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Anticipation for Efficient Electricity Transmission Network
Investments

Vincent Rious, Philippe Dessante, Jean-Michel Gdath

Abstract—This paper proposes a model and preliminary
results to evaluate the efficiency of anticipatinghe connection of
power plants with shorter construction duration than the time
needed to obtain the right to upgrade the network ad finally to
do this reinforcement. This evaluation is made in gsence of a
cost of anticipation related to the study of the poject of network
investment and to the administrative procedures neated to
obtain the building agreement. This model comparea proactive
TSO that anticipates the connection of new generat® and then
the required network reinforcement, with a reactive one that
does not make any anticipation but that may then fee greater
congestion while the network is being reinforced. fie efficiency
of these behaviors is measured in terms of sociabst. We find
out that there exists a limit of probability for the connection of
generators beyond which a proactive TSO is more éffent than
a reactive one. Evaluated on a realistic case of razection, this
limit of probability is found quite low, which indi cates that the
proactive behavior for a TSO shall generally be theptimal one.

. INTRODUCTION

significant compared to the transmission lines ciigs. The
connection of these power plants can thus creatgestion.

A solution to this problem could be that the Traission
and System Operator (TSO) anticipates the conmeaifo
these new generation plants and the congestionththamay
create. By anticipating the connection of genergpiants, the
TSO can adapt the network planning. To implemerg th
process,
procedures required before the network upgrading.ifBhe
network is not eventually upgraded, this anticipaiis costly
because of these administrative procedures. Tiaesfty of
anticipating the generation connection and of thguired
transmission investment thus depends on this arstthe
uncertainty on the effective generation connecéind on the
required transmission investment.

This paper evaluates the efficiency of the stratedy
anticipating the connection of power plants for @O in
terms of the minimization of the network cost. Thuestion is
then to know if it is efficient for such a TSO tdéap the

POWER generation and transmission are complementaﬂgvempment of its network in advance of the retjads

activities that need to be coordinated, to the tshor and
to the long term to ensure an optimal use and dewetnt of
the transmission network.

The coordination between generation and transnmisisio
more difficult in a liberalised power system, notyobecause
these activities are unbundled but also becausehef
investors’ choice for generation technology. Thew@o
reform has prompted the generation investors thl lmo@inly
power plants that can be built quickly, such as Bioed
Cycle Gas Turbines or wind farms [1] [2]. At thergatime,
the right of way of powerlines faces increasing agpons

connection so that there is sufficient planned dngission
capacity to accommodate these new generation imeess.
This problem has been poorly addressed [4].

A model is built in this paper in order to meastine
efficiency of anticipating the connection of gertena. In this
model, the connection of a generator is a prolstigilevent
and the TSO can choose to anticipate the connactipnot,
despite this anticipation may be costly if the eipaited event
does not eventually occur.

The paper is then organized as follow. In sectiprwke
show that the need to coordinate generation amgdrresion

[3]. These movements increase the time needed #d bugries with the considered generation technologyselction

transmission lines.

I, we present our model to evaluate the efficiermf

These differences in construction duration creatgnticipating the generation connection and the iredu

differences in construction time are all the moegrichental
that the generation capacities of these new plames
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anticipation, on the probability of the power pktd connect
and on the difference in construction duration leetw the
transmission and generation investments. In sediorwe

made a preliminary measure of efficiency of anttipg

connection on a realistic example.

Il. A NEED TO COORDINATE TRANSMISSION AND GENERATION
THAT VARIES WITH THE GENERATION TECHNOLOGY

In a liberalized power system where generation and

transmission are generally unbundled, the needdodinate

the TSO must anticipate the administrative



these activities varies with the generation tecbgyl Indeed,
the time needed to build powerlines can be lonban the
time needed to build some generation technologies.

It takes at least five years to build a powerlimal an
average seven to ten years in Europe [3]. Therénaresteps
to build a powerline. Firstly, the TSO must fulfihe
administrative procedures to have the right toditlike line.
This step to obtain the administrative agreemex#is lat least
three years. But in practice, it can last five gean average.
The second step consists in building the line. $tep is quite
short, about two years only, and faces few uncai¢s. The
step to obtain the administrative agreements is titwe crucial
step for the time between the investment decisiuth the
completion of the project. The uncertainty on binidthe

MW. It cannot be neglected compared to the trarsons
capacity of powerlines, between 1000 and 2500 MWtte
voltage level where they connect (400 kV or 225.kV)

The massive connection of wind power to the trassion
network is also problematic for two reasons. Rirstbmpared
to the time to upgrade the network, the time tddowiind
farms is quite short, since it is about two to ¢hngears.
Secondly, the network must adapt to the massivaexiion
of intermittent power plants. Besides, their massiv
connection can then require upgrading the transomss
network to evacuate the generated power.

