t levels of
welfare. Note that the generation firms take into consideration or the sake of generality we aflow different Ievels o

the SO's actions, it is rational to assume that generation firrﬁrsanularlty in the financial settlements (with equal granularity

and the SO move simultaneous in the spot market. eing a special case). 'I_'hls is motlvated_by the fac_t that in real
markets we observe different granularity levels in spot and

. long term forward markets (for example in PJM, the western
A. Notation: hub representing the weighted average price over nearly 100
We consider the set of nodes, transmission lines, zon@gdes is the most liquid forward market). Specifically, the
generation firms and their generation facilities, and the stat@stwork underlying the nodal spot market is divided into a set

of the spot market. of zones, each of which is a cluster of connected nodes. This
« N: The set of all nodes or buses. suggests three pricing schemes: spot nodal prices, spot zonal
e Z: The set of all zones. Moreovet(i) represents the prices (used to settle zonal forward contracts) and forward
zone where node resides. (zonal) prices.

« L: The set of transmission lines whose probabilities of Spot nodal prices are the prices at which generation and
congestion in the spot market are strictly positive. Thedeads are settled at their respective nodes. In stabé the
lines are called flowgates. spot market, the total consumption at nads r¢ + ¢¢, which

« (' The finite set of all states of the spot market. is sum of the quantity generated by the generator and the

« G: The set of all generation firmsv, denotes the set of (export or import) adjustment made by the SO. Because loads
nodes which generation firm has facilities attached to. can never be negative, we restrict

In the two-settlement markets, generators determine how
much to commit in the forward contracts and how much to
generate in the spot market. The system operator determif@nsumers evaluate their consumptionsgpf+ r§ at price
how to adjust the consumption level at each node in the sp§tq + ) according to the inverse demand functions. The
market. The variables related to the forward markets are: actual spot nodal prices atein{u, p§(¢f + r§)} due to the

« 1z, The forward quantity committed from firgto zone SPOt price caps. . _ _ .

5 The spot zonal price: at a zonez in statec is defined
as the weighted average of nodal prices in the zone with
predetermined weight§. Typically we expect theses weights
to reflect historical load ratios and be updated periodically,
however they are treated as constants in our model so that

g +ri >0 i€N

The variables related to the spot markets are:

« ¢¢: The spot quantity generated at nodim statec.
« r¢: Adjustment quantity at nodeby the system operator

in statec. . : . -
_ _ . contracting, production and consumption decisions do not
The following exogenous parameters are considered in Giffect these weights. In mathematical terms the zonal spot
formulation: ) _ price is given as:

e ¢°,q5: lower and upper capacity bounds of generation

i’ 2t . c : = C(HC c

facility at nodes in statec. u, = Z 6 min{u, pi(¢; + 7))} 2€Z
« u: the spot price cap. ir2(i)=2
« h: the forward price cap. The forward zonal priceh. are the prices at which forward

« p;(): Inverse demand function at noden statec. We  commitments are agreed upon in the respective zones. We
denotep” as the common price intercept across all nodegsume that in equilibrium no profitable arbitrage is possible
in each state, andb; being the slopes: between forward and spot zonal prices. This implies that the

p(q) =p°—big i€ N,ceC forward zonal price is equal to the expected spot zonal prices.

That is:
We assume that the inverse demand at each node shifts

inwards or outwards in different states, but the slope does h. = E°[u]
not change. =Y Prioul z€Z )
« C;(-): Generation cost function at nodeWe assume that el

the cost function is convex quadratic where In the existence of the forward price cap, a threshold is put

1 on the forward prices:
Ci(q) = diq + = siq” P

2 _
. . . . h,<h ez 3
with given positived; and non-negative,;. - i )

o K[ : capacity limit of linel in statec. In each state- of the spot market, generation firms decide

