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Abstract This paper addresses the problem of interaction between shonun and long run
locational signals aml the coordination between generation investments and lumpy transmission
investments.The short run locational signals we evaluatare sent bynodal pricing and the long run
ones are sent bythe average patrticipation useof-the-network tariff . Their joint implementation is
also deemed Numerical simulations are performed on a two-node network evolving during twenty
years with increasing demandThe efficiency of these locational signalto coordinate the location of
generation with lumpy transmission invesientsis measured An independent Transmission System
Operator invests to minimize the total cost of the network, that is to say the sum tfe cost of
congestionwith the cost of transmission investmerst And a unique generatorbehaving competitively
chooses the location of her investments dependjnon two elements: the locational differencen
generation investment costs and theosts of the networkshe may pay withshort run nodal pricesand
with the long run average participation tariff. The network tariff varies with the transmission
investments. And thetransmission capacity greatly influences nodal pricesNe find out that neither
short run nodal prices nor longrun average participation tariffs can thoroughly coordinate efficiently
generationand transmissioninvestmentsbecause of the lumpiness dfansmissionline capacities.

Index Terms$ generation investment, lumpy transmission investment, longun coordination,
locational signals, efficiency evaluation



1 Introduction

TO ensurea nondiscriminabry third party access to the netwotte competitive reforms of the

power sector haveequiredto unbundlethe network infrastructureffom the competitive
activities such that generation (FER2006; EuropeanCommission 2007; Pdlitt, 2007). In this
context, a monopoly calledTransmission System Operator (TSO) manages the transmission
network. The TSO and the generatonwestthendepending ortheir own objective functionThe
generators maximize prafithe TSO maximizes the social welfare if she esfectly regulated.
Despite network unbundling,h¢ locaion of new generators remains highly dependent on
transmission investments amntte versaln this contextpricing schemes must be implemented to
coordinategeneration and transmission investments

One could hink of relying on the weltknown marginal pricing tcexpand both generation and
transmission capacityCfew et al, 1995 Stoft, 2006) One invests so as to equalize short run and
long run marginal costs of both generation and transmis#iothese convenient assumptions
prevailed in the power system, the generator would invest so as to equalize the marginal generation
capacity cost with marginal generation cost. And the TSO would do the same equalizing the
marginal transmission capacity cagth marginal congestion costlodal pricing asnarketbased
pricing of transmission service could then govern transmission investment and the location of
generatior(Hogan, 1992BushneltStoft, 1996, 1997ChacPeck 199%

Applying this principle to theoordination of generation and transmission investments is not
possible. The transmission of electricity suffers from many undesirable economic properties that
make the direct application of these principles impossible. It combines both economies afdcale
especially lumpiness of capacityBrunekreeft 2004). Joskow and Tirole (2005) show that
lumpiness combined withthe short run locational signals fromodal pricing resultin an
underincentivéor a merchant investao reinforce the networlEvenif the transmission investment
is optimal, nodal pricing can lead to inefficient location of generabecause othe economic
properties of the transmission of electricity (Stoft, 20@®sides someotherless efficient optios
to operate the system aréem implementedalthoughthey senddss bort run locational signals
(Green, 2004)In brief, not only system operation may not send short run locational signals but also
these signals are not sufficient to coordinate the location of generation witly tuamgmission
investments.

The usual way to comply with tee difficultiesis to implement a twart tariff. Thefirst part
of this tariff should be nodgbrices The secnd part is network tariffs. These lat@m at sharing
the cost of transmissionfrastructures among the network users, especially the generattine
most costreflective way. Weldesigned network tariffancentivise the generatorgo locate
efficiently on the networland thus to maximize social welfafilegez ArriagaSmeers2003. But
network tariffsare hard to desigrA lot of different network tariffs have then been proposed
(Olmos, 2006)But there may be no network tariffs that achieve the same coordination between
generation and transmission investment as a verticallyrategutility does.

This paperonly focuseson the averagparticipation tariff for the thretollowing reasons. First
it has been extensively studied from a static point of view (Kirsetead.; 1996, Bialek, 199;
Rubio-PérezArriaga, 2000)and we argyoing to $udy it in the dyamic interactionof generation
and transmission investmenecond the average participation tariff hasnteresting propertyit
coincides with the Shapley values. This guarantbas the average participation tariff isfair,
symmetric, stable and acceptable allocavbrrostfor all thefi p | a yBaaleksKattuman; 2004).



Third network tariffs can send long run locational signals that should overcome the difficulty to
incentivise the location of generation when transmrsgnvestment is lumpy. Buhe efficiency of

the average participation tarifior coordinating generatioand transmission investmeritas never
been studieavhether it is implemented with or without short run locational sigf@lsios, 2006

Stoft, 2009.

This paper investigateshe efficiency of the average participatigariff to coordinate

transmission and generation investmeskether it is implemented with or without nodal pricing.