Therefore, the problem is the following one: some
generation technologies can require important netwo
upgrading whose time to build is quite longer tHamtime to

powerline comes from this period because of theallocbuild these power plants. There may then be coiogest

oppositions to the right of way of the transmisdinas, which
can result in postponing the line project.

The generation technology induces an importanttian
of the difference in investment time between traission and
generation. Besides, some generation technologies An
important notional size while they can be quicklyilth The
connection of the power plants can then create estitn
while the TSO has not yet upgraded the networkvazeate

between the moment when these generators connebe to
network and the moment when the TSO upgrades the
facilities.

The TSO can anticipate the connection of thesepkamd
consequently plan the network investment to avbiesé
congestions. Then it can better deal with the uacgy
coming from the difference in time to build powdams and
time to upgrade the network. But this work of aiptation is

this power. This can make the accommodation ofethesostly. As a consequence, it is necessary to etltree

generators more difficult. This difficulty is evalied in table
1 by the third column that gives the notional sfean
installation divided by the time to build it.

TABLE |
TIME NEEDED TO BUILD DIFFERENT GENERATION TECHNOLO®S
[6] [7)(RAE2004, DGEMP2003)

. Time . . Size divided by
Generation Notional size . .
technology ngeded to MW) time to build
build (year) (MW/year)
Combustion turbine 1 40 40
Coal 4-5 150 to 1600* 30 to 400*
CCG 2 800 400
Nuclear 5-7 1600 200 to 300
Hydro - - -
Wind onshore 2 25 125
offshore 2 100 50

*Depending on technologies

efficiency of anticipating the network investmenb t

accommodate new generators.

Ill. A MODEL TO MEASURE THE EFFICIENCY OF ANTICIPATING
NETWORK INVESTMENTS

In order not to limit and even in order to facil@athe
development of the types of generators with thetskbtime
to build, it can be efficient to anticipate theimmections. The
network can then have sufficient capacity to accounhate
them. The TSO can anticipate the connection of ethes
generators and can so study in advance the opjitgrii
upgrading the network.

Such anticipation does not compel the TSO to inifast
eventually happens unnecessary. Because, onceStBehas
obtained the administrative agreements requiredorbef

The investment dynamics of the nuclear and coQuilding the power line, the TSO can decide to aggrthe

technologies are similar to the investment dynanoés

network effectively only after the relevant assuion of the

network investments. The TSO can then deal withir thd"vestment project has come true or extremely Terfe the

connection when required. To the contrary, the C@&d the
wind farms can be built and connected faster thametwork
can be modified to accommodate them. Thereforegthew
generation units can create important congestidaréehe
TSO can upgrade the network.

contrary, a TSO whose objective is to maximise gbeial
welfare can decide to cancel a planned investnfettiei
relevant conditions does not eventually happen.

administrative steps needed before the building thaf
transmission line have then an appreciable optaunevif the

The

This phenomenon becomes very important because thds>© €an implement various planning strategiesesn(7].

technologies, CCGT and wind farms, are the fasbdse built
and are actually the preferred ones in Europe iauigei USA
(see [1] for CCGT and [2] for wind power).

The time to build CCGT is quite short since it idyoabout
two to three years [5] [6] The notional size of CCG 800

The TSO can implement two strategies to anticipate
transmission reinforcements. 1° The TSO can begkea
and anticipates the change in the generation nuX@ation.
2° The TSO can be reactive and upgrades the neterdyk
once he knows where and when the power plants ctirine
the reference [4], Sauma and Oren show that, frenpoint of



view of the minimization of the expected social tcdbe

proactive TSO is always more efficient than thectiga one
in an uncertain environment. But they implicitlysame that
anticipation has no cost while it is costly in lalAnd it

could be quite expensive [8].

The essential parameters to evaluate the efficiefiche
anticipating the generation and transmission imaeat are
then the three following ones: 1° the cost of apditing
investments, 2° the difference between the tintruttal power
plants and the time to upgrade the network, andhg&°
probability of connection of generators. Our moaill allow
measuring the influence of these different elememsthe
opportunity for the TSO to be proactive. We deseribis
model below. Next, we will illustrate our resultsn @&
representative case of connection.

A. A necessary condition for anticipation to be optima

We present here a simplified model where the cdiages
cost is assumed given and sufficient to requira@smmission
investment. The problem of calculating the congestiost is
dealt with further detail in section IV of this mapin the
realistic case of connection of a power plant.unmodelling,
we search for the conditions when it is efficidram the point
of view of the minimization of the expected sodialst, to
anticipate the connection of power plants whose tionbuild
is shorter that the time to upgrade the network.

