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Abstract-The power system adequacy has public good features
that cannot be entirely solved by electricity market. Regulatory
intervention isthen necessary and old methods to assess adequacy
have been used to help regulators to fix this market failure. In
regional electricity markets, transmission interconnections play
an important role in contributing to adequacy. This paper
presents a smple model to study how the transmission capacity
contributes to adequacy and focuses on the particular case with
large amount of wind power. First resultsindicate that increasing
inter connection capacity between systems improves adequacy up
to a certain level; then further increases do not produce any
adequacy improvements. This effect depends upon the amount of
wind power intalled in each zone. Furthermore, besides adequacy
improvement, increasing transmisson capacity  under
asymmetrical amounts of intalled wind power could create several
externalities concerns.

I. INTRODUCTION

he European Commission (EC) identifies the religbdf
electricity supply as one of the three major gaalshe
liberalisation of electricity markets, next to thprice
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competitiveness and developing renewable energyeier,
the progressive reduction of capacity margins dredrecent
experiences of blackouts question the fulfilling tbfs goal.
Electricity is a staple commodity and therefordgeliruptions
are hardly acceptable politically and socially [1].

Generation adequacy is the long term component of

reliability of electricity supply [2]. It is an impe public good
that presents characteristics of non-exclusivitgcause all
producers’ investment decisions in competition asaly
variation of the demand affect the electricity dypat the
collective level. Public authorities must, therefoensure that
the market rules and the definition of the rolesd an
responsibilities of the participants in the marlagintribute to
obtain an optimal level of capacity adequacy. Défe
approaches have been adopted in the world to ensure
sufficient level of adequacy:”energy-only” desigcapacity
payments, public strategic reserves, capacity remant
placed on suppliers with secondary markets, etchénlast

years research has been concentrated on the defsihese

different generation adequacy mechanisms [3]-[5].
However this topic has been generally treated fram
national point of view despite the goals settledthg EC
regarding the integration of the European eledyrioharket.
Considering interactions in regional electricity rkets is
particularly important due to two factors. Firsthach country
is normally governed by own adequacy mechanisna$ugiing



no mechanism at all) which try to give incentives@ding to consumers’ willingness to pay their electricity. igsignal
the level of adequacy that public authorities eatéd in the would replace the implicit security criteria usedtie former
behave of national consumers. Secondly, the tpples&e of industrial organisation. However, to accomplish sthi
the adequacy problem in each system could be \iffgreht hypothesis, this signal should be made explicitbgsumers
depending upon the type of technology, the parteshs to suppliers and by suppliers to producers viarntaket. It
consumptions, etc. This second point is particylamportant would require profound changes in metering techyylas
in Europe given the high promotion for the develepiof well as new forms of electricity contracting betwesippliers

renewable (intermittent) energy. In particular,ragtucing a and consumers. Until then, the market cannot know
willingness to pay for their electricity
Consequently, the market today cannot infer whatstments
in production capacity must be made in order tdasfat
consumers’ demand for generation adequacy [7].

These restrictions in the new industrial organisathave

large amount of wind power may strengthen the aa@gu consumers’

problem. Increasing interconnection capacity undeese
conditions could introduce asymmetric effects amddpce
externalities concerns.

The aim of this paper is twofold. Firstly, this gastudies

how interconnections improve adequacy and can eedded some operators to use the old adequacy criteriaome

generation capacity requiriments. Secondly, it istdthe

externalities concerns that could arise when adggpeoblem

in each system is more or less acute due to a rgrint of

wind power installed capacity. Our research is Baggon an

adequacy model representing two zones linked by
transmission interconnection.

The paper is organized as follow. Section Il byiefkplains
the adequacy problem, the role of transmissiorréotenection
and the effects of large increase of wind poweracép. In
Section Il the model and the stylized system aes@nted. In
Section IV the results of simulations are shown disdussed.
Finally Section V concludes.

