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Abstract

In this paper we study the problem of long-termagdly adequacy in electricity
markets. We implement a dynamic model in which afmes compete for investment and
electricity production under imperfect Cournot catifpon. The main aim of this work is to
compare three investment incentive mechanismshiéty options, forward capacity market
- which are both market-based - and capacity paysnépart from the oligopoly case, we
also analyze collusion and monopoly cases. Stachdghamic programming is used to deal
with the stochastic environment of the market (f@tdemand) and mixed complementarity
problem formulation is employed to find a solutitmthis game. The main finding of this
study is that market-based mechanisms would bentbst cost-efficient mechanism for
assuring long-term system adequacy and encouragirigr and adequate new investments in
the system. Moreover, generators would exert mapketer when introducing capacity
payments. Finally, compared with a Cournot oliggpabllusion and monopolistic situations
lead to more installed capacities with market-basegthanisms and increase end-users’
payments.

Keywords: Electricity markets, capacity adequacy, dynamiogpemming, Nash-Cournot
model, mixed complementarity problem

Classifications JEL: C61, C68, C73, D58, L13, Q41



Résumé

Ce papier traite du probléme de I'adéquation deaaiés de production d’électricité a
la demande d'électricité sur le long terme. Suralse d'un modéle dynamique concurrentiel a
la Cournot, nous étudions une situation dans légue$ producteurs décident a la fois du
niveau de production a court terme et de leurssitisgements en capacité de génération sur le
long terme. L’objectif essentiel de ce travail @stcomparer I'efficacité de trois mécanismes
d'incitation a l'investissement : les options debilité, le marché de capacité a terme et le
paiement de capacité. En plus de la configuratiopolistique, nous étudions la situation
de monopole et celle de la collusion des produstelta programmation dynamique
stochastique est utilisée afin de mieux prendre@npte lincertitude sur le marché. La
solution du jeu est obtenue en résolvant un probldencomplémentarité mixte. Les résultats
montrent que I'implémentation du mécanisme desoaptde fiabilités ou celui du marché des
capacités a terme est efficace en terme de co(praéuction et qu'elle encourage les
producteurs a effectuer des investissements adepgaat répondre efficacement a I'évolution
incertaine de la demande future. Par ailleurset@ge du pouvoir de marché est atténué avec
ces deux meécanismes contrairement a ce qui estwlpieur le mécanisme de paiement de
capacités. Finalement, le niveau des capacitéalléss augmentent avec le mécanisme des
options de fiabilités et avec celui du marché dasacités a terme quand on passe d'une
situation d'oligopole a une situation de collusmnde monopole. Ce résultat se traduit par
une augmentation du prix payé par le consommaieal: f

Mots clefs: marché d'électricité, adéquation des capacitégéteération, programmation
dynamique, probleme de complémentarité mixte, neobiaish-Cournot

Classifications JEL: C61, C68, C73, D58, L13, Q41



1. Introduction

Policymakers in many countries agree that competitvholesale electricity markets
do not present adequate incentives to stimulatécmuit investment in new generation
capacity. The energy market itselvithout any additional mechanism fails to guareante
generation adequacy. These concerns have increased) to the uncertain growth of
electricity demand, price volatility, which makeswinvestment very risky, and the potential
for market power abuse, especially in a peakingogderSome studies suggest that these
factors, coupled with serious market design flamsl @ther circumstances, caused the
Californian crisis in the summer of 2000, viewedtlas first failure of deregulation. It was
characterized by extraordinarily high spot mark#tgs, the rise of total energy costs at up to
ten times the historical level, shortages and syuesat rolling blackouts within the state.

Apart from these factors in the failure of the @yeonly market, another real problem
which reduces market signals for attracting adexjiratestment in generation is the ‘missing
money’ problem. In fact, a competitive electricppyice cannot, by itself, cover both the
operating costs and the capital investment costired) to attract new investment in long-
lived generation capacity to support a least-cestegation supply portfolio consistent with
mandatory reliability criteria. This would inducegh and inefficient prices through price
manipulations in the market as well as an imbaldreateveen the steadily growing demand for
power and the existing generation capacity.

The discussion above illustrates why there are ymproponents of designing
electricity markets with investment incentive matbkens, in addition to the spot market,
which could be a solution to ensure long-term kelity of electricity markets. Several
mechanisms have either been applied or seriousigidered at international level. They are
classified in two categories. The first one is tlen-market-based mechanisms. The most
important is the capacity payment mechanisinhas frequently been used to compensate
generators for improving reliability. These paynsemtre important revenue sources for
generating units that are scheduled to providelaai capacity but would probably not be
called to produce electricity and that would natonger investment costs when only receiving
energy payments from competitive generation marketpeak periods, generators are given
an additional capacity payment based on their algitly (whether they get dispatched or not)
or based on generated energy as an addition tenrgy market clearing price. The problem
with this mechanism is that no commitment is impbsa generators and therefore the level
of adequacy cannot be guaranteed. It is also véfigudt to find a convincing way of
determining the efficient capacity price. Anotheonmmarket-based mechanism is the
purchase of peaking units by the system operatas dpproach is meant to avoid generation
units that provide capacity at the margin decidmg¢gave the market when their revenues are
too volatile or when they are insufficient to cowadrleast their total operating cost. It is,

! Known as the ‘energy-only market’, which requities elimination of any price cap, it allows fullrieipation
of demand and leaves each market agent to experfaltg the volatility of market prices.

2|t has been implemented in the UK (before the trading arrangements (NETA)), Italy, Spain and saive
Latin American countries.



however, strongly interventionist and may integferith the proper functioning of the market
(see Arriaga (2001)).

The second category is the market-based mechanisnasforward capacity market
model, generation adequacy would be ensured bypgysonsumers the opportunity to ensure
ex ante the capacities’ availability from generstdvery year, end-users can contract enough
firm generation capacity above their peak load dvec their expected peak load plus a
regulated margin. This leads to the creation ofravérd capacity market, in addition to the
energy market, that allows trading generators’ ciijgs. The forward capacity markets
provide generators with the opportunity to collextra revenue for their generation capacities
and provide incentives for the building of reserbeyond those that meet the short-term
needs for ancillary services. They are committedhdve the contracted capacity available
whenever they are required to produce it, otherttisg pay a penalty charge. Joskow (2007)
suggests that when generators are called to dféer tontracted capacity in the spot market,
they are also required to refund the consumersirgng-marginal rent corresponding to the
difference between the spot price and the margiostl of a peaking unit of reference. In other
words, energy prices are capped by a regulatecerefe price.

The second market-based mechanism is the reliabjptions schemélt has the same
objective as the forward capacity market, in whilkbh availability of generation has to be
bought ex ante, but it differs in its organisatibtere, the system operator (SO) proposes a
system of options to protect electricity buyersiagfaexcessive prices in the spot market.
Energy producers are rewarded for the insurangephavide and punished when they fail to
supply the energy for which they have contractekde Dptions are marketed by the SO
through yearly uniform price auctions. The SO datees in advance the strike price for the
auction, which acts as a price cap for demand, thedtime horizon during which the
generator is required to generate the committedggnat any time. The SO will exercise
his/her option whenever the energy price exceeesstiike price. Generators submit one or
several bids to the auction, expressing quantiy ¢ommitted energy) and price (the required
premium). Finally, the market is cleared as a samgliction and all of the accepted bids
receive the premium that was solicited by the nmeigbid. The call is represented as follows:
consumers pay a premium to acquire the right todnergy at the exercise price rather than
the spot price and generators receive the premauraldandoning the right to sell at the spot
price and for committing to sell at the exercisieg@owhenever consumers exercise the option.
On the one hand, this method stabilizes the incohgenerators, who exchange an uncertain
and volatile income (the energy price) for a certame (the premium from the auction); on
the other hand, it represents a market-based mischato hedge demand against the
occurrence of high market prices (since the enprge is capped by the strike price).