We consider the two proactive and reactive behawbthe

TSO that we described just above. To anticipate t

connection of new power plants, a proactive TSOsdoe
advance the study of the transmission investmegjegr and
the administrative procedures that are requiretiaee the
agreements to build the powerline.

A reactive TSO does not study the project nor theamake
the administrative procedures in advance. He duesetsteps
only once the generators have effectively askezbtmect to
the network.

We assume that in a step before the applicationuof
modelling, an expert has highlighted the nodeseaswhere
generators are more likely to connect and the lthat may
experience congestion. It is similar to the apphased in the
National Electric Transmission Congestion StodiyheU.S.

Department of Energp®]. This phase consists in determining

where it will be needed to upgrade the networkrtgkinto
account the primary energy sources and the areasevthe
generators will be able to locate. The goal ofroodelling is
then not to find where to upgrade the network. @adelling
finds the lines whose forecasted constraints ach that it is
efficient to anticipate its upgrading and espegiatb
anticipate the long administrative procedures. @péting

B. Definitions and assumptions

For each yeay, we define two types of congestion cost that
we noteCU, andCW, respectively with and without network
reinforcement. Then, whatever the ygathe congestion cost
without reinforcement is greater than the congestiust with
reinforcement, other sayinGW, > CU,. For a yeary, the
congestion costW, or CU, depends only on reinforcing the
network, and not on the moment when the network is
upgraded. We define two functions of discounted and
cumulative congestion cost over several yedrsvith a
discount ratea. The first function, CWd) is the total
congestion cost discounted duridg/ears before upgrading
the network. The second functiolgU(d) is the total
congestion cost discounted during ten years ditenetwork
being upgraded the yedr The avoided costs thanks to the
reinforcement of the network are evaluated only ¢ee years
for two reasons. Firstly it is difficult to know aarately the
state of a power system beyond ten years. Secondly
discounting considerably decreases the costs betlisd
temporal horizon.CWd) and CU(d) can be expressed as
functions ofCW, andCU, as follow

w(d)—i Wy andCU(d)= dim Yy (1)
y=1(1+a)Y y=d+ (1+a)Y

Fig. 1 exemplifies the two sum@Wd) and CU(d). For
illustrative reasons, we assume that the te@v§/ (1 +a)”

d CU,/(1+a) increase linearly with tim€Wd)
corresponds to the grey trapezoid &id(d) corresponds to
the black trapezoid.
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Fig. 1. Definition of CW(d) and CU(d).
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We assume that the network must be reinforced@sa®a
_power plant connects. That is to say that the sagtd by the

can result in accommodating the considered gewoerati...ork upgrading as soon as the generator conisagrsater

technologies more efficiently and more quickly.

than the related transmission investment cost.ZFitustrates
the cost saved by upgrading the network as a fomabif
CW10) andCU(0).

The equation (2) link€W10), CU(0) and the investment



costl.

cw(10)-cu(0)= | @)

With cw(L0)-cu(0)=3
i=1

CW -CU,
(L+a)

CW(10) - CU|
A

cw(o)

Discounted annual congestion cost

12

Years

——GWif{1+a)"i
CUif(1+a)i

cwi0) gZJcui) Zcwiio) - cui) |

Fig. 2. Cost saved by upgrading the network asnatfon ofCW(10) and
CU(0). The greyed area stands for this saved cost.

The instant of reference for discounting the costdime is
chosen such that the most conservative conditiautathe
efficiency of a proactive TSO is obtained. Thigamd is then
the moment when the generation investment begipsotiuce
power. This convention degrades the advantage
discounting for the strategy of anticipating conguhto the
strategy of not anticipating. Indeed, if the begignof the
administrative procedures has been chosen as stenirof
reference for discounting, the discounting of cesuld have
mechanically decreased the cost of network investnigy
taking the beginning of production of the powempkas a time
reference for discounting, this effect is avoided.

transmission investment process, the easier theertioe/
would be built [11] [12].

If the generator connects, the system must sucebgsi

support:

e CWUJ), the total congestion cost discounted tbr
years, while the TSO is upgrading the network

e CU(d), the residual total congestion cost discounted
for ten years after upgrading the network, that isay
d years after the connection of the generator,

« 1/(1+a)", the discounted cost of this upgradihgears
after the beginning of our study (correspondinght®
moment when the generator is ready to generate
power)

Year

Network : Study,
administratives procedures,  construction
o

—d ——»

==-=- T
1 Transmission
: Investment 1

oW cula)

Period during which there
is congestion cost

Fig. 3. Sequence of the generation and transmissigestment with a
reactive TSO. The timeframe of generation is irygvhile the timeframe of
%nsmission is in black. While the power plant Alasady connected and the
network has no yet been upgraded, there is congefstid years.