Il. THE ADEQUACY PROBLEM AND THE ROLE OF TRANSMISSION
INTERCONNECTION

Generation Adequacy is a property of a system sgmiting
the level of risk of failure in the long run. Tramission
interconnection capacity helps zones to reach ¢sgetl level

countries, these criteria have a strictly informatcharacter,
while in other countries; they are used as inpfithe market
design implemented by regulators. In this lattesegat is very
important to use an adequacy assessment methodtiagy
allows to represent the physical requirements efststem the
more realistically as possible [8]. In the nextgzaaph some
approaches to assess adequacy are presented.

B. The adequacy assessment in electricity systems

There are no simple rules to determine the optisad! of
risk of failure. A trade-off between the increasingestment
costs for new capacity and the reduction in failoost for
consumers would in theory determine the risk dfifai The
difficulty with this approach remains on the indil to
determine the economic benefits of increasing tiheqaacy
due to the lack of knowledge about consumers’ true
willingness to pay for electricity in scarcity peds. Therefore
the value of adequacy is set by public authortigsresults of
this rule may not be perfectly accurate.

of generation adequacy. The highly promotion to the Once the adequacy criterion is known, different hods

renewables (intermittent) technologies (mostly wipolwer)
change
interconnection help the zones’ adequacy.

A. The adequacy before and after the liberalisation

Before the liberalisation of electricity marketetteliability
of electricity supply was managed by a verticaliyegrated
utility and controlled by public authorities. Deiciss
regarding new investments were determined by thmadty
expansion plan. Expansion plan is determined bynthegin
that assess if there is enough production capézitpeet the
expected peak load. Said margin is obtained byngddew
production units so as to respect an adequacyrionteT his
latter is determined on the basis of an accepstdai failure.
As demand and available capacity are not exacttywknin
advance, the risk of failure is never eliminated, there is
always a probability that the demand is greatem tkiae
instantaneously available capacity [6].

After the liberalisation of the electricity indugtrthe new
organisation suggested a transformation of thenihgnsystem
management. Thus, the provision of generation vesein
deregulated systems depends on the degree of natiodi
among market participants, the institutional dispass and
the regulatory instruments chosen. This new
organisation supposes that the market receivegymalsiof

which are more or less rigorous can be used tsasspacity

the adequacy problem and how transmissemhequacy. On one side there are deterministic dsttiat use

typical adequacy criterion, such as generation margqual to
a fixed percentage of the peak demand and operatargins
sufficient to cope the most likely contingenciesieQof the
limitations of these methods is that they do ndtetanto
account the stochastic nature of supply and demiawdeed,
randomly events as uncertainty in customer deménded
outages of generating units, intermittent productimve an
impact on the adequacy assessment. The probabilisti
methods, on the other hand, provide a more meanirgfd
realistic information about the random events tha#fect
supply and demand [9]. Two criteria are particylaised : the
Loss of Load Probability (LOLP), defined as the lmability
over some period of time that the power system faill to
provide uninterrupted service to customers and,Libgs of
Energy Expectation (LOEE), defined as the expeeatmdunt
of energy not served over some time frame. As wesae in
the next section probabilistic methods are venfulde deal
with adequacy problems.

C. The impacts of interconnections on the gen. adequacy
The historical role of interconnections is to emsuhe

incalstrsystem reliability by pooling the production capgcon a

larger scale. The constitution of the regional teieity



markets (such as the European Internal Electridityket and
the Regional Transmission Organization as PJM @ Ws,
etc.), assigned two additional roles to intercotines:
arbitraging between markets and increasing thel l@fe
competition. In this new context, considering thaer of
interconnections in the capacity adequacy is nacgsSeveral
reasons explain this fact:

Firstly, the interconnections can increase therigamargin
of a system through the production and consumpitterns
of the neighbouring systems. Indeed, the compleanities

installed wind power by country (e.g. countriesttlmave
adopted a succesful scheme as feed in tariffshaie more
installed capacity of wind power than others thatehadopted
other ineffective schemes). This lack of harmomirat
between schemes lead to asymmetries between systams
negatively affect the adequacy of the regional esystThis
asymetrical development can be conceptualized ¢irahe
“risk-averse” adequacy criterion of a country wittgard to
the other. Thus, a country with a priority stratefgy the
development of wind power as compared to conveation

between production and demand structures may mbaketechnologies could be assimilated to behaviouroe¥ Fisk

profitable to develop a regional vision of genematadequacy
and security of electricity supply. Thus, regiorsdproach
allows each country to reduce its capacity margguirement.
Accordingly, there is savings in investment andrapeg costs
in each interconnected country. Secondly, deshiebenefits
of interconnection in terms of adequacy, dysfumionay be
exported from one country to another
interconnections, as shown by recent blackouts téBsyer