The intention of the market-based mechanisms gutrantee a regulated generation
adequacy level for the system by defining speadbmmitment of generation and assuring
that generators will be available when the syste®ds them because of scarcity of supply.
They also give generators the opportunity to collextra stable income in the market,

% Not tried in practice.



enabling them to cover both the operating coststhadctapital investment cost required for
new investment.

In this paper, we try to compare three investmecemtive mechanisms, capacity
payment, forward capacity market and reliabilitytiops in terms of long-term capacity
adequacy in an uncertain environment, particulamye, to our knowledge, there has been
almost no previous research on how the mechaniamgleal with this problem in the long
term. In other words, do such instruments solveptioblem of supply adequacy and at what
cost? By long-term system adequacy we mean thdeegis of enough installed available
capacity of the appropriate characteristics to ntleetestimated peak demand with efficient
costs. In the light of our assumptions about thecstre, we also show why the energy-only
market would not give good signals for new capaadgitions, and why the implementation
of an additional incentive mechanism is neededuarantee the availability of all generators,
to attract new investments and to reduce marketepow

In the literature, the problem of long-term systetmbility has been largely studied in
gualitative terms. Arriaga [2001] studies the difig@ mechanisms discussed above and
indicates the weak and strong points of each omeile® approaches to the reliability options
scheme proposed by Vazquez and colleagues [2002]diso been described by Oren [2004]
and Papalexopoulos [2004]. Joskow [2007] discusise real problems with competitive
wholesale electricity markets that reduce the etitraness of investments in new generation
capacity: the lower level of competitive electiygrices (the ‘missing money’ problem), their
volatility and the regulatory uncertainty in markates and market institutions. He suggests
that the introduction of a forward capacity marketaddition to the spot market, would be a
solution to attract adequate investment in germmatapacity. Doorman [2003Jroposes a
capacity subscription model where consumers haeefrigedom to choose their level of
reliability through the amount of maximum capadaywhich they subscribe.

There are, however, a few works that attempt toghthte quantitative effects of those
market designs. For instance, a system dynamicsihsltbws in Ford [1999] that, first,
without incentives, construction cycles would oct@quently and the industry would face
repeated periods of undersupply and oversupply,sa&ednd, the introduction of a constant
capacity payment could diminish considerably theuo@nce of these cycles. The model
presented in Botterud [2003] looks at the quesbtiblong-term generation capacity adequacy
in restructured and competitive power systems wtietere demand is represented as a
stochastic process. The results clearly show tligihamic capacity payment, where capacity
price is endogenous to the reliability in the marke more likely to maintain an adequate
level of installed capacity if demand grows faster slower than expected. The model
presentedn Botterud and colleagues [2005] calculates optimaestment strategies under
both centralized social welfare and decentralizegfitpobjectives. It is shown, first, that a
price cap below the value of lost load or monopiclisivestment conditions will contribute to
postponing investment decisions further, and secivad a capacity payment will help trigger
earlier investments, but can also result in too mimvestment in peaking units. De Vries
[2004] develops a simulation model for the Dutchwpp system. The model is used to
analyse the effect of several of the capacity meishas. The main conclusion is that



mechanisms with a regulated volume of generatigpaci#y are more robust than those that
use economic incentives for stimulating investmetitss therefore argued that capacity
obligations are the most attractive.

The work presented in this paper adds to the titeeaon modelling the long-term
effect of investment incentive mechanisms. Difféigefrom the literature where imperfect
competition is disregarded, we apply the Nash-Caumodel of oligopoly behaviour to
formulate a three-stage model that may charactdfisee decisions in an imperfect
competitive regime: expansion planning, generatigeisions and commitment decisions
(commitment to produce when applying the markeetlasechanisms).

In the energy area, a considerable volume of tiieea deals with imperfect
competition. Only investment and production decisichowever, are considered. Pineau and
Murto [2003] use a sample-path adapted open-lodprrimation structure to present a
dynamic stochastic oligopoly model that describeglpction and investment in a deregulated
electricity market with uncertainty of future dendanvariational inequality and mixed
complementarity problem formulations are employ@dirid a solution. Their model offers a
helpful description of the dynamic production-intreent problem. Gilotte and colleagues
[2005] extend their paper by increasing uncertaiatyl including the possibility of the
phasing-out of existing capacities. In additiorhestcontributions (Von der Fehr and Harbord
[1997], Murphy and Smeers [2005]) study investmentsiew generation capacities with
theoretical two-stage oligopoly models, but the cdpsion of the electricity market is
essentially static. Ventosa and colleagues [2002in the mixed complementarity problem
and the mathematical program with equilibrium comsets formulations, developed a
Cournot model and a Stackelberg model of expanplanning where future demand is
certain. Chuang and colleagues [2003] use a Counumtel that analyses the generation
expansion planning in a competitive electricity ustty. Based on the iterative search
procedure, results show a greater industry expanasma system reliability under Cournot
competition than under centralized expansion plamniContrary to this literature, a
mechanism stage is added in our work in orderudyshow the investment and production
could change if an incentive mechanism is impleent

Mixed complementarity problem formulations are &ygused to find a solution to a
Nash-Cournot model (Ventosa et al. [2002], Galetehl. [2005]). It takes advantage of the
competitors’ simultaneous decisions in a Nash-Caunrmodel and its complementarity
structure. In our study, we have two continuoussieaes (commitment and production) and
one discrete decision (investment). Each sub-madethe continuous decision stage is
described as a mixed complementarity problem ieoral represent the equilibrium properly.
A sequential Nash-Cournot solution, however, iglusefind the optimal investment choice.

Contrary to the literature discussed above, aeddsop solutiohis used in this paper
to represent the interaction between all compsatitdecisions. The method suggests that the

* The method supposes that all decisions are sinedtss.
> A good comparison between the open-loop and chisguisolutions in electricity markets is proposed
Murphy and Smeers [2002].



three decisions are not decided at the same tinwesiment decisions are made in the first
stage, commitment decisions in the second stageoperhting decisions in the third stage.
The game is then truly a three-stage game whergetimon takes place in three steps. The
generators play against each other when makingsiments, knowing how they will play
against each other when participating in the meishaand when operating their plants. This
is also the case in the mechanism stage; they kheivoptimal future production decisions
depend on their actual commitment decisions. Owintipe presence of uncertainty of future
demand, stochastic dynamic programming is usedlte she overall problerh.

The main finding of this study is that market-baseeichanisms would be the most
cost-efficient way of ensuring long-term system cqaiey and encouraging earlier and
adequate new investments in the system. Moreowrergtors would exert market power
with non-market based mechanisms. Finally, compaigid Cournot competition, cartel and
monopolistic situations lead to more installed citpes with market-based mechanisms and
increasing end-user payments.

The paper is organized as follows. Section 2 ptes#re assumptions used in our
models. Section 3 outlines the proposed dynamiceifmdmulations. Section 4 presents the
empirical analysis and the results from the appbcaof our model to the French electricity
sector. Section 5 summarizes and concludes.

2 Modeling Assumptions

In this section, we describe the different assuomgtimade to formulate our Nash-
Cournot models of oligopoly behavior.

Four models are developed to represent each ineestmmcentive mechanism in an
uncertain environment. The general assumptionsydpgll the models, but there are specific
assumptions that describe the functioning of eaebh@anism.

2.1 General assumptions

All the models consider a hyperannual scope divioked different time segments:
periods and seasons. Periods correspond to yedrseasons correspond to the following
demand levels: off peak, shoulder and peak seasons.

We also consider the uncertainty of future demaiid. assume that this uncertainty
may be represented by a finite set of scenariosrefbre, the stochastic evolution of the
demand can be modeled by means of a Markov chaoh Branch represents a different
realization of demand with its associated probghbfiee Figure 1).