If the generator does not connect, the networksiment
cost and the congestion cost to the TSO is nulbld&
summarises these two cases.

TABLE Il
THE COSTS FACED BY A REACTIVETSO

C. Expected cost of the network for a reactive TSO

A reactive TSO does not anticipate the connectién |&"

generators. It studies the network upgrading omgeothe
generator has invested. The network investmenvacieate
this power is ready to serve orlyyears after the connectior

of the generation unit, wherkis the difference between th¢ ,enork

gnerator invests does not invest| Expected social
Tso Probability p | Probability 1-p cost
aits for the
connection o Elc (ol
the powell ~on s~ || T e rso\ P
plant beforg CSd) + CR[Sd) 0+0 c9(d)+CR(d)
. +1/(1+a) =p
studying and +1/(1+a)’
upgrading thg

time to build a power plant and the time to upgréle
network. Fig. 3 exemplifies this sequence of thaegation
and transmission investments.

The generator can connect to the network with aadvdity
p (and so does not connect with a probability qf) 1This
uncertainty is not intrinsically quantifiable. Hoves it is
possible to attribute it a subjective value to eatd the
robustness of the study framework. This approdofutdtes a
dialog with the other stakeholders of the powetesysand
creates a shared anticipation of the evolutionhef dystem
[10]. Besides, the sooner the residents are indolmethe

D. Expected cost of the network for a proactive TSO

A proactive TSO anticipates the connection of the
generator. He studies the network upgrading ans faskthe
administrative agreements to build the powerlinéthut
building it) before the connection of the powertista The
network is upgraded only once the power plant isde
effectively connected. Fig. 4 illustrates the semeeof the
generation and transmission investments.

The generator can connect with a probabjifgnd so does



not connect with a probability A In case the generator

a power plant and a power line such that the eguadiis

connects to the network, the system must succdgsiveespected.

support:
for ten years after the power plant connecting tied
network upgrading

andl, the upgrading cost.

0

Year

Network : Study,
administratives procedures

construction

and Network
Investments

CU(0)
Period during which there
is congestion cost

Fig. 4 Sequence of the generation and transmissieestment with a
proactive TSO. The use of the new transmissiondime of the new power
plant begins at the same time because the TSOntiagpated the network
upgrading.

In case of the generator not connecting, the cdiugesost
is null and the cost to anticipate linked to the nealization of
the anticipated event is a shareof the total investment
transmission cost. Indeed, the transmission investris not
done but the preliminary steps are however realizbd cost
o.l includes not only the cost to anticipate to th®Tt also
the cost born by the local authorities involvethia process of
administrative agreements. Moreover, the eoktakes into
account thea posterioridiscounting of the cost to anticipate.
We assume the cost to anticipaté is proportional to the
investment cost because a power line faces allntbee
oppositions that it is longer and goes throughdewarea.

Table 3 summarises these cost.

TABLE Ill
THE COSTS FACED BY A PROACTIVESO

Generator Invests Does not inves

Probability p|Probability 1-p| FXPected social cos

TSO

Studies beforehw
the installation of
the power plant
and invests at the)
same time as the
generator

E[C,nerso(P)]

| + CR) al+0 = p[1 +CR(0)]+(1- p)d

E. Condition for a proactive TSO to be efficient

We are searching for the necessary and sufficemdion
for the proactive TSO to be more efficient than teactive
one from the point of view of the minimization bEtexpected
social cost.

This condition links the cost to anticipate, the probability
p to connect a power plant and the differedaetime to build

CU(0), the residual total congestion cost discountecE[CproactiveBO(p)Js E[Creacﬂvem(p)]

3
The equation 4 equivalently expresses this relation
as< pl_(1+ a)™ +a-1+(cw(d)+cu(d)-cw(0))/I J (4)

To interpret this formula, we consider the caseaifality
of the equation 4 and then define the limit of (doitity or
“probability limit” p;,, to connect a power plant.