2003 in Italy and November 2006 in Germany). Finathe

lack of harmonization between power systems in $eoh

adequacy criteria and market designs could leaa dibuation

where consumers of a country feel to pay for adegu
providing consumers in the neighbouring countrlasothers

terms, thanks to interconnection some consumerslraagfit

from a risk-adverse generation adequacy criteria ain
neighbouring power system and have a relativeli kegel of

security of supply without incurring the correspiomg

investment costs. This free-riding behaviour whidtimately

can lead to a general decrease in the level of uzagqof

interconnected system. This is the traditional -fidéng and

public goods financing problem [10].

D. Theimpact of large amount of renewable generation on
generation adequacy

The impacts of large-scale development of wind poare
the capacity adequacy can be analyzed, in gerfevat, two
aspects: intermittence and capacity margin in dde and
regional effects in the other side.

The first aspect concerns the character of theritient
supply of primary energy,
intermittence, reflected in the variance of thedvoroduction,
is largely superior to the conventional productignits (e.g. in

France, wind power standard deviation is 1.2 GW ahg

expected generation average is 1.4 GW while cooredipg
values for the thermal generation are 2 GW for dzah
deviation and 75 GW for expected average availabfgacity
repectively [11]). Such unavailability produces iacreased
risk of supply failure which increases with the taled
capacity of wind power. To ensure a constant lefeisk in
the long term, new conventional generation unitsstrre
installed as a backup.

The second aspect concerns the wind power develtdpahe
regional level. The interaction of systems leadgatce into
account impacts of large-scale development of \eimergy. In
fact there is a lack of harmonisation between aemit
concerning the mechanisms of support schemes datriglity
generation from renewable sources. Different effecess in
support mechanisms has been translated in diffarmaotnt of

aversion adequacy criterion. This behaviour mayl leg a
free-riding behaviour from countries that have ghbr risk-
aversion.

I1l. THE MODELLING ADEQUACY
In this section a simplified model is developedstady the

througgdequacy problem and the value of interconnectapacity.

The lost of load probability and the “requirememgeneration
capacity” (at a level of risk) are computed for fekiént
configurations (level of interconnection capaciéyel of wind

apower capacity, correlation, etc.). The goal o$ tection is to

understand the role of interconnection capacityadequacy
and to study the impact of large amount of windefimittent)
capacity. It is important to note that only the uealof
transmission interconnection concerning adequaeyasuated
in this section. We do not deal with other valuatiées of
interconnection capacity as increase efficiencynesting two
zones with different economical characteristics ate
reduction of market power.

A. Adequacy model (at alevel of risk)

We use an analytical method that characterize the
probability distribution of the random variable argin » (i.e.
available generation minus peak load) and thatwalldo
evaluate the requirement of generation capacithaee the
variable margin less than zero only for a givenbgtaility.
This is a probabilistic method that characteritesgeneration
capacity margin as a random variable that followsoamal

in this case the wind.isThdistribution. The adequacy criterion associatedhwihis

method is LOLP and it indicates the level of riglhe risk
could be settled at different level but a value feacurrently
ed is 0.01 or 1% risk [11]. Fig. 1 illustratee thdequacy
method that can be computed using the followingagign:

)

LOLP=P( cap.margin< 0)= 001

N
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Fig. 1. lllustration of the method margin to rit¥%




This standard method is used by several TSO (el& IR also computes the requirement in additional geimeran a
France). However it does not consider the intevactivith zone to achieve the desired LOLP (see method ofidip
other systems and the role of interconnections.