The model used in this papisrsimilar tothe model of Saum®ren (2006a, b)out they differ on

some pointsSauma and Oren do not consider network tariffs and nodal pricing is the unique
locational signals that they studihe simulationsof Sauma and Oretake into account lumpiness

of transmission investment while thenodel does notSauma and Oren consider uncertainty and
imperfect competition of generation. They consider that the TSO acts under the constraints of
generation investmengnd their optimization problem is an Equilibrium Problem with Equilibrium
Constaints (FPEQ.

Our paper considers network tariffs and studies their efficiency to locate generation
investmentsThemodelusedto carry outhis studyincludes lumpiness of transmission investments.
These two points make the optimization problem-oomex and hard to solvelhe following
simplifications arethenmade. There is no uncertainty. The TSO and the generators have perfect
information on investments, capacities and value of short run and long run locational signals. The
TSO is perfectly regulate The generators behave competitivalizis paper does not assume the
TSO acts under the constraints of the generation investments b#oatraasmission investments
may face local opposition andot be built. The generators may then locate their plamier the
constraints of impossible transmission investments. The coordination problem studied in this paper
is not an EPEC. It is double optimization one, to maximize the generation profit anarionize
the cost of the network.

The rest of the papés organised as follow&ection 2preserd the options of locational signals
thatwill be studied in the following sectignthat is to say, for the short rlmcational signald®
nodal pricing an®° redispatch(that sends no locational sighaand fa the long runones 1° the
average participation tariff &° no tariff. Section 3 models kberalised system where a TSO and a
generator must coordinate to minaaitheir own osts. The TSO invests to miningithe sum of the
congestion cosand ofthe ®st of the network nvestmerd The generator minime the sum of
investment costs, operation costs taking into account or not the network congestions and the tariff
she may have to support. To evaluatedfiiency of coordination achiexd by these ofins and
their combination, the investments made by a benevolent integrated deifine a benchmark
Section 4 analyze$é results of simulation&nd sction 5conclude on the limited efficency of
short and long run locational signals to coordimpggeeration and transmission investment

2 Locational signals between transmission and generation investments in a liberalised
power market

In the liberalised system.egeration and transmissioreed signals t@oordinatethe location
and timing of their imestments. The system operation and the network tariffssead such
locational signalsSome options to operate the power syssigmal congestion Similarly, some
options of network tariffsare designed for the generators to take into accountdbed the
networkandthe reinforcementthat may result from their investment decisioBst otheroptions



of network tariffs or systenoperationdo not send any locational signals and are nevertheless
implemented This sectionpresers what seems to us, thaost and the least efficieniptions of
short and longrun locational signalsand their theoretical effects on coordination between
generation and transmission investments

2.1 Short run g/stem operatioand coordination of investments

Different optionsto operate the power systeare possibleThe most efficientoptionis nodal
pricing. This option gives a different price to power depending on the network congestion and on
the node where power generaeéd or consumedSchweppeet al, 1988) The nodal price is the
local economicvalue of power and includes the generation cost and the congestioRemsting
differences in nodal pricagveal the structural network congestioNsdal pricingincentivise the
generators to use efficiently the available traission capacitiesThus nodal prices are short run
locational signals and participatecoordinatinggeneration and transmission investments.

But nodal pricing or even its zonal versisnnot always implementedlthough redispatch is
the least efficiat option to operate the system, the TSO may have to implem@iteien1997,
Bompardet al. 2003. In this caseafter the energy market closede TSOmodifiesthe generation
scheduling to manageongestion The congestioncost following the change ingeneration
schedulingis then generally socialised.In this means of managing network congestion, the
electricity market receives no locational signal containing information on the constraints on the grid,
and the market for power continues to operaté #eere were no constraints on fthe generators
do not take into account the network constraints in the locafitreir new plants

Besides, short run locational signals alone cannot coordinate efficiegégeration and
transmission investment@wing the vdatility of nodal prices one usually relies on transmission
rights to distinguish a long run locational signal among the short run Dmemost used ones are
the Financial Transmission Right&TRs). The FTRs sendlistorted locational signalff three
reasonsFirstthe market participants do not correctly anticipate the economic value of FTRs and
add them an excessive risk premium (Siddigtial, 2005). Second the FTRs are allocated
assuming the system operation is simpler than in realilyNeett dl, [2006).These simplifications
also distort the locational signals of FTRs (Lesietiigkens, 2005; JoskoeWirole, 2005).Third
lumpiness of transmissiaeinforcementslepreciates the short locational signals from nodal pricing
(Stoft, 2006) Long run locational signals mustencomplete the short run ones overcome these
three difficulties

2.2 Long run retwork tariffsand coordination of investments

Different designs of network tariffs are possiblde simplesbption of network tariff iscalled
generationspur only(CER, 2004. The generatorsre then required tpay ory for the line that
connects them to the network and not for any ofimesslof the networkThis method has a weak
theoretical efficiencylt only incentivises the geneaass to be close to the networkn efficient
network tariff would incentivise the generatto locate plants while taking into accounthe
available transmission capacity and the transmission upgrédihgray be needégd accommodate
them Howeverat least half of the European TSOs apggnerationspur only(ETSQ, 2007)