® Dynamic programming is an approach developed teessequential, or multi-stage, decision probleins.
divides the problem to be solved into a numberulf-groblems and then solves each in such a waythieat
overall solution is optimal to the original problem
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Figure 1. Tree description of a
discrete Markov chain for
uncertain demand

In the models, three firms compete in a Nash-Caumanner. An important
assumption of the models is that each firm is speeid in a single technology type
(baseload, shoulder or peak technology). At eacioghethey decide the new capacity to be
added into the system and at each season theyeckoosltaneously the operation decision.
When introducing the market-based incentive medmanithey also have to choose the
commitment decision (commitment to produce in t@rfe period). The investment decision
is a discrete variable which takes into accountcthrestruction delay that differs according to
the technology type. In order to reduce the invesinscenarios, we suppose also that if an
expansion decision is made, additional investmeraisnot be made until the ongoing
construction period is finalized. Commitment andnemtion decisions, however, are
continuous and constrained by the generation cgplaviel.

2.2 Specific assumptions

We distinguish between three groups of market assignarket-based incentive
mechanisms, non-market-based incentive mechanischtha benchmark case.

Market-based incentive mechanism: reliability opti®

Besides investment and operating decisions, firatsde in an organized auction the
committed quantity to be available in the futuralpg@eriod. The auction is organized one
year ahead of real time, which corresponds to #ek peason of a future period. In this
auction, the system operator (SO) purchases thendoment from generators to produce in
the future a prescribed quantity of energy (higheegiected peak demand). The method is
based on the financial call option principl€he SO sets the strike price. When the electricity

A call option is the right (but not the obligatjoto buy a stock, bond, commodity or other instrotat a
specified price (the strike price) within a speciime period.



price exceeds the strike price, the SO exerts drisiption and commits the generator to
produce and to sell their committed energy at thkesprice. If a generator is not available to
produce, it pays a penalty charge fixed adminiset at the time of the auction. Each
generator submits one bid to the auction, exprgssjunantity and price (the required
premium).The market is cleared as a simple auction andfalepaccepted bids receive the
premium that was requested by the marginal bid.cHbes represented as follows: the SO on
behalf of all consumers pays a premium to acqhieeight to buy energy at the exercise price
rather than the spot price and generators recka/@rtemium for abandoning the right to sell
at the spot price and for committing to sell atéiercise price whenever the SO exercises the
option. Consequently, energy producers are rewafdedhe insurance they provide and
punished when they fail to supply the energy forolwlihey have contracted.

The overall game is represented as follows: at gmmsfod, firms choose the new
capacity to be added into the system. Since thesidacis a discrete variable, we use the
sequential Nash-Cournot method to find a solutive. suppose that there is a leader firm (L)
which decides first, a second firm (F1) operatisgadollower of L and a third firm (F2) as a
second follower of L and F1. After deciding the aeipy addition, they compete to choose the
guantity to be committed in the auction of the natdm. This decision is a continuous
variable and is found from the mixed complemengaptoblem method (MCP). It is
constrained by the expected generating capacitiieofirm in a future year. Finally, at each
season of the period, operating decisions are malde, constrained by the generating
capacity level of the firm and the commitment decismade in the previous year. The game
is then truly a repeated three-stage dynamic gamerevcompetition takes place in three
steps. Therefore, a closed-loop solution is usedefwesent the interaction between all
competitors’ decisions. The resolution method tsitked in Section 3.

Market-based incentive mechanism: forward capaamarkets

Similarly to the reliability options design, the maim of this mechanism is to ensure
the ex ante availability of generation. It is, heee organized in another way. The
commitment decision here concerns the firm genggatiapacity and not energy. Thus a
capacity market is organized one year ahead ottirmaland the SO, on behalf of all demand,
purchases a prescribed level of firms’ generatequacities that can cover the expectature
peak load. The capacity market provides generatiits the opportunity to collect extra
revenue for their generation capacities and pravideentives for the building of reserves
beyond those that meet the short-term needs foillaagcservices. On the other hand,
generators are committed to making available themtracted capacity whenever they are
required to produce it, otherwise they pay a peteined penalty charge.

The capacity market is organized as an auctionegiar® similar to the first market-
based mechanism. The single difference concernsttike price. While it is exogenous and
fixed administratively in the reliability option€lseme, it is uncertain and endogenous in the
capacity markets mechanism. In fact, when generadoe called to offer their contracted
capacity in the spot market, they are also requwe@fund the consumers any infra-marginal
rent (see Joskow [2006] for more details) corredpanto the difference between the spot



price and the variable cost of a peaking unit éénence. This regulated cost of reference can
be considered here as an endogenous strike price.

The overall game is represented as in the firskatdrased mechanism and described
as a repeated three-stage dynamic game where doompdbkes place in three steps.
Moreover, another variant of this mechanism is istichere. Instead of assuming that the
capacity price is determined via an auction proogdwe use a specific function that reflects
the market’s demand for capacity and expressegdia¢ionship between the generator’s
payment from capacity market and the expectedhiétiain the system.

Non-market-based incentive mechanism: capacity payits

With this design, generators are given in peakaeaan additional capacity payment
based on their availability, whether they get dispad or not. No obligation to serve is
imposed on them and the additional payment giventhwy fixed capacity payment
compensates generators for improving reliabilitg perrsuades them to invest in the system.

Here, the game is represented by a two-stage dgnanodel: firms decide only the
new capacity to be added into the system and apgrdecisions. The solution at each stage
is found by the same method used for modellingribeket-based mechanisms.

The benchmark case: energy-only market

Similarly to the capacity payment mechanism, onhwestment and operating
decisions are made by generators. Furthermoregditianal instruments are introduced here
and generators’ revenues are only provided by gaés in the spot market.

3. The Dynamic Models

3.1 Reliability options model (Model A)

When introducing the reliability options mechanisas, discussed in Section 2.2, the
objective of each firm is to maximize its profitmarket and mechanism revenues minus
operating costs and investment costs - for theeeptriod.

The objective function to be maximized is describsdollows:
For each firm,
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el < KI*1(i). L, (5)

Teec(i) < ET@) (6)

The notation is defined as follows:

c=123 Player (generator)

t=1,...,16 Period (year)

s=123 Season (baseloadukter and peak respectively)

B Discodactor

It, Constiantdelay of generator c’s technology

it Demaeddl state at t (random variable)

Ik Sucamsstate of’ at t+t

it Successtate ofi’ at t+1

Je Totalpexcted profit of generator ¢ (€)

9és Generatogggenue at season s at period t (€)

zL(el,it) Generator’s revenuaf market mechanism (€)

a(it) Probability i6f

KE(iY Capacity of geater ¢ at period t and (MW)

ul(i® (Decision vdnlie) capacity addition of generator ¢ at periodd &
(MW)

qt (") (Decision vari@pproduction of ¢ at season s at period tiar{twWh)

QL") =X qls (i) Total production for season s at gktiGMWh)

DEFI(iY) = DL(it) + wP  (State variable) demand level for seasonpeand (MWh)

el(i% (Decision vdnii@) quantity committed by ¢ at the mechanism stdge
period t (MWh)

R REDIN-HD) Total quantity committed at the magism stage at period t (MWh)

ict Investmenst of generator c’s specific technology at fbti¢e)

wP Long-termoertainty of demand level (MWh)

Lg Numbertwiurs in season s

Specific constraints are omitted here and will bespnted later. Constraint (2) shows
that the capacity level of ¢ at period t is onlfeafed by investment decision made at it,.
i.e. by taking into account the specific constroictdelay of technology. Constraints (3) and
(4) prevent the firm’s production from exceeding iistalled capacity and the total quantity
produced from exceeding the demand level. Conssrgl) and (6) concern the mechanism
stage. The former limits the generators’ commitjedntity in the auction of the mechanism
to its expected installed capacity in the futureque The latter prevents the total committed
guantity from exceeding the quantity requestedngystystem operator.