« Dy, : Power transfer distribution factor in stateon line  variablesg;: the output from each of its plants. These outputs
[ with respect to node. can not be below the minimal output, neither can they exceed



the respective capacities of the plants in that state. Hence thimus total generation cost. She solves the following mathe-

generators face the constraints: matical program in each stateof the spot market:
C < gC <P g i 4
4§ <q<T i€N, max Z[/ pi(ri)dri — Ci(qf)]
" ien 70
Each generatoy’s revenue in state: of the spot market subject to:

is her generation quantities paid at spot nodal prices and the

) . . C+q¢i >0, i€eN 5
financial settlement of her forward commitments settled at the T = ' ®)
difference between the forward zonal prices and spot zonal ZTf =0 (6)
prices. Her profitry is given by: ieN
~Kf <Y Digi<Kf, leL (7)
we =Y qfmin{a, pi(rf + gf)} + Y (he — uf)zg ieN
€Ny =€z Since the generators’ decision variablgs are treated as
- Z Ci(q) constant parameters in the SO’s decision, the t€f({) can
iEN, be dropped from this problem without affecting its optimal

solution.
To avoid discontinuity in generators’ profit function (see for The constraint (3) is excluded in spot market decision
example [16]), We have assumed here that the generatorspisblems because it has been considered by the generators
not consider the impact of their decisions on the settlementthe forward market.
of transmission rights. Each generatpsolves the following
program in state: of the spot market:

C. Spot market smooth formulation

H}Z%X T, The generators’ and the system operator’s decision problems
. in the spot market do not have straightforward optimality
subject to: e ) -
conditions due to the non-smooth function characterizing the
C (& —C - . . .
4 < ¢ <q;, 1€Ng (4)  spot prices. In this sub-section, we reformulate these problems
@G +ri>0, i€N, (5) by removing the minimization terms of spot nodal prices. It

is accomplished by considering separately two cases.

The SO decides in each stateof the spot market how 1) High spot caps:The first case is of high spot caps, i.e.
to dispatch the energy within the network (i.e., import andd = p°. Due to the constraint (5), it must hold that
export quantities at each node) given the production decisions s e
by generators. She makes the adjustmentat each node p 2 pi(ai +77)
i. Her dispatch must satisfy the network thermal constramﬁ]us the spot nodal prices are
on power flows. We model electricity flows on transmission
Ilngs throygh Power Transfer D|str|but!on Fac?ors (PTDFs) min{p¢(q¢ + r5),a} = pS(qf + %),
using a Direct Current (DC) approximation of Kirchoff's law
[6]. The PTDF is the proportion of flow on a particular lineand the spot zonal prices are
resulting from an injection of one unit at a particular node and

a corresponding one-unit withdrawal at the reference “slack ui =Y 6 min{a,pf(qf +7§)}
bus”. The network feasibility constraints are i:2(i)=2
= Z 0ipi(qs +15) z€Z. (8)
—KZCSZDZCZTfSKIC, lelL 1:2(1) ==z
1EN

High spot price caps are hence not binding, and we drop
Meanwhile, the SO should also maintain real time balance &fem from the generators’ decision problems. So the genera-

loads and outputs, that is tors’ spot decision problems become
c . c
S = Y G
N ieN subject to:
or equivalently ¢ <q¢ <7, i€N, (4)

ieN where

The SO's objective is to maximize the social welfare definedg = Z pi(ri +qi)q; + Z hy —ul)zg, . Z Ci(q)
by the area under the consumers’ inverse demand function €Ng z€Z €N,



Price 4 The system operator’s social welfare maximization problem
p° becomes:
Inverse demand function . ot e
A Ui Vi TG Y,
St imax Yo/ pitran+ [ P (7))
"0 en /0 g
u Spot price cap subject to:
| c
| Y =0 (6)
: . iEN
4 | Marginal cost K<Y Dt <Kf, el @)
| | i€EN
| > 0<vf<of, i€N 9
0 e Quantity Pt g — >0, ieN (10)
Fig. 1. Low spot price caps
The generation firms’ spot profit maximization problems
are:
For the system operator, she still faces the decision problem:
rite 5c c
S°: max Z/ s (r;)dr; Gg: max m,
T en /o o
subject to: subject to:
. ) C<qgf <q¢ )
=0, ieN ©) g ==t TeN ®
: STl —vi >0, 1€N, 10
=0 © gzt ief (9
ieN
—- K5 < Z D¢ <Kf, lel (7) Where the generators’ spot profit
i€N
2).Lovi/ spﬁo‘t price caps:When _the spot price caps are o= Z (@ — B¢ - (¢f + ¢ — v9))gC
low, i.e. w < p°, they intersect the inverse demand functions, N
and are possibly binding (see figure 1). Though spot nodal i . .
price min{p$(q¢ + 7§), @} is a minimization function and the + ) (he —uS)zy, . — Z Cildi)
generators’ objective is to be maximized, we can nevertheless 2€Z €N,

apply a “min-max” formulation to it. This is because of the

uncertainty of the relative magnitude betwegy. and¢{ in ) ) ) ) .
¢, which we should not restrict. To overcome this issue, we 1€ constraint (5) is no longer included in proble&fsand
ingtroduce artificial variables G, because it it implied by constraints (10) and the left hand