The TSO can alsimplement network tariffs that vargetweenlocatiors. Theselocational
differences ofariff incentivise the generators to connect in areas whdames not created much
congestionor in areas wheré relieves congestioiiPérez Arriaga Smeers, 2003)This paper
studies such a network tariff called the average participation tahé.average participation tariff



allocates the cogif the networkdepending on #h total use of the network by each generator. To
calculate the network used by each gener#terpowerflows are traced from generation to lotd
identify the lines and the share of their capacity used by each gerieratqplyload The tracing
rule used to calculate the average participation tankis the inflows and the outflows each node
such that the inflows equally distributethe outflowsas illustrated by fig. {Bialek, 1997)

Fig. 1 Sharing principle

The flow through the nodeis 100 MW. 40% come from lineijand 60% from ine ki. The
sharing principle stagghat the outflow o070 MW of line im comes fron40%of the line fi that is
to say28MW and from60% of the line ki that is say42 MW. Similarly, the outflow of30 MW of
the line  comes from40%on line fi that is to sayl2 MW and from60% of the line ki that is to
sayl8 MW.

Different approaches have been proposed to calculate the average participatioBiadekf
(1997) proposes amatrix approachio calculate e average participation tariff. Kirschen al.
(1996) proposesa graph approach where the network andpbeer flows describean oriented
graph The cost allocation consists then in following the power flows from generators to consumers
respecting thetaring principles. Other studies hayepked the average participation tartid real
networksand compared the resulting network tariffs with otbest allocatiorprinciples(Olmos,
2006;0IlmosPérezArriaga, 2007. The coordination provided bifie aveage participation tariff has
never been studied from the point of the view of itheestmentdynamics(Olmos, 2006 Stoft,
2006. The following sectiongim at evaluatinghe efficiency of the average participation tariff to
coordinate generation and tramssioninvestments

More generally, e following model evaluasethe efficiency & different combinations of
options to operate the system (redispatch and nodal prizmimgpf network tariffs (no tariffor the
average participation tariff)

3 Model of transmission and generation investment in a liberalise@ower system

In a liberalised power systewhere the TSO and the generator are unbuntheg bothinvest
to maximiz their own objectiveHowever the transmission investments and the location of
gereration remain strongly interdependenhey must coordinate tmaximize the social welfare
Locational signalsmplements this coordination

The first part of this section presentse problem usito evaluatethe efficiency of locational
signalsto coodinate generation and transmissimvestments The second part of this section

! The option with no tariff assumes that the generator is located exactly at the node where she must be connected.
Then there is no need of a connection line.



modesk for this simple cas#he objective functiomf the TSO andhe generatoto make investment
decisionsand the interaction betwedme locational signalandtheir invesment decisions.

3.1 Problem data

To evaluate the efficiency of the locational to coordinate the generation and transmission

investmentsthe systenof fig. 2 is studiedor twenty years.
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Load has thdive following characteristis. 1° It is locatedto the east2®° Over the year, load is
described by linear load duration curv8° The first year, load varies between 1700 MW and 3400
MW. 4° Minimum and maximum loads increabg 2% each year5° It is inelastic.The lasttwo
assumpons about load anesual one# investment planning.

Generation has the following characteristiBase and peak plants (respectively indeReahd
P) generate powelWVhen tte total generation capacity is not enough to supply demiede is

Energy NonSupplied (ENS)In the model,a plant located at the same node as load and with the
same capacity as load standstfee ENS This plant has a co$€Ceng of 100 0 0 (0 folvEféct

the economic loss of power for demarfithe peak investments are decided by arbitrating between
the opportunity to build a nepeakplant and the opportunito shedload andso to have a quantity

of Energy Non SuppliefStoft, 2002)

The marginal cost of peak generatiol3tsi / M Withe investment cost of this generation type
is 5.2 million euro$. The marginal cost of base generation to the @adéxedE) Caeis 180 / MWh
while to the westindexedW) Cawis 180 / MWH) whereUisverysmallSuch a | i ttl e
between the base generation cost to the east and to the westtabitiere isan indetermination
on theplant (to the west or to the eatitptis first in the merit orderThe generator can choose
inved in two types of basplants both of them with a unit generation capa€kyof 200MW. The
first type of base plants is locatemithe westindcostslgw. It is 5% cheaper thaio locate a planio
the eastvith an investment cosge. Theinvestment cst of a new base plant Z)6 million euros to
the easand216million eurosto the westBut the plant to the westrefar from load.Reinfordang
the transmission network méayenbe needed to connect a plant to the wEsé unit capacity of the

2 For these numerical simulations, the data for the generatiomaressimilar to the data used Byoft (2002 page
124). The investment costs are then calculated assuming that the discount rate is &4ual to

di



netwok investmentQr is 400MW andcoss I+ is 60 million euros.The generator can then have to
pay for a share of theost of the networkf sheconnects to the westhe costs are discounted over
years by a discount rate of 8%.