3.1.1 Solving the model

Our game is a repeated three-stage dynamic gamee wbepetition takes place in
three steps. First, at the beginning of each pefiods decide the capacity to be added into
the systemul(i¥) which is a discrete decision (invest or not inye3the second stage

11



concerns the commitment decisiogf(it). This choice is constrained by the expected
capacity level of the firm in the future period atiis depends on the investment decision
made int — lt, + 1. In fact, when offering energy at the auctionmBrare ready to commit
themselve to be available and to produce at thedyieak season, so they limit their offers to
their expected capacity levél*1(i*). Finally, at each season of the period, they decid
simultaneously their production depending on thaaled level in the season and constrained
by the capacity level. Moreover, in the peak seasgenerators have to fulfill their
commitment made at the previous period (mechantage} so the production at this season
is also constrained ;~1(it~1). This game is repeated annually over the planpéripd.

Given our game configuration, we use the closeg lioformation structure to solve
the model where the solution is obtained by bacBwaduction. Operating decisions are
made on the basis of the observed investment dasisand commitment decisions.
Commitment decisions are also chosen on the bdsipravious observed investment
decisions but with considerations of how operatiagisions in the future peak season will be
made. Similarly, investments decisions are obtaw#&d considerations of how second and
third stage decisions will be made. Except fordiféculty generally encountered in the use
of this technique, it is subgame perfect becausadisociated strategies are Nash equilibrium
at each stage of the game, even if there has bdewmiation from the equilibrium strategy in
an earlier subgame, contrary to the open-loop méion structure. We note finally that firms
also adapt their investment decisions at each gh¢oithose made in the future. Consequently,
a stochastic dynamic programming method is usdthdball capacity additions for the total
planning period. The essence of dynamic programisifgllman’s principle of optimalit§.

In the following sections, we calculate the Nash#@ot equilibrium associated with
each stage of the game (operating, commitment amdsiment stages) and, using the
backward induction method, we start from the |lastislon and end with the first one.

3.1.2 Operating decisions stage

At each season of the period, firms decide in Nasbhrnot manner the quantity to be
produced. We distinguish between two classes ofosea first, the baseload and shoulder
seasons where production level is only constralmedhe operating capacity level; second,
the peak season where the mechanism is activattdhahcommitments made at the last
period (in the auction of the mechanism) becomesitaming.

3.1.2 a Plateau and off-peak seasons

Generator c’s sub-model associated with these ssasoepresented as follows:

mgx gis = (Pgt (4é5 a5 5 DY) — CVES(gl s, it)) (D) )

[

8 Bellman'’s principle of optimality states thaAn optimal policy has the property that, whatevke initial
action, the remaining choices constitute an optipmdicy with respect to the sub-problem startinghat state
that results from the initial action’.
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Subject to:
qes(i") < KEG). Ls afs) (8)
acs(@9) + 3¢50 < DY) Ks) ) (9

t t t
dcs AesrVes = 0

Where,

5 Seasons (plateau, off-peak)

PL(i*) = as + bs. (DEGY) — Tcqbs) Spot price at seas6rat period t and® (€/MWh)

CVCt_g(it) =dstT1cs q§_§ Unitary variable cost of firm c’s technology atsens at
period t and® (€/MWh)

qgls Total production of generator c's compesitawhich are
assumed fixed (Nash-Cournot assumption) (MWh)

as, bs Constant to be estimated from historical data

des,Tes Constant of variable cost function of ¢

abs vis Dual variables for the constraints

In order to evaluate the possibility of price mangiions by generators, we use a
linear function that expresses the relationshipvben the electricity price and the security of
the system represented @g(it) - qg,g), which is the difference between the demand
level of the season and the total quantity produ@edthe one hand, if there is no shortage in
the systemR: (i*) = Y. q5), the electricity price is equal tq, which is an approximation of
the marginal cost of the expensive technology dpeyaat this season. On the other hand,
when there are shortages, the electricity priceeases: the scarcer the suppl(lﬁé(it) —

Ye qﬁj > O), the higher the price is. This price formulationll e used later for all the
models studied here. Furthermore, a quadratic fmmas used to represent the generator’s
total variable cost.

Each firm maximizes simultaneously its profit frahe season s (7) under constraints
(8) and (9). The Nash-Cournot equilibritiis unique since the cost functidVf(.) is
strictly convex and continuously differentiable,dathe revenue functionPg(.).qE‘g 5
concave. The solution is found by grouping togethiergenerators’ first order optimality
conditions, so a mixed complementarity probieia formed. After resolving the model, we
find the generator’s optimal production decisiofshe season, function of installed capacity
at the periody”, (K:(i")).

° The proof of existence of the oligopolistic Nasbu@not equilibrium is well-established in many pap&See
Murphy et al. (1982) or even Friedman (1977).

191t solves directly the necessary conditions of t@sh equilibrium. Writing the first order optintsli
conditions simultaneously for all players resultsa mixed complementarity problem. A general pugpos
complementarity code like MILES can then be usesbige this.

13



3.1.2.b Peak season

In the peak season, as explained in Section 22,ntlechanism plays and the
commitments made at the last period (in the auaticine mechanism) become constraining.
The generator’s sub-model associated with thissseean be defined as:

t _
max gls =
qc39c3

SELEN). gl (1Y) + PE(QS, DS, i9).GL 5 (°) — CVE(ql s, Glsrit). (gl s + GLs)

—Pen. (D5(i") — Xcqls). (ef(i) — qt3) (10)
Subject to:
aé3 (") < el () 8el (11)
ez (e£1(@) —qés) =0 &) (12)
qé3 (0 + Ges (@) < KE(H. Ls ) (13)
Yeaés () +Xcdes (i) < DE3EY) &) (14)

qt3,Gls 85 e AL =0 €& free

Where,

it Dirgmedecessor af

St1(EY) < PLE@IY) Strike price predetermined ia thst period (auction of the mechanism)
supposed to be lower than peak season electricty (EMWh)

qts Quantitoduced by c that comes from their commitmé\(h)

Gts Additidrmroduction of c after fulfilling their commitmeritM\Wh)

Pen. (DY) — Xcqts) The penalty paid by c per MWh of prodostbelow their committed
quantity (EMWh)

Pen A constafthe penalty function

8L, nt, AL, &t Dual variables of the swaints

The first term in (10) represents the generatansome earned from sales in the
market. The electricity price is capped by thekstipriceS*~1(.) for the quantityg{ ; that
comes for the commitment made at the auction mesmanAfter fulfilling their
commitmenl(e(f(it) = q£'3), a generator can offer an additional quandity in the market
and receives the electricity priéé(.). The third terms represents the total variablé aball
qguantities produced. The fourth term shows the Iperta be paid by the generator c
whenever their commitments are not satisfigd(.) < ef(.). The penalty is supposed to be

endogenous to the reliability in the system, regmesd by(D:(i*) — Y. qt5).

Constraints (11) and (12) show that generators festeto fulfill their commitments
in order to offer additional quantities and to iigeehe electricity price. Constraints (13) and
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(14) prevent the firm’s production from exceeditgyinstalled capacity and the total quantity
produced from exceeding the demand level.

Operating decisions at this stage are made onahis bf the last period commitment
decisions. So when this sub-model is solved, theémap operating decisiong; andgls ,

are functions oé:~1(.).

Based on mixed complementarity problem method @&glouping together all first
order optimality conditions for all generators, iopl operating decisions at the peak season
are found as follows (see Appendix 1 for more detand proof):

- If X el71(@) = Di(IY), then gl = ef~1(iY) and Gis = 0. Each generator produces
their committed quantity whenever the total qugnsbld by all generators at the
auction of the mechanism corresponds to the denesetiof the peak season.

- |f Zc eg_l(it) > D.’g(it), then CIE,*g = fl,c-ect_l(it) +f2,c-ect’_1(it) + f3,c and?lﬁ,*a = 0.
Wheref, ., fo. f3c are constants depending on the strike price, thealpy,
constants of the variable cost function of ¢ aredtttal quantity sold in the auction of
the mechanism.