« of: inframarginal quantity fromy$ + ¢ at nodei which of constraint (9).
the generators evaluate at the spot price cap.
Following from its definition,u§ must satisfies

0<vi <gi+ry D. Spot market outcomes

Moreover, quantityy can not be to the right of the intersection

point of the price cap and the inverse demand functions, i.e. The spot market is described by the pairgff and 5° if
spot price caps are no less than the price intercepts of the

v < T = pcb: u inverse demand functions, or otherwise the pairggf and
i S¢. These four problems are all strict concave-maximization
Due to the SO'’s objective to maximize social welfare, therogramming problems, which implies that their first order
optimal spot outcomes will seff as much as possible up tonecessary conditions (the KKT conditions) are also sufficient.
min{v¢, ¢f + r¢}, before setting the remaining quantigf + Thus, the spot market outcomes can be replaced by their KKT
r¢ — vf to the decreasing line segment of the inverse demaednditions.

functions. In another word, it can not be true that Let p¢_ and p$, to both directions of constraint (4) be
the Lagrangian multipliers to constraint (5) and (14}, to
constraint (6),A7_ and A7, to both directions of constraint
Otherwise, the social surplus is not maximized. The spot nodqd), and3;_ and 3{, to both directions of constraint (9), we
prices are thus functions qf , r§ andvf: u—0b§-(qf +r§ —v§). have KKT conditions as follows:

vf < min{oy, ¢f +ri} andg; + i — vy > 0.



1. For the pair ofG§ and S¢

MPEC problem:

(KKT1) Z r¢ =0 max = Z Pr(c)w
JEN 9.2 ceC
P° = bSqS — borS — af + pf subject to:
+3 (.~ A)Dg =0 Xeez Tgz € Xy 2€ 27
tel h. = E[ug] < h (3)

0<A LY Dias+Kf>0

> 75 =0
JEN
pe—bus — a4 b5 - (rf +qf —vf) — a4 uf

+3 (A = A)Df =0
teL

and constraints (KKT1) and (KKT2)

JEN
0 <N LKf =) df;r5>0 where X, defines the set of allowable non-negative forward
JEN positions for firmg.
0<pilgi+ri=0 Combining the generators’ MPEC problems, the equilibrium
P — 2b7q5 — biry — di — s;q5 + 15 problem in the forward market is an EPEC. Furthermore, this
+ (1= Pr(e))0ib§zy iy + pi — pSy =0 EPEC problem is a stochastic EPEC due to the uncertainty of
0< gt Lgf—q° >0 exogenous data.
D Note that variables¢ and a¢ can be eliminated from the
0<piylqi —q; 20 KKT conditions, we further define
2. for the pair ofG¢, and S¢ o x4 The vector of firmg’s forward variables.
Ty =[2g.,2 € Z]
(KKT2): 0<pilgi+ri—vi>0 e ¥y = [y% c € C] wherey® is the vector of lagrangian

multipliers for all inequality constraints in the generators’
and the SQO'’s decision problems in the spot market.

e w: w = [w%ec € C] wherew® is the slackness of the
constraints corresponding tg.

Then KKT constraint set of both (KKT1), and (KKT2) be-

comes the following parametric LCP with respectutcandy

= by (ri a0 —vi) + B ~#i =0 \ith 2, being the parameters
0<A LY Dias+Kf>0
jenN w:a+ZA9xg+My, 0<wly>0 (12)
jEN
0<pB_1luy >0 where
0< 8§, Lovj —vi >0 . Ao
u — 2b7q; = bf - (1§ —vf) — di — siq + pi§ 2 , 492
+ (1= Pr(e))dibay o) + pi_ — pfy = 0 o= A= L
0<pi_Llgi—4q;=>0 al®l A IC]
0 < pfyLgi —gqf >0 M* 0
MQ
11) M =
0 MICI
E. the Forward Market
in which a¢, A%, and M¢, ¢ € C, being suitable vector

In the forward market, network feasibility is ignored an

the forward contracts are settled. Each figntakes all her %nd matnces derived from
rivals’ forward quantities as given, and determines her o
best forward quantities to maximize her expected spot ut|I|t|es
Assuming the firms are risk neutral, their forward objectives
are to maximize their expected spot profits subject to the
KKT conditions which represent the anticipated actions in the
spot market. The generators should also consider constraint