As load growsovertime, the gnerator and the TSO coubdild no more thatne investment
each year for each type of investments. And these investments are lumpy with a cap@gity of
10 MW for apeak plant(ii.) 200 MW for a base plant to the eagtii.) 200 MW for a base plantd
the westor (iv.) 400MW for a network investmentThe initial transmission capacity is 2550 MW.
The initial generation capacityf base plargtis 2400 MWand the initial capacity of peak plans
1000 MW,

The choice ofmarginal and investment costsr fthe base plarg avoids that the decision to
locatea plant modifiesthe energy mixbetween base and peplants and ENJ sincethis paper
only focuseson the effect of shorun and longunlocational signals othe location of new plants
At the sane time, the peak plant and the ENS give realism to our mibdBere is congestion, the
peak plants and the ENS substitute to base plants to the west.

3.2 General presentation of the model

The model measures the efficiency of different locational signatotwdinate generation and
transmission investments in the liberaliggalver system. These inveeens must coordinate to
minimize the social cosif the whole system.

In a vertically integrateditility, the location of generatioabviously takes into acaunt the
constraints and theeinforcemenprojects of the networlSimilarly, whenreinforang the network,
the transmissionnvestments of thentegrated utility take into accountt onlythe congestion cost
but alsothe location of new plantdn a liberalised systemwhen the TSO and the generator are
unbundled, the generattakes into accourihe network constraints and thetworkreinforcements
to locate plant®nly through the shomun and long term locational signalshey are implemented.

And the TSOreinforces thenetwork to minimiz the sum of the investmermost andof the
congestion coghat result from the location of power plants

The global problem ofoordination betweegenerabn and transmission investmeimgssplitin
four stepsas shown on fig3.

The first step is the optimization problem of the system operation. The TSO operates the power
system to minimize the short run generation cost while respecting the network capacity constraints.
The TSO can send shatin locational sinals depending on the implemented option to operate the
system. Besides, the TSO uses this step to know the congestiomhmsubsection.3. presents
this step of the model.

The second step deals with the long term optimization problem from thésrettihe system
operation in the previous step. The TSO is assumed perfectly regulated and benevolent. She invests
to minimize the sum of the network investment cost and the congestion cost. The TSO is also
assumed to anticipate perfectly the generamwestmentsThe subsection.8. presents this step.

In the third step, the TSO calculates the network tariffs. Depending on the implemented option,
long term locational signals can then be sent. The stibs&5. presents this step.

Thefourth andlast gep is the generation investment decision. The generator is assumed to have
neither a shortun market power nor a long run one. Therefore, it is similar to consider a unique and
benevolent generator or several competitivesofi® locate plants, the gemador considers the
locational signals from the system operation and the network tariffs. The generator is also assumed
to anticipate perfectly the network capacity and the value of potential locational sighals.



subsection B. presents the problem ofimmizationof generatiorcost.
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Fig. 3 Box representation adhemodel.

3.3 Modelof system operation

This paper considerthat only two options can be implemented to operate the power system.
The system can be operated either by nodal pricing or witinegorice marketfollowed by
redispatchThis shortrun step of the modeaalculats for each plartk the generateduantity Se.

The constraints of the optimization problem are the maximal generation caBd€iof each plant

k, the lalance between generation and ldadDepending on the option chosen to operate the
system these constraints may also inclutie maximal capacitfmax of the unique transmission
line in our exampleCy is theshort run generation cofiinction of each @intk. The generatois
assumed to haveo market poweandbidsin a competitive wayTransmission isssumedossless.
The generated quantities in @dal market can be found solving the problatefined by the
equations 1 to Bompardet al, 2003)andS* stands for theequantities

mindg ¢, (s.)3 1
S Q K -
S.t.
"ki {BW;BE;P,EN§ 0¢S ¢S™ )
35S =D ©)
S, ¢F_ (4)

? IndexedBW for base investment to the wéir from load, BE for investmenbf base planto the @st (near load)
P for investmenbf peak plan{to theeast) andENSfor the Energy Non Supplied



If redispatch is imlemented, the generator miniregzthe generation cost under the constraints
of its maximal capacity but without taking into account the netweagacityconstraints. Since the
generator is paid or pays marginal cost when redispatched, the redispatch doeshaogethe
profit maximization of the generatoHer profit is only relatedd theoneprice energy markehat
precedes the redispatcstep The profit maxmization d the generator when redispateh
implemented can bmodekd by the equations 5 to &s follow. S* stands for thejuantitiesthat
would be generated if congestimrasnot taken into account

mm%‘a C, (sk)g 5
S G« -
S.t.
"ki {BO;BE;P} 0¢S ¢S™ (6)
as =D ()

Repeating the step of system operation for eachthand each yeayr of the studied period, the
TSO and the generator decide their stweents.