Generator c’'s production is a linear function oéithcommitted quantity and the
commitment of other generators whenever the tatatroitted quantity exceeds the
demand level of the season.

- If Xeel1 (@) < DIGEY, then s =ec (1)
andgls = f(DIGY), KLGY), e (1Y), el~1(1)). The generator satisfies first their
commitment and could produce additional quantifyeseling on their installed capacity
and the demand level whenever the total committehtity is below the demand in the
peak stage.

The reaction functionsgl;(ef™) and Gi5(ef™') are introduced now in the sub-
model of the mechanism stage in order to find ogticommitment decisions.

3.1.3 Mechanism stage

As explained in Section 2.2, the system operatoch@ses ex ante commitments from
generators to produce in the future period a piesdrquantity of energy (highest expected
peak demand). The method is based on the finawaihloption principle with auction
procedure. We get the following assumptions forrdadization of the auction:

- The auction is supposed to be organized one yeadabf real time.

- The time horizon: the peak season of the futureogethe generators are required to
offer their committed quantity at any time durimgt period.

- The quantity purchased by the system operator dwalbef all demand equals the
highest expected peak.

15



- The system operator sets the strike pticexogenously; the strike price level
corresponds to the variable cost of an efficientgimal generator unit.

- Each generator submits one bid to the auction,esgng the quantity they want to
sell and price (the required premium).

- The market is cleared as a simple auction and falh® accepted bids receive the
premium that was solicited by the marginal bid.

Knowing these auction parameters, each generatwimizees the sum of his revenue
from the auction and expected profit in the futpemak season. The associated generator’s
sub-model is defined as follows:

max,e Prlp.(it).eb(i") + E,p[gtt" (i1 (eh), G54 (e8), @', 1)] (15)
Subject to:
eb(i") < KM (). Ly 4y (16)
eb (i) < {Q°(D, Q° (N — e (i), Q1) — Xeregr (i) } €% (17)
Yeel(i) < (i) (e (18)

t 4t at ot
eC’aC'EC'nC 20

Where,

9 " () Expected optimal pay-off in the futuesak period depending on commitment decision
of ¢ (€)

Qt(iYH Quantity purchased by the SO. It corresponds toedpected highest peak demand
(MWh)

Protpt(it) The auction price corresponding to the premiuncgell by the marginal bid (€/MWh)

el &k, ¢L,mt  Dual variables of the constraints

In a Nash-Cournot manner, the generators decideltsineously the quantits?(.) to
be sold in the auction. They take into accountrthay-offs in the future peak seasgfi'*(.)
since it depends on their actual commitment degssi€Constraints (16) and (18) prevent
respectively the firm’s commitment from exceeditg eéxpected installed capacity and the
total committed quantity from exceeding the quantéquested by the SO. Constraint (17)
shows that generator ¢ can offer uptait) if they have the lowest bid price, ungit(it) —
el (it) if only the bid price of generator c’ is lower theheir offer and finally untilQ¢(i*) —
Yo ect, (%) if their offer is the highest among the offersameéd in the market.

We suppose that each generator offers a ‘margipe@mium which guarantees
minimum revenue for rational players. This is asm®ble assumption when players are
single generating units acting alone in competitidti other generators.

1t acts as a price cap for demand.
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When participating in the auction, the generatavis that their revenue in the future
peak season will be capped by the strike priceth®o required premium would rationally
incorporate the income that they will not receivenf the spot market. It corresponds to the
difference between the expected electricity pricalculated apart by assuming that the
generator does not participate in the auction,thadstrike price. If, however, the generator is
a non-competitive one and the electricity pricenzanof itself, cover both their operating and
investment cost, they would formulate a premiunt towers the difference between the total
expected cost and the strike price. Thereforg@thmium requested by generator c is:

Pré(it) = max{E,,» (PS1(E5L10)) = ST 5 E,o (UCE (554 10)) - STGH}  (19)

Where,

Prt(i%) The premium offered by the genarat€/MWh)

PEFI(TY) Electricity price in the future pesdéason, if generator ¢ does not participate
in the auction (€/MWh)

Uciti(i) Unitary total cost of generator c’s@ufe peak season (€/MWh)

qggl(it) Operating decision of generator ¢ at therti peak season if they do not

participate in the auction (MWh)

Rationally, each generator is induced to offetfair installed capacity in the auction.
In fact, the premium earned from the auction waldi least equal to their required premium
and participating in the mechanism will at leasiuas the same profit as non-participation. In
this last case, they should take into account #ue that their competitors will offer their
installed capacity in the auction and thereforértbepected operating decision is found by:

gest = argmax (PSY( i K1) — ovEs (af, 1) ) 451D (20)
Subject to
— ~t
giEt < KEU(T). Ls (21)
qest < D5 - T K (22)

After calculating the premium function specificéach generator, we can deduce the
price of the auctiolry,(.):

Pri, (i) = Prf(i%) if Prf(i") is the highest anef:(i*) > 0

Finally, it is important to note that the expectealy-off in the future peak season
955t () in (15) depends on the level 3. ef(.) — DE*'(.), as shown in SectioB.1.2.a.
Owing, however, to the incentive given by the awttfor generators to offer the highest
guantity, we assume that:

" Zeec() =009 i Q8 < Ze ke
" Zeec() =Rk if Q4(i) = XKL
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Therefore, gt%'*(.) is a continuous function that depends only on patarsQ‘(.)
andK!*1(.)and so the objective function (15) is a monotomefion and the respective sub-
model can be handled by the mixed complementardiglpm method.

After the sub-model is solved, optimal commitmeatidions and future peak season
operating decisions are found function of the levef generator's installed

capacityel* (KL K5, qbs(KEL KSY) and G8s(KEFL KS).

3.1.4 Investment stage

After determining optimal operating and commitmedecision functions of
generators’ installed capacity levels, we formulatstochastic dynamic sub-model, which
takes the form of Bellman’s equation, as descrilme®ertsekas (1959), in order to find
generators’ investment decisions. These decisioasdacrete ones. A sequential Nash-
Cournot equilibrium is calculated by supposing tthetre is a leader firm (L) which decides
first, a second firm (F1) which operates as a fedloof L and a third firm (F2) operating as a
second follower of L and F1 (see Section 2.2). @keision rule gives the yearly decisions
depending on the information available when thasilees have to be made, such as demand
level, generators’ installed capacities and pdstination about investment decisions.

The mathematical formulation of the investment peobis described as follows:

Jé@h) =
max,t Xs 9. (dey ﬁzg, qu’s, Z]?‘S,Kﬁ, Kzr,ufr, i)+ Zﬁ(eﬁ*,Kz, Kzr, it) — ict. KL +
(1+7)"LE, o ( & (F(xe, Kgug,uj)» (23)

Subject to

Ko@) = KEGY) +ub @) (24)
Where,
JE Max expected pay-off in period t (€)

P Optimal expected pay-off in period t+1, correspagdio period t's optimal investment

decisions (€)
() Future profits from period t to finadod that correspond to generator’s investment

decisions made at period t

Based on backward induction, the resolution sfaot® the end and goes back to the
beginning of the planning period. At each periogihgrator ¢ maximizes their expected total
profit which corresponds to the sum of their profithe current period - market revenue plus
mechanism revenue - and their optimal expectedtprofuture periods minus investment
costs. We suppose that each generator pays a sbastauityic! calculatedfrom the total
investment cost that would be paid over the lifetiof the plant.
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Owing to the presence of construction delays diféér according to the generator’s
specialization, we suppose that if an expansionsaec is made, additional investments
cannot be made until the ongoing construction plesdinalized.