(3) in the forward market so that their forward contracting Now, the generators’ forward objectives“[r;] can be
decisions will not result in expected spot zonal prices, or tlexpressed as functionf§(x,, z_,, y, w) with respect taz,, y,
forward prices, above the forward price cap. Thus each firamdw, where “—¢” denotesG\{g} andz_, denotes all other
g's optimization problem in the forward market is a stochastiirms’ design variables except for generaigs. The firms’

constraints (KKT1) and (KKT2).
AIterna‘uver, the LCP can be expressed in another way due
0 its separability:

w€ = af + Zg Ag,cxg + Mcyc

0 < wly® >0 ceC (13)



forward problems can be represented as:

Fy: zrgl;nw folzg, x_g,y,w)
subject to:
T4 € Xy (14)
F(zg,z_g,y,w) <0 (15)
w=a+Ar_s+ A%z, + My (16)
0<wly>0 a7

Here,z, are design variableg, w are state variables,_, are
parameters. The constraint (15) is constraint (3) represente
terms ofz,, 2_4,y, andw. The constraints (16) and (17) ar
a rewriting of the LCP constraint (12) by separating and
x_4. Moreover, the constraints (15), (16) and (17) are sha
among all generators.

We observe from the problems®, G¢, $¢ and G¢ that
M¢ is positive semi-definite. Note that both problerG$
and §¢ have optimal solutions for any set of,, the KKT
conditions (KKT1) and (KKT2) have thus feasible solution;9- 2- Belgian high voltage network
so do the LCP constraints (12) as a transformation of the KKT

conditions. Furthermore, due to theorem 3.1.7 in [7], the LCPWe assume that there are two generation firms competing

problem (12.) .Sa“SﬁeS the-uniqueness condition. in the forward market and the spot market, and two zones in

For simplicity, we assume that the exogenous parameteryn. vork with nodes 1 through 32 being in zone 1 and
our formulation is perturbed in such way that the spot decisigﬂe remaining nodes being in zone 2. Firm 1 owns plants at
problems have non-degenerate optimal solutions. Followiragdes? 9 11 31 32 33.35 37 41' 47 and 53. and firm 2
agaip from theqrem 3.L.7in [7].’ the LCP cpnstraints (12) ha\fﬁvns pla’mt’s at’nod'es iO, i4, éz, é4, 4’0, 4’2, 44, ar’1d 48. There
a uniquey solutions as well. This property is stated as fOIIOWSare no generation plants on other nodes. The corresponding

Al: The LCP constraints (12) have unique solutionsicdnd  information of generation plants is listed in table 1. More

y corresponding to all feasiblér, }. details are given in table Il describing the nodal information
Another observation from problenis, is that on inverse demand functions, first-order marginal generation
A2: the objective function are quadratic. costs, generation capacities and historical load ratios (in this
example, marginal costs are assumed constant). As to thermal

Properties Al and A2 guarantee that the solution approacfﬁ(rarﬁts, we ignore the intra-zonal flows and focus only on the

in [21] are also applicable here. flowgates of lines [22,49], [29,45], [30,43], and [31,52]. We
consider five test cases:
IV. THE BELGIAN ELECTRICITY MARKET . Case 1: price-uncapped single-settlement system, i.e. sin-

We use the Belgian electricity network to illustrate the 9le settlement without (spot) price caps.
economics results. For the completeness of the network, we Case 2: price-capped single-settlement system, i.e. single
incorporate some lines in the Netherlands and France. The Settlement with (spot) price caps.
network has 92 380kV and 220kv transmission lines, some ofs Case 3: price-uncapped two-settlement system, i.e. two
which are parallel lines between the same pair of nodes. For Settlements without spot and forward price caps.
computational purpose, parallel lines are combined to singles Case 4: forward-capped two-settlement system, i.e. two
lines with adjusted thermal capacities and resistances, thus Settlements with only forward price caps. We set the
the network is reduced to 71 transmission lines linking 53 forward price cap to 465.
nodes (see figure 2). Insignificant lower voltage lines and smalle Case 5: spot-capped two-settlement system, i.e. two set-
generation plants have been excluded from this example. tlements with only spot price caps. The spot price cap is
We assume that there are six states in the spot market. The Set to 600.
first state is a state in which the demands are at the shoulderGase 1 and 2 are essentially equivalent to a two-settlement
generation plants operate at their full capacity, all transmissigystem with the allowable forward contracts limited to only
lines rated at full thermal limits. The second state is the saraeros.
as the first state except that it has on-peak demand. Off-peakVe restrict the generators’ forward positions to their total
state 3 differs from state 1 by the very low demand levels. St#teneration capacity in the respective zones. Table Ill reports
4 denotes the contingency of the transmission line [31,3%]e spot zonal prices of these five scenarios. We find that
being out of service. State 5 and 6 capture the unavailabilitye Both spot and forward price caps reduce the magnitude
of two plants at node 10 and 41 respectively. The assumed of spot prices as compared to the corresponding single-
probabilities of these states are given in table I. settlement market.