3.4 Modelof network investment

The TSO isassumedenevolentShe invests to minimez the sum of the network investment
cost and the congestion co¢btoft, 2006) Without market powerfrom generatos, this
minimization is equivalent to the maxinaion of the social welfarefor given generation
investmens (PérezArriagaSmeers 2003)The TSO calculates the congestion cost for the studied
period from the generategliantitiesS*y,,, that takeinto account the networ&apacityconstraints
and the geeratedquantitiesS™ yy » that do not takénto account these constraints. The quanties
andS** are thendeduced from the previous step.

The congestion cosEC,, for an hourh of a yeary is the sum for all the plants of the
variations in cost iduced by the limited network capacity. The congestion cost can then be defined
as follows:

CCh=a (Ck (S*k,y,h)' C, (S**k,y,h )) (8)

For the twenode node network considered in this papieg TSO increases the capacity of the
unigue transmission linéo minimize the st of investment and the congestion colte
transmission investments aesumedumpy andtheyall have the same capaci®t. For each year
y of the studied period, the decision variables of the network investghant binary. Ifd, equals
oneg the @pacity of the line increases Q¢ MW theyeary. If g equals ze, the capacity of the line
stays the same for the yearEach network investment (with a capacity@f) costsly. The costs
arediscounedby aratea.

The network investment problem fitre TSO is the followingne

r%iné. (1+a)-ygdle +% ah (Ck (S*k,y,h)' Ck (S**k,y,h))ﬁ (9)
oy

Such thatthe system operation determsnthe generatedjuantities Sty n that takeinto
account congestion, ai®f* \ y nthat do not takénto account congestion

The solution of this optimaion problem giveshe momentwhen the network investments
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must be done given the congestion cost. The capacity of theslicedculated for each year
knowing the decision variables of network investmgnAssuming the initial transmission capacity
of the line isFin, the capacitfmaxyc0f the line for the yeay. can be calculated as follew

yC
Fmax,yc = I:ini +QT a. dy (10)

y=1
The constrairgtin the systenoperatiornthen depend on network investment decisions.
Becausef vertical unbundling, the TSO a0 more directly act on the location of generation.
But she can influence ieinforang the network and sending locational signatgpeciallylong term
ones.

3.5 Calculus of the average participation tariff

This paperconsides only two options for thenetwork tariff. When the first option is
implemented, the generatordoes notpay any network tariff. When the second optionis
implemented, the generafoays an average participation tariff

In the considereéxample, the average participation tariff candasily calculated. The flow
tracing is obvious because there is only one line. Only the power plants to the west use the
transmission network to supply lo&mlthe east. Only these plants to the west pay a network tariff.
The level of the tariff is caldated in three steps. The average participation tariff is calculated from
the Maximum Allowed Revenue (MAR) and the MAR is calculated using the eqadtioto 13
(Joskow,2009.

First, he Regulated Asset Base (RAB calculated from one year to anotheking into
account the investments of thest year andhe depreciation of the existing lines that are not still
completelydepreciated

RABN) = RABN - 1)1 Annuities(n - 1) + Investentgn - 1) (11

The depreciation annuity is a simple divisiontloé investment cost by tloepreciatiorperiod
decided by the regulator.

Annuity = Investment cogtDepreciation period (12

For theconsideredwo-node networkthe depreciation annuity is calculated assumingttiet
new network investments are depiated over forty years and the initial transmission capacity is
depreciated over thirty years from the beginning of the study.

The MAR is calculated from the depreciation annuities, fromRA8 and from the returon
investmerit In the presentasethereturn on inveshentWACC is assumetb be equal t@,5%.

MAR(n) = RAB(n) x WACC + Annuitig(n) (13

The average participatidariff is calculated from th#1AR. Moreover, to allocate optimally the
cost oftransmissiorlines, only the cost of the esl share of lineshould be allocated to the users
responsive to the locational signals. To the contrary, the cost of the unused sharesbblite: be
allocated to the users the less sensitive to locational signals since the unused share of the line is

* The regulatousuallydecides theeturnon investment.
® Weighted Average Cost of Capital
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linked to the lumpinss of the transmission capac{BérezArriagaSmeers, 2003)These users of
the network are a priori those that are already little responsive to price signals, that is to say
consumersAs a resultthe power plants that use the netkare assumed tpay only 50% of the
cost of the used share of the transmission capacity.

The calculation of the tafihas just been presentd&tevious subsections modelée objective
function of the TSCand the main options of system operatidhe following subsection presents
the objective function of the generator.

3.6 Modelof generation investment

The generatois assumed to have no market povildre objective of profit maximnzation isthen
similar to cost miningation. The generatonvestsin order to minimize the sum ofshort run
generatiorcostandgenerationnvestment costs araf the network tariff.