3.2 Forward Capacity Market models (Models B1 an@)B

Two variants of capacity market mechanism are neatlekere. The first one (Model
B1l) has the same assumptions as the reliabilityomptmodel. The overall game is also
described as a repeated three-stage dynamic game wbmpetition takes place in three
steps: investment, commitment and operating dewsitn the mechanism stage, a capacity
market is organized via an auction procedure whererators sell capacity (and not quantity)
and they are committed to making it available wiven¢hey are called to do so in the future
period (peak season).

For the second model (Model B2), we use a speftifiction that reflects the market’s
demand for capacity and expresses the relationstiyween the generator's payment from
capacity market and the expected reliability in $slggtem. We suppose that capacity price is
determined by the capacity demand function, instédalde auction procedure.

3.2.1: Model B1: auction procedure

We use the same description and assumptions engpioydodel A. The differences,
however, concern the sub-models of the mechaniage €ind the peak season.

In the mechanism stage, as explained in Sectignl&2system operator purchases ex
ante, via an auction procedure, commitments fromegaors to have available in the future
period a prescribed capacity level (highest expegeak demand). We get the following
assumptions for the realization of the auction:

- The auction is organized one year ahead of real.tim

- The time horizon: the peak season of the futureogethe generators are required to
offer their committed capacity at any time durihgttperiod.

- The capacity purchased by the system operator loalfoef all demand corresponds to
the highest expected peak demand.

- No strike price is explicitly defined but in the ghe season of the future period,
generators are required to refund to consumersi@ing-marginal rents for their
contracted capacity. We can therefore define #rasnplicit strike price.

- Each generator submits one bid to the auction,esgpng the capacity they want to
sell and the price (the required premium).

- The market is cleared as a simple auction and falh® accepted bids receive the
premium that was solicited by the marginal bid.

Compared with the sub-model used in Section 3th&,unique difference concerns
the required premium offered by generators. ledefined as:

Pré(it) = max{E,,» (PE( 554 1) — cmbs(i9)) 5 Eyo (UCE( 555 T) — Cmis(i) )}
(25)
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Where,
c Peak generator

cmis(qts, ks i')  Marginal cost of the peak generator (€/MWh)

In fact, when generators are called to offer theimtracted capacity in the spot market,
they are also required to refund the consumersirgng-marginal rent corresponding to the
difference between the spot price and the margiost of peak generatomt(.). While the
strike price is exogenous and fixed ex ante inrdliability option model, it is endogenous
and uncertain in this model.

Therefore, the generator’s profit associated withfieak season can be redefined as:
gts = PE(QS, DS, 1%). (qts + Gts) — (PE(QS, D, i) — Cmés(q8s, L5 17))-ata

—CVEs(qts qls, ). (gbs +dLs) — Pen. (D5GY) — Xcqls). (eb(iY) —qts) (26)

As in model A, generators decide in the peak se#s®muantity to be produced that
come from their commitmentg!;(.). If they fulfil their commitments, they can offer
additional quantitieg’;(.). The generator earns the spot prig¢.) for the total quantity
produced, but is required to refund consumersrifra-marginal rents for all their contracted
guantity (second term in (26)). Finally, the gemtargpays a penalty fee whenever their
commitments are not satisfied.

3.2.2: Model B2: capacity demand function

Compared with model B1, the auction in the mecharstage is replaced by a specific
capacity demand functidh) equation (27).

Peapl(i') = h+n.(Q' (i) — Leel(i")) 27)
Where,
Pcapt(i*)  Capacity price (€/MWh)

handn  Constants of the capacity demand function

The function expresses the relationship betweengtreerator’'s payment from the
capacity market and the difference between the tgyarequired by the SO and the
contracted capacity. This function reflects the katis demand for capacity, where the
payment increases as the reliability decreases.

The generators’ sub-model in the mechanism stagewsreformulated as:

maxect Pcapi(it).e (lt) +F D[gt+1*(qt+1*(ec) qt+1* C) at t)] (28)

121t is an approximation of the traditional capagitgrket implemented in the USA.
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Subject to:
el(it) < KEF1(). Ly (29)
Ycel( ) < Q@) (30)

Owing to the fact that the future peak season prgfl;'*(.) in (28) depends on the
level of Y. ef(.) — DE*1(.) and thatPcapt(.).el(.) is not a strictly continuous function, the
objective function in (28) cannot be handled by &P method. The solution is therefore
found by an iterative procedure.

Finally, we note that optimal operating decisionsd anvestment decisions are
calculated by use of the same formulation appleblodels A and B1.

3.3 Capacity payment model (Model C)

Generators are given in peak seasons a fixed d¢gpaayment for their installed
capacity whether they produce or not. The gameesesented by a two-stage dynamic
model. Generators compete in a Nash-Cournot matmndind investment and operating
decisions (no mechanism stage). The solution &t stage is found by application of the
same method used for modelling the market-baseshtive mechanisms.

The unique difference concerns the peak seasormsdlel. It is reformulated as
follows:

max 9oz =
P5(Q4,D4,i9).qf5 (i) + PC.KEG) — CVig(ats i) abs (31)
Subject to:
qés (") < KLY Ls (32)
Ycaqis (i) < DIGY) (33)
Where,
PC A constant capacitycpr(€/MW)

3.4 Energy-Only Market model (Model D)

Similarly to the capacity payment mechanism, onhwestment and operating
decisions are made by generators. Furthermore rgfen® revenues only result from their
sales in the spot market. Therefore generatorshsodbel for each season s is defined as:

max g¢s =

C,S

Pf(Q4, D5, i9). 65 (i) — CVE(aés i) aés (34)
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Subject to:
qés(i*) < K@) Ls (35)
Ycqés (i) < DY) (36)

Investment decisions are found similarly to the ketbased mechanisms by
application of the stochastic dynamic programmireghad.

3.5 Comparison between investment incentive mechars

The objective of this study is to find which amotigese market designs is the
best/most efficient in terms of ensuring long-tesystem adequacy, cost efficiency and price
manipulations limitation. Three criteria are usecvaluate the different market designs. The
first one is the evolution of peak capacity margwithin the planning period. The second is
the evolution of average peak prices and totalrnitice costs paid by end-users for each
incentive mechanism. The third one concerns mamke¢ manipulation.

We also investigate how optimal competitors’ sigas could change according to the
structure of competition (competitive oligopoly Jllogion and monopole).

4. Case Study

4.1. General input data

The parameters in the models are estimated fronortual data for the French
electricity market® and found in (Etudes DIGEC (1997), Etude DGEMP 0®O0and
Powernext Bilan Statistique). We have referred tmual historical data for load and
electricity price in Powernext from 2001 to 2006etimate the parameters in the spot price
model. Table 1 shows the main parameters usecgimtdels.

13 The opening of the French electricity market wetsieved with the creation of Powernext SA in 2001.
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Parameter

MODELS

NAME IN THE

VALUE

Initial installed capacity

K, KD and K?

67000 (MW), 20000 (MW) and 10000
(MW)

Construction delays

Ity lt, and lts

5 years, 3 years and 2 years

New installed capacity

ul,ub and uf

2000 (MW), 1500 (MW) and 1000 (MW)

Initial load level

D?,DY and D?

63333(MW),78500(MW) and 95000 (MW

Discount factor B 1/(1,08)

Load growth wP 1300 (MW) or 650 (MW)

Yearly Investment cost ict,ict and ic} | 115300(€/MW), 58400 (€/MW) and 30000
(€/MW)

Number of hours in the season Ly,L, and Ly 4260 hours, 3000 (hours) and 1500 (hours)

Parameters of price function by, b, and b 5*10E-9, 5*10E-8 and 10*10E-7

Parameters of variable cost functiond, s, d, s and

ds s

9 (€/MWh), 40 (€/MWh) and 80 (€/MWh)

4,13*10E-8(E/MWR) , 6,38*10E-8
(E/IMWh?) and 3*10E-7 (€/MWH

Parameters of variable cost functionry g

Tp5and 135

Parameters of capacity demand handn 18000 (€/MW) and 7*10E-7 (E€/Myy

function

Table 1:Initial input parameters for the models

There are three generators which are specializedenproduction technology (plateau,
off-plateau and peak). The plateau generator ®t§i0% of the total initial installed
capacities, the off-plateau generator retains 2B6éthe peak generator 5%. This distribution
reflects the situation in some energy markets whepeedominant generator has a large part
of the power generating units, such as the Fretetireity market. They are in competition
at two or three stages: investment and productomalf mechanisms and also at commitment
stage for market-based mechanisms.