[(1+ a) ™ +a-1+[cw(d)+cu(d)-cw(o))/I J

Pim = (5)

If the probability to connect a power plant is dezahan
pim, then the proactive TSO is more efficient thanrtreective
one. To the contrary, if the probability of connentp is less
than pim, then the reactive TSO is more efficient than the
proactive TSO. The equivalence between the equaand
4 then shows that the strategy of anticipationllishe more
efficient that the probabilitg;,, is small. The interpretation of
the equation 4 also consists in evaluating howptiodability
limit pi, varies with the costr for anticipating and the
differenced in time to build a generation investment and a
transmission oneFor a given costr for anticipating,pjm
decreases when the differerdtdetween the time to build a
power plant and a power line increases. This iqbse the
congestion cost generally increases more quickly the gain
from postponing the network investment and its alisting.
For a given difference, p;, increases when the costto
anticipate increases.

IV. ILLUSTRATION OF PROACTIVE AND REACTIVETSOs

Now we illustrate the equation 4 on the concretee caf
connection of a power plant. We can determine the
combinations of parameters where the proactive iE3@bre
efficient than the reactive one in this case.

We apply the criterion of the equation 4 on thepecase
of the connection of a power plant on a two node/ok. The
figure 5 is realistic because the connection obagr plant
(CCGT or windfarm) raises problems mainly becaumese
power plants are far from the load centres.

Yearly demand
5700 MW increase : 1,2%

2800 MW 3000 MW 1

35€/MWh P )100€/MWh
BOOIMWI TSR, Lo o i i mimimimimire] 3000 MW

35€/MWh * T 1000 MW 40€/MWh

Fig. 5 System to test the strategy to anticiphedonnection of a power
plant. The load and most of generation are todise &hese power stations to
the east are quite expensive, 40 €/ MWh for thet fB800 MW and



100 €/MWh after. The power plants to the west ass lexpensive, only strategy of anticipating the connection of powemps to the

35 €/ MWh.

A new generator wish to connect a 800 MW power ttian

the west. To evacuate the power of this new powatpit is

necessary to add a 1000 MW network upgrading thatsc

100 million euros. We assume that the situatiofrigf 5 is
representative of the 8760 hours of the year. Tihestments
are dashed on this figure.

First of all, we dravp;, the “probability limit” to connect a

power plant. When the effective probability is abothe
probability, the proactive TSO is more efficient fo given

costa to anticipate (equal to 10% of the considered ogkw

investment). The “probability limit” can be definegbk a

function of the differencel between the time of building a

power plant and the time of building a powerlinég.F6
illustrates this function.

100%

©
S
R

@
S
B3

70% -

=y
3
X

Proactive TSO
50%

I
)
X

30%

Probability of connection of a power plant
N
S
*

10% -
Reactive TSO

0%

1 2 3 4 5 6 7 8 9 10

Difference between time to build a power plant
and time to build a transmission line (in years)

‘D Reactive TSO O Proactive TSO

Fig. 6. “Probability limit” of connection beyond wdh the TSO must be

proactive depending on the difference of temporaladhicsd between
generation and transmission investment

Above the curve associating the probability limithathe

difference in dynamics of investments, the TSO @ein[5]

proactive is the optimal behavior. Under this cuthe TSO
being reactive is the optimal behavior. On Figw#, notice

that for the considered case, the probability leicreases as [7]

the difference in dynamics increases. We find agfadt the
TSO has little interest in anticipating the conrattif the
temporal rhythms of these two complementary invests
are near each other. That is to say that the tinmitding a
network investment is short or if the time of builg a
generation investment is long. For the connectiom 6CGT
or a windfarm, this difference in time is at bektiwee to four
years (see section Il). For such a difference,pttodability
limit of connection is around 15 to 20%. This we&alue is
already significant to justify the anticipation thfe network
reinforcement.

V. CONCLUSION
This paper presents a model to evaluate the effigief the

network for the TSO in terms of the minimization thie

network cost. This model has permitted to see simale but
realistic example that it can be quite efficient &TSO to
anticipate the connection of power plants. He ¢gam tplan
the reinforcement of the network in advance anduced
congestion on the network. Taking into accountitherest of
investors for generation technology with short titmebuild,

the proactive behavior of the TSO can facilitatee th
connection of these types of power plant and irserethe
market entries.

However, the study proposed in here is only a miakry
one. We assume that the cost of anticipating isvkvbereas
the planner does not know in advance the costtafipating
the reinforcement, that is to say the cost of thministrative
agreements needed to build the reinforcement. ihdsed
difficult to rely on historical data for the cost anticipation,
because the powerlines face more and local oppnositiA
sensitivity analysis of the probability limit to éhcost of
anticipating of the investment should then be drteefuture
researches of this work. Besides, we could dug@ittas study
for a windfarm with a given generation duration aur
Eventually, regulatory actions should be studieth¢entivise
the TSO to anticipate investment if it is efficielihis is still
an opened question that is still to be answered.
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