As seen in 3.3the generation operation castn takento account congestioor not depending
on the chosen option to ajge the system. Aseen in 3.5the generator can also have to pay an
average participation tariff, depending on the chosen option for network tariff and on its location.

To invest the generator arbitrates betweabhase two costand the generation investment cost.
The gerration investments arssumedumpy. The unit capacity of the bagespectively peak)
investments g (resp.Qp). For each yeary of the studied period, the decision variables of the
generation investment, are binary If g, equals onethe geneation capacity of the plark
increases by) MW?® the yeary. If ay equalszero, the generation capacity of the planstays
unchanged the yegr The investment cost of the planequalsly. The discount rate is. Then the
generation investment probheis as follove:

min & (1+a) "’ g4 31,1, +Tarif, , +& C,(S.,.)% (14
%y Ty €x ¢ h H

Such that the system operation determines the geneyaaeditiesS,y

The solution of this problem givethe momentvhen andhe locationwhere the generator must
invest. The capacity ai generation plant can be calculated for each yegafrom the decision
variables ofthis investmentd,. Assuming the initiaeneratiorcapacityof the plantk is Sy, the
capacityS.max,ycOf this plantfor the yeary. can be calculated as follew

Ye
Sraxky, = Snix TQQA Gy (15
y=1
Theconstraintdor the systenoperatiorthen depend ogeneratiorinvestment decisions.
The fundamental elements ofie coordinationproblem are now defined The following
subsection modelsow they interact.

3.7 Interaction between locationaignals and transmission and generation investments

SaumaOren (2006, b assume the investment decisions for generation and transmission are
sequential with a priority given to the generation investm&ith their assumptiorthe TSO must
reinforcethe network taking into account the investment decisions of generation.

However, it is interesting to consider situations where the TSO cannot invest. It is a current
situation because of the oppositidnguilding of new power transmissiofines In such guation

® Q beingQg or Qr depending on the plaktbeing a base or peak one.
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the generators must adapt the location of their new ptargupply load despite the network
constraints.

As a resultwe made no assumption about generation or transmission investing sequentially
first. Different equilibriumscan then be obsesd for the problem of generation and transmission
investments in the liberalised power systdinis assumption of nesequential investments allsw
to highlight non-linear effects of network tariffs and of transmission capacity lumpiness

The problem ofcoordinating generation and transmission investments is #heowble
minimization, respectivelpf the objective function of the TSO and of the generator, as fallow

ay (L+a)” edyIT +é a s i) Ck(s**k’y’h))g (16)

<

—) ———> (D:
Q‘E
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uch that the system operation determines the geneysattiesS.y

This optimization problem has tee important features. Firshe investmentvariables are
binary. Secondhe calculation of the tariff is an averagee These two first features create non
convexity Lastly, this problem is a double aptization. These features prevent us from solving this
prod em wi t h anal gwhy thedquilibriono dorsditionsTol thi$ roblesme studied
with numericalsimlations A genetic algorithnfits particularlywell to solveinvestment probles
in the power systenfLatorreet al, 2003)andto solve adouble optimiation problemsuch as (18
by search of dominant point (SrinivBeb, 1995)

To define a set of dominant painthe following double optimization probleisdeemed
!erT)jln F(d a’]y) w
| A
(@,.a.,)

whereF andG respectively stand fahe objective function of the TSO and of the generator in
the presentaz.

It is said that a poin_* Iy) dominates anothemoint (d_y§,fy§) if
i, )<l Janaclg . Jecly ) as)
for F(a’ ., )¢ F(dy ., )andG(Ey‘,Iy')<G(Ey§,Iy§)
The dominant points dominatell the other possible poinis the meaning of18). The set of
dominant points is called the Pareto Frant they are the different equilibriums solutidaghe

problem of double optinzation (17) Since thetwo criteria we wanto optimiz are contradictory,
there exist several equilibriumBhe example orfig. 4 illustrates such a situation, where thaxs

and the yaxis respectively stand for the value of the funciaandG for the points (a_’ny) The

Paretofront is the set of pointshat are the nearest to the bottom left coofeig. 4, that is to say
the clear squares.

" The lumpiness of the geragion investments induces nonlinearity too but to a lesser extent given the parafeters
thenumerical example (sexl.).
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G

‘ & Simulated population Pareto front ‘

Fig. 4. Pareto front of a double minigzation.

The following sectionevaluats with this algorithmthe efficiency of shortun and éng run
locational signals to coordinatbe generation and transmissiamvestmentson the exampleof a
two-node network

4 Results and analyses

This sectionpresend the results and analyses tife simulations.First the generation and
transmission investants ofa benevolent integrated utilityher achieved coordinatioand social
costdefine a benchmariSecondhis benchmark is comparedttee social cost and treordination
achieved in a liberalised system where locational sigradsdinate generatioand transmission
investments

4.1 Benchmark of a benevolent integrated utility

The efficiency of locational signals measured and compared ttte optimal investment
strategy of a benevolent integrated utility as a benchnSadh a utility minimizes thetotal cost of
the power systenthat is to sayhe sum of the network investment cost, the generation investment
cost and the shertun generation cost under the constraints oh#tevork capacity

L ) .. a . 2
in g (L+a) &, 1, +§ a8, 1, +& C, (S*k'y‘h)q) (19
é G h {

dY’dk‘y y

Such that the system operatidetermines the generatgdantitesS* y

With the datapresented in section,2he social cost of the optimal solution of this problem is
6.05billion eurog. The most efficient location of generation is to the east near load.