We firstly compare results between the differenti@misms when generators compete
in an oligopoly. Then, we repeat the analysis bypssing that two generators collude and
compete with the third one and we finish by stugdytime monopolistic situation.

4.2. Results

In this section, we identify optimal investmentsngrating and commitment decisions
and study whether investment incentive mechanismsréliability options, forward capacity
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markets and capacity payments) facilitate long-teystem adequacy. The capacity adequacy
level is calculated by use of the capacity balaimcdéhe peak period. Optimal capacity
adequacy is assured when the capacity margin ie 4p00 MW in the peak season and is at
least positive. The best mechanism will be the thva both ensures the optimal adequacy
level and efficient relative costs for end-usersl aeduces price manipulations. We also
investigate the consequences for generators’ optstnategies when different competitive
scenarios are considered such as cartels and mistmpscenarios. We finally show the
results of a sensitivity analysis of the main pagters.

A planning horizon of sixteen years is used for tase study and the five market
designs analyzed here are shown in Table 2.

Market designs

EOM Energy-only market

RO Reliability options

CM1 Forward capacity market with auction

CM2 Forward capacity market with capacity demanttfion
CP Capacity payments

Table 2 Definition of market designs in the case study

Parameters in the different scenarios are estimatethe assumption that additional
payments will be identical at efficient thresholblgleed, in a perfect competitive situation the
premium earned by generators in the auction oRdeand CM1 scenarios would be close to
the investment cost of a peaking unit which cormesis to the ‘missing money’ encountered
in the EOM scenario. Therefore we have set theayparice in the CP scenario at this level.
Moreover, in the CM2 scenario, parameters of thmacdéy demand’s function are settled such
that the additional payment corresponds to thesimrent cost of a peaking unit since system
reliability is assured.

Result 1: the introduction of investment incentiveechanisms leads to more capacity
additions than the energy-only market design. Omgfiability options and forward capacity
markets with auction procedure, however, ensureioyatl capacity adequacy.

We can see from Figure 2 that when investment tncemechanisms are introduced,
the average capacity addition is higher from Téht end of the planning period, compared
with the EOM design. This result confirms the tlemal predictions, which assume that
economic signals of incentive mechanisms tend twmemt the volume of installed and
available capacity and the reliability of the systés enhanced. It is shown in Figure 3,
however, that from T10 to the end of the planniegqa the capacity margin is higher than
required in CP scenario, yielding overcapacity @#sj and is negative with CM1 scenario.

As we expected, since available capacities areetwampensated when the capacity
payment mechanism is applied, generators have mosntive to invest in the system in
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order to profit from this higher revenue, and thparity additions increase slightly, yielding
overcapacity situations, especially because no domemt to produce is imposed. On the
other hand, in CM2 scenario the remuneration giweithe mechanism is endogenous to the
security in the market (difference between expegieak demand and committed capacity);
the higher the commitment (security is assured), rtfore the remuneration decreases, so
generators choose to wait until the system is diosationing before they invest.

In RO and CM1 scenarios, additional payments gikbgnthe mechanisms (auction
price) correspond efficiently to the cost of thiatality which is equivalent to the investment
cost of the peak unit. The commitment to produchictv reduces market power, incites
generators to invest only capacities that servadet expected future peak demand and long
term capacity adequacy is assured in efficient reann

Average Installed Capacity Average Capacity Margin
119000 6000

116000 : 5000 —

113000 4000
—<EOM —<—EOM
110000 —7&% 1
3000 A
2 107000 SR o RO Fo
= 5)@‘——’ cp 2000 \7 : cp
104000 AEARAmas..
; ——cMm1 1000 -.—A — | ——cw1
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P cm2 ( ——— S r——
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Figure 2. Average capacity expansion for the Figure 3. Average capacity balance for the five
five market designs market designs

Owing to the presence of demand uncertainty innootlels, we complete our results by
calculating the standard deviation of the futungacity margin. Figure 4 shows that it evolves
similarly in the different scenarios and does nateed 1500 MW. This means that, in all
scenarios, total existing capacity at each pergarily slightly dependent on the demand
state.

Std. Dev. Capacity Margin
2000

1500 - 3
l=i=i | =< EOM

—¥—=RO

2 1000
cp

——CM1
500

cm2

0 -l
1 2 3 45 6 7 8 9 1011 12 13 14 15 16
Time

Figure 4. Standard deviation of capacity balance
for the five market designs

Result 2: the market-based mechanisms provide lopeak spot prices.

With the market-based mechanisms (RO, CM1 and Chkkhavios), average peak
prices are the lowest (Figure 6). On the one hdragexogenous strike price imposed by the
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system operator in the reliability options mechamand, on the other hand, the obligation for
generators to refund consumers any infra-margieatsr earned at the peak period with
forward capacity markets mechanisms, act as a mapeby preventing peak prices from
reaching high levels, and thus consumers are fulblyected from high prices in the energy
market. With these mechanisms, consumers receimaxamum-price hedge in exchange for
all the capacity they are contracting. In CP sdenaowever, prices are still high and close to
the energy-only market ones. An important weak fpofrthe capacity payment design is that
consumers remain fully exposed to the potentiah ligces in the energy market, and they
pay a capacity charge and receive nothing in retlso, according to our assumptions about
imperfect competition, the lack of obligation tooguce gives incentive to generators to
manipulate spot prices.

Figure 7 shows the standard deviation levels offtitere peak prices. They do not
exceed £2/MWh with market-based mechanisms.
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Figure 6. Average peak prices evolution for the  Figure 7. Standard deviation of peak prices for
fifth market designs the fifth market designs

Result 3: reliability options and forward capacityarkets with auction procedure ar¢he
most cost-efficient mechanisms and lead to a stabtion of consumers’ payments.

Results 1 and 2 suggest that the EOM scenario woalldjive good signals for new
capacity additions and would lead to high pricesl ansufficient capacity adequacy,
especially at the end of the planning period, soittplementation of an additional incentive
mechanism is needed.

The capacity payment mechanism, however, stimulfigber capacity additions
resulting in an over-capacity situation, yet witle highest peak prices of all scenarios.

In order to evaluate the market-based mechanisitey bee calculate the cost paid by
consumers for all the capacity they contract. Feg8rillustrates the evolution of this cost,
which includes the peak price in the period andgpecific incentive cost. It is stable and
close to 105 €/ MWh over all periods in scenarios &@ CM1, while it is higher in CP
scenario (up to almost 130€/MWh) and in CM2 scen@rp to 160€/MWh).
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Indeed, in this last scenario, specific incentiwsts are largely dependent on the security
level in the system, so generators manipulate tivegin the capacity market by offering less
than the quantity requested by the system operator.

On the other hand, in CP scenario the specificntioe cost is exogenous and
corresponds to the investment cost of the peakimy in theory, the total cost paid by
consumers in a period should be close to thosenada$én RO and CM1 scenarios, that is,
covering both the operating costs and the invedtroests and resolving the missing money
problem. Owing, however, to the fact that no olilmato produce is imposed on generators,
they exert market power in the peak period, whiedds to a shortages situation and high
electricity prices in spite of the double remunierabf their installed capacities.