TABLE |
STATES OF THEBELGIAN NETWORK

State  Probability Type and description
1 0.50 Shoulder state: Demands are at shoulder.
2 0.20 On-peak state: All demands are on the peak.
3 0.20 Off-peak state: All demands are off-peak.
4 0.03 Shoulder demands with line breakdown: Line [31,32] goes down.
5 0.03 Shoulder demands with generation outage: Plant at node 10 goes down.
6 0.04 Shoulder demands with generation outage: Plant at node 41 goes down.
TABLE Il
NODAL INFORMATION.
Node demand marginal capa- Node demand marginal capa-
Id slope cost city Id slope cost city
1 1 N/A 0 28 1 N/A 0
2 0.82 N/A 0 29 0.93 N/A 0
3 1.13 N/A 0 30 0.85 N/A 0
4 1 N/A 0 31 1 180 712
5 0.93 N/A 0 32 1 580 95
6 0.85 N/A 0 33 0.88 20 496
7 1 450 70 34 0.5 N/A 0
8 1 N/A 0 35 1 250 1053
9 0.88 180 460 36 0.73 N/A 0
10 0.9 180 121 37 1 100 1399
11 1 200 124 38 0.85 N/A 0
12 0.73 N/A 0 39 1 N/A 0
13 1 N/A 0 40 1.15 100 1378
14 0.85 130 1164 41 1 210 522
15 1 N/A 0 42 0.79 180 385
16 1.3 N/A 0 43 0.68 N/A 0
17 1 N/A 0 44 1.03 200 538
18 0.79 N/A 0 45 1 N/A 0
19 0.68 N/A 0 46 1 N/A 0
20 1.05 N/A 0 47 1 100 32
21 1 N/A 0 48 0.73 220 258
22 11 190 602 49 1.2 N/A 0
23 1 N/A 0 50 15 N/A 0
24 0.75 100 2985 51 1 N/A 0
25 1 N/A 0 52 1 N/A 0
26 0.8 N/A 0 53 1 200 879
27 1.13 N/A 0
* ¥ these numbers are zeros in state 5 and 6 respectively.
N/A: the marginal costs are not applicable to zero capacities.
TABLE Il
SPOT ZONAL PRICES COMPARISONS
Case 1 Case 2 Case 3 Case 4 Case 5
zonel zone?2 zonel zone2 zonel zone2 zonel zone?2 zonel zone?2
state 1  428.29 429.04 428.29 429.04 423.95 42479 417.69 418.12 425.27 425.60
state 2 849.75 844.72 600.00 600.00 845.18 841.02 838.67 834.48 600.00 600.00
state 3 232.30 23230 232.30 232.30 224.24 22424 21398 21398 229.46 229.46
state 4  428.20 429.14 428.20 429.14 419.75 420.97 409.02 406.23 424.38 424.56
state 5  429.96 430.78 429.96 430.78 42155 42253 412.08 405.65 426.11 426.12
state 6 431.35 432.31 431.35 432.31 423.34 42449 413.18 413.65 428.77 428.14
Expected 473.55 473.01 42356 424.07 468.03 467.73 460.53 459.65 421.19 421.34

« Spot price cap reduces generators’ incentives to com-
mit forward contracts compared to price-uncapped two-
settlement system. The spot price cap causes the gene
erators to commit about 70% compared to the price-
uncapped two-settlement markets. This is because the
spot price caps themselves already reduce spot prices

leaving less incentives for generators to commit forward
contracts.

Forward price caps increase generators’ incentives for
forward contracting. The generators commitment in the
forward-capped two-settlement markets is about 180%
compared to the same markets without caps. Under
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