8 We obtain this result with a genetic algorithm too.
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4.2 System equilibriunvithout locational signals

To analyze the efficiency of locational signals to coordinate generation and transmission
investmentsthe worst case studied firstwhenneithershort runlocational signa nor long run
ones aramplemented. Congestion is m@ea with redispatch and the generatorspay network
tariff.

Each equilibriumis characterizetby the valuethatthe objective functions of the TSO and the
generatortake. Each equilibriumis then positionedn the plan defined by tlse two objective
functions(fig. 5).

2 - ) \
5 ol Equlllt?rlum of the —\ \\\\\\\\\
= liberalised system with
redispatch, without §The locational signals
100 | network tariff %pald by the generator

must increase her total
b cost for all the
%equilibriums except for
&0 i\ the system optimum so
%that the system
\optlmum costs less to
60 \the generator than the

other equilibriums.
%Graphically, the
40 §equmbrlums other than
§the optimal one must be

|n this hatched area.

T, thiys:zvz?s;':?;?e;izf::‘iﬁM,\\\\\\\\

6 6,01 6,02 6,03 6,04 6,05 6,07
Billions

III/I/I/I/I/I/I/III/IIII/III/I/I/I/I/I/I/III/II

Transmission investment cost + congestion cost

Generation investment cost + generation cost (without tariff)

‘ Redispatch without tariff - Pareto Front ‘

Fig. 5 Equilibriums of the investment problem in a liberalisgstem without locational signal

There are multiple equilibriums for this double minimization because the cost of the network
can decrease if the gea#ion cost ingeniasly increases This happens because the generator is not
informed of the transmission cost her locational decision indddes.equilibrium @cled at the
bottom of fig.5 is the same investment strategy as the optimal one. This equililtvasithe
smallest cost of the networKThe social cosbf the other equilibriurais greater than the social cost
of the optimumIn a liberalised systenthe generator wants tainimize her costsThis equilibrium
is thepoint the more to the lefinfig. 5.

The locatiomal signals coordinatefficienly generation and transmissiavhen they penalise
sufficiently the generataf she does not locate in accordamgth the social cost minimation. For
the generator to take optimal investment decisions, the subog@Enehtion investmend must be
more expensive to hénan the optimabnes The locational signals multadthe suboptimal points
to the right of the system optimum, in thatched part of figS. The effect of nodal pricingo
coordinateghegeneration and ansmissionnvestments is now studied

° If the generator builds her base plants near load, her investment eogteater but there is no need to reinforce the
network.
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4.3 Efficiency of nodal pricing to coordinate generation and transmission

In this subsection, the generator pays nodal pricing but no network tAsffpreviously the
equilibriums of this problemare positionedn a gan defined by the objective function of the
generator for the-axis and by the objective function of the TSO for thaxis. To evaluat¢he
effect of nodal pricingthese equilibriumsire compareavith those without locational signat fig.

6.

§ f—b@ A set of investments
E 1209 Differences between . that is no longer an 'ﬂ
the equilibriums with Eequlllbrlum with nodal ¢
100 | @nd without nodal .o’ Epricing 54
pricing that signala | e \Thcej clilfference in
congestion T T~ no al prices are
80 ° \ ﬁ ® \ insufficient to

\ incentivise the
% generator to locate
60 % efficiently and

\ coordinate with the
\1ransm|55|on
40 investments

m A

6,02

/ A A A S A A S A A A

\\

Transmission investment cost + congestion cost

6,03 6,04 6,05 6,07

Billions

Generation investment cost + generation cost (without tariff)

‘ Redispatch - Pareto Front X Nodal pricing © - Pareto Front|

Fig. 6. Equilibriums of the investment problem in a liberalised system without tariff.
Comparison of the equilibriums with and without nodal pricing.

The equilibriums reached with redispatch are the clear squares whereas those reached with
nodal pricing areéhe dark crossesig. 6 showsthat only oneof the suloptimal equilibriuns with
redispatch loses its quality of equilibrium when it is evaluatig nodal pricinglt is the only cross
that is notinscribed in a circle

The arrows between the equilioms with redispatch and with nodal pricing stand for the
effects of nodal pricing on the cost for the generdy. 6 showsalso thatnodal pricing penalises
the generatoior all the equilibriumsexcept for the optimal one (where there is no congegti@mt
the transmission investmemt this casg The penalties are too small becaaiehe equilibriums
with redispatch except oraestill equilibriumswith nodal pricing.