In RO and CML1 scenarios, the price of the contfthe premium) is set via a market-
based mechanism, with a limited amount of regwatotervention, and provides a stable
income for generators on the one hand and allowswuoers to hedge against the occurrence
of high prices and high additional incentive camtshe other. These mechanisms can be seen
as market-compatible price caps where the probliedisaouraging investments, induced by
this price cap, is eliminated thanks to the inaengconomic signal given by the stabilizing
effects of the contract on the generators’ revenfils®, consumers obtain, in exchange for a
stable payment, a satisfactory guarantee that thdliebe enough available generation
capacity whenever it is needed.
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Figure 8. Average total cost evolution for the fivearket
designs

Result 4: in impertect competition, generators ekenarket power when introducing
non-market based mechanisms.

We now study how generators can manipulate el@gtpcices and revenues. Figure 9
shows average energy balance in the peak periadlatdd by the difference between peak
demand and generator’s total production. Firs€fhscenario, it is closely to 15EWh over
the planning period, even though capacity balasqaositive. We can suggest that, all other
things being equal, a fixed capacity payment witlmmmmitment to produce cannot solve the
problem of market power. Also, whatever the capduitiance level in EOM scenario, energy
balance is positive and high and evolves closetii @P scenario.

Second, in CM2 scenario, energy balance is volatileé higher compared with RO
and CM1 scenarios. This result is because of thke td new capacity addition and the
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possibility of price manipulations even if capachiglance is positive. Consequently, the
system will often be close to rationing.

Third, in RO and CM1 scenarios, average energynoakare the lowest and evolve
closely to zero. The extra revenue is stable dvemplanning period and the penalty imposed
on generators whenever their commitments are rdfisd in the peak period reduces the
incentive to manipulate electricity prices, andréadter, at all times, generators offer the
guantities that correspond to the peak demand.
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Figure 9. Average energy balance evolution for
the five market designs

Result 5: Sensitivity Analysis: compared with Cowtn competition, cartel and
monopolistic situations lead to more Iinstalled cajzes only with market-based
mechanisms, increasing end-users payments for edrerios.

We study now how results could change in cartel amohopolistic situations.
Comparing outcomes in Figures 10 and 11 with thwd&gure 3, note that in RO and CM1
scenarios, average capacity balance increases eawhes an overcapacity situation in
monopolistic scenarios. Indeed, in these situatgererators can manipulate premiums in the
auction of the mechanism and, as a result, theyease their expected profit from the
mechanism. Since this remuneration increases Wéhristalled capacity, they are induced to
invest more in the system until a non-socially atakle range appears. In CM2 scenarios,
however, average installed capacities decrease ar@thpvith the competitive scenario since
the revenue from the capacity market is high inggasituations.

Average Capacity Balance (Cartel) Average Capacity Balance (Monopole)
6000 6000
5000 o )
4000 — od
4000 R A
3000 pe = —%—RO 2000 (WA R0
. 00 1m /‘/&—0\ A o . - o
s | \, . . ! 4 E { 5 f s T T TRy T Ny T T T
1000 ML 1 2 3 4 5 6 7 8 ™©,10 11 1213 14 15 16 ML
0 T T T T T T NS T T T cMm2 -2000 S cM2
1000 4123 4 5 6 7 8 )9 10/11 12\13 14 15 16
-4000
-2000 — g
-3000 -6000
Time Time

Figure 10. Average capacity balance evolutio Figure 11. Average capacity balance evolution

in cartel situation in monopolistic situation
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Moreover, as expected in theoretical predictiomggragate profit increases as the
number of non-colluding players in the industry rd@ses. This is proven in Figures 12 and
13 where, for all scenarios, average total cobtgker in cartel situations than in competitive
situations and reaches a high level in monopolsti@tions.

Average total cost (Cartel) Average total cost (Monopole)
210 e o o ¥
200 5 # 230 I
e 220 —HEE
190 e ) e LML
10 =
180 200
170 190
160 ——EOM 180 ——EOM

€/MWh
€/MWh

150
—ad e il RO 160 RO
140 1 . 150 —— . g=te—p—pt—0
130 P R — = = = == 0
] . W o e el 130 —-=
iig —<—CM1 120 =M1
110
100 —¥—CM2 10 -2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time Time

Figure 12. Average total cost evolution in cartel Figure 13. Average total cost evolution in
situation monopolistic situation

Finally, results in Figures 14 and 15 show tima€P and CM2 scenarios generators
exert more market power, which confirms analysithefclassical Cournot model, suggesting
that total output would decrease in cartel and rpohstic situations. In RO and CM1
scenarios, however, generators cannot manipulab¢ gpces and thus average energy
balances are close to levels observed in oligajpoBsenario.
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Figure 14. Average energy balance in carte Figure 15. Average energy balance in
situation monopolistic situation

Result 6: Sensitivity Analysis: the level of theagenous strike price and the penalty

charge would have no effect on optimal investorg'agegies.

In order to study the sensitivity of our resultsiie main parameters, we repeated the
analysis by varying the exogenous strike price @ $tenario. In practice, this would not
have a major effect since generators would incréasie required premium, which includes
the difference between the expected spot pricettamdtrike price fixed by the operator. Not
surprisingly, we find no variations in investmelgicisions and total mechanism cost. Indeed,
premiums required by generators increase whentthe rice is diminished and decrease
when it rises; the total mechanism cost, howevaesdot change.
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Similarly, the level of the penalty has no impaot @ur results since it is at least equal to
variable cost of the peaking unit.

Result 7: in cartel and monopolistic situations, etion prices in reliability options
and forward capacity markets scenarios are manipigic

Finally, we study the behaviors of generators wthey participate in the auction of
the market-based mechanisms. Figures 16 and 17 st®wvolution of auction price and
consumer’s surplus respectively in RO scenariosctidn price is the lowest in the
competitive scenario and corresponds to the pattdbvers both operating and investment
cost of the peaking unit.

In cartel and monopolistic situations, however, thetion price increases. Indeed,
generators can now manipulate more the expectekl préee that serves to calculate their
premiums, by reducing the production level needechiculate that price (see Section 3.1.3).

Moreover, consumers’ surplus, which correspondshto difference between peak
price calculated without commitments and total na@i$m cost, is positive and increasing in
competitive scenario, though it is low and decregén cartel and monopoly situations, which
confirms that auction prices are manipulated whemegators collude. We also note that in
CML1 scenario, generators behave similarly to R@age. Indeed, the difference between the
two mechanisms concerns only the strike price batgremiums requested by generators in
the auction of the mechanisms are equivalent.
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Figure 16. Auction prices in reliability options Figure 17. Consumers’ surplus evolution in
scenario reliability options scenario

5. Conclusion

In this paper, we have illustrated, based on theadhyc programming method and
mixed complementarity problem formulation, five dtastic dynamic models for addressing
the problem of long-term capacity adequacy in elgty markets. Three investment incentive
mechanisms, reliability options, forward capacityarkets and capacity payments are
analyzed and compared with the benchmark designenlergy-only market, in order to find
the optimal market design to ensure adequate neasiments in the system and sufficient
generation capacity to meet future demand at efficcost and reduce market power. We
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apply the Nash-Cournot model of oligopoly behavituformulate a three-stage model that
characterizes three decisions in an imperfect catiyge regime: expansion planning,
generation decisions and commitment decisions (atmant to produce when market-based
mechanisms are applied). We also compare the sestilbligopoly behaviour with those
obtained in monopolistic situations to see if sayeaerators collude. A closed-loop solution
of the overall game is found for each scenario.

The main finding of this study is that market-baseechanisms would be the more
cost-efficient mechanisms for ensuring long-termstey adequacy and encouraging earlier
and adequate new investments in the system. Moregeeerators would exert market power
when introducing the non-market based mechanismslly; compared with Cournot
competition, cartel and monopolistic situationsdléa more installed capacities with market-
based mechanisms and increase end-users’ payments.

This analysis could be extended in several wayst,Rve could study the effect of
other mechanisms such as capacity subscriptiomen8ethe feedback of the demand side to
the implementation of an incentive mechanism cailgd be analysed.
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