Fig. 6 showsalso that nodal pricing does not eliminate preferentially theliequm with the
highestcost of the networkNodal pricing penalises weakly theuilibrium Lumpiness of the
transmission capacitgreates this effector this investment strategy, the generator builds all her
base plants to the west faom the loadThe TSOis forcedto increasethe transmission capacity.

And the lumpiness of these network investments decreases the difference in nodal pricing so that
the generator faces no peidifference. The generator is then only partially informedthod
consegences ofher behaviarwhich inducenetwork investment costFor this example, we can
conclude that nodal pricing poorly coordinathe location ofgeneratiorand lumpy transmission



16

investments The two following subsectioa analyzenow if long term locaonal signalsincrease
coordination between generation and transmissieestments

4.4 Efficiency of the average participation tariff to coordinate generation and transmission

In this subsectionthe generator must pay for the network she ubesugh theaverage
participation tariff whetherthereis congestion on the network or ndto analye the effect of the
average participation tarjfthe system idirst assumed to beperated with redispatch.

To evaluate the coordination reached with theerage articipation tariff the related
equilibriumsare positionedn the same plan as before (objective function of the generator for the x
axis and objective function of the TSO for thexisi fig. 7). These equilibriumgan then be
comparedvith those withait average participation tariff
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E generator to locate optimally ' generator to locate
§ 40 ! timall
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] ]
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(= L}

]
0 : : : : —® :
4] 6,01 6,02 6,03 6,04 6,05 6,06 6,07
Billions
Generation investment cost + generation cost
Redispatch without tariff - Pareto front A Redispatch with tariff - Pareto front X Nodal pricing without tariff
O Nodal pricing without tariff - Pareto front + Nodal pricing with tariff = = Limit of efficiency of the locational sighals

Fig. 7.Equilibriums of thanvestmenproblem in a liberalised power system.
Comparison of the equilibriums without tariff, with tariff, and with tariff and nodal pricing.

The equilibriums reached with redispatch avithout average participation taritéire the clear
squares whesess those reached with redispatch aadrage participation tariféfre the darkriangles.
Fig. 7 shows that everyinvestment strategwithout the average participation tariffemains
equilibium with average participation tariff The average participation tarifthen fails in
incentivising an efficient location of the generator, although \aitbrage participation tarithe
inefficient equilibriums are now very close to the point where tineigeor finds it less profitable to
choose these investment strategies.

The system imow assumed to baperated with nodal pricing and the generabwst paythe
average participation tariff for the power plant flsom load to the westTo evaluate the
coordination reached when nodal pricing atlte average participation tarifere jointly
implemented, the related equilibriurage positionedn the same plan as before and comgavith
the equilibriumscalculatedpreviously. The equilibriums reached withodal pricingand without
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average parti e parta osastbosewdnehddewitada priingand average
participation tariffare6 + 6 cr os s e s

Previously, we have shown that the implementation of one locational signal is not sufficient.
Whereas nowfig. 7 shows that the joint implementation of nodal pricing atlie average
participation tariff constraints the generator to choose the generativesiment strategy that
minimizes the social cost. Therefore, the implementation of the shorand longrun locational
signals optimally coordinates the transmission and generation investm#nsscase

4.5 A case of inefficient location of generation caused by the average participation tariff

The average participation tariff can also leaditefficient location of generation in some
particular situationsConsider acasewhere the initial transmission capacity net 2550 MW
anymorebut 2700MW without modifying the other data of the probl@re optimal social cost (if
a benevolent integratedtility were investing) is then 6.04 billion euf8s The optimal set of
generation and transmission investmentsthisn the following one. The efficient location of
generation is to the east, near load, except for ifs¢ ihvestment of a base plaand no
transmission is needelig. 8. shows why this is the optimal set of generation investments.

_O ENS O ENS
—O Peak plant —O Peak plant
Base plant O West East Base plant est Ea_m"_{:] Load
S,y,50= 2400 MW D Load S, 5o = 2400 MW o3
) Fipi= 2700 MW F,;= 2700 MW
- Qg =200 MW L - Qg =200 MW L
It is optimal to locate the 15! new base plant to the west It is not optimal to locate the 2" base plant to the west
because S, g5 + Qg < Fy because S, g, +2Qg > F,;
=» 2600 MW are needed to transmit power from the west node to the east node =» 2800 MW are needed to transmit power from the west node to the east node
Whereas 2700 MW of transmission capacity are available Whereas only 2700 MW of transmission capacity are available
=» And the investment of a base plant to the east is cheaper to the west =» A transmission investment is then needed
st . nd .
fa. 1° generatiorinvestmento the west fb. 2™ generationinvestmento the west?

1 d. N" generation investment to the easf 1 c. 2" generatiorinvestnentto the east

Fig. 8.0Optimal sequence of generation investmevtien the initial transmission capacity is 2700 MW

19 This optimizationwas also realized with a genetic algorithm.