IV. WHICH IS THE POTENTIAL ROLE OF INTERCONNECTIONS IN
THE ADEQUACY OF THE NATIONAL SYSTEM®

In this section results of simulations are presgknéamd
digcussed. In order to understand the role of the

B. Adequacy model and interconnection capacity

Based on [12] and [13] we adapted the analyticahotkto
take into account interconnections. Our model dmsi a

system composed by two zones interconnected by . L . !
interconnection capacity in progressive steps vet §tudy the

transmission line of capacity K (fig. 2). Each zoime | ; . .
represented by three random variables: demand waod gSymmetric” case with small proportion of wind pawe

generation technologies: a “correlated” technol¢gyg. wind S(_econdly the “syrnmetnc" case W|th.an |ncr.easmgaam of
power or hydro) that could be correlated with othemdom wind power and finally the asymmetric case is eaald.
variables (demand and generation in both zones)ambn- A, The adequacy value of interconnection capacity
correlated” technology (e.g. conventional thermb8t is not Given the stochastic characteristics of power syste
correlated vyith other vgrigbles. Itis importgnMe that we increasing the size of system could improve theqadey
do not consider transmission constraints whithenzbnes. concerns. In fact this is a consequence of thersifieation of
i ) risk via random events not perfectly correlatedfefience).
Interconnection of capacity K Fig. 3 shows that increasing transmission capdnifyroves
Q O the adequacy (reduces LOLP) of each zone and that
improvements stop once the level of capacity remaehgiven
value (here around 9 GW or 10% of expected value of

Zone A Zone B demand).
Fig. 2. Scheme of the two-zones system. 1 , . .
—S—LOLPB
TABLE | A Lo e
DATA OF REFERENCE SYMMETRIC SYSTEM .95 — g
mean [GW] standard deviation [GW] RW
0.9} SN .
Demand Pakasrs o863 o =SSV
d d 3
Correlated LI B =12 0851
Generation g %
Non Correlated ﬂA,B -5 B o1
generation ncg ncg
Normal distributions are used to represent eachobtieese o2 4 8 8 10 12 U 16 18 20

Interconnection Capacity K [GW]

random variables. Table | shows the mean and toedatd -

deviation ( and o) of each random varaible for theFig. 3. Lost of Load Probability (LOLP A, LOLP B drLOLP A&B) vs.
M . L transmission capacity K

reference “symmetric” system. These values couldhimia

system of on important size in Europe (e.g. Franéjhin However the level of adequacy of this system idriam the
this reference system correlation coefficientssateto zero.  |eve| required normally (e.g. risk=1%). The requient in

The mf’d9| computeis Loss of Load Probability (LOWY) aqditional generation capacity in each zone is edgegp to
using a “Monte Carlo” method (10000 random numbE®s paye g level of risk of 1%. Economically one cadenstand

simulated in Matlab) for different values of transsion this calculation as a tool for the public authestio set up the
capacity. For instance, LOLP corresponding to zAneould “adequacy model” parameters. For instance if thecaacy

be computed using (2). model is of type “energy-only market” with “Pricea@’, the

A A public authorities would set a “Price Cap” highkshe finds

LOLP"(K)=P((m"" <0)n (K < mA)+ (2) that the requirement in generation capacity to enghe
adequacy criterion is positive.

P((mA <0)n (K> mA) n (mB < —mA)) Fig. 4 shows results of the additional generatiapacity

needed for each zone in order to have a risk 0b1296. The

where f“A and m” are respectively the margin of each zongyjye of interconnection capacity could be seem hier fact,
and K is the interconnection capacity between W 20nes. e increase of the interconnection capacity allawsduction
This interconnection capacity, can be modelled aanglom f the “requirement” of additional generation inckazone.
variable that follows a probability distributiornvgn. However, This could be quantified economically considerihg fixed
in order to simplify our analysis, we assume thBe tcost of peak generation capacity. Even more, optima

transmission line is fully reliable and thereforés a compination between transmission capacity and geioer
deterministic value ranging between 0 and 20 GWe fiodel



(making the assumption that only the adequacy prolaxists)
could be found looking at the ratio between gememaand 45 ——
transmission interconnection fixed cost. Note thit possible e
trade-off between generation and transmission dgpéar o Winavioow
achieving a level of adequacy shows the need ofdgoo

coordination between zones in setting adequacycyaind

transmission interconnection investments. HoweiveEurope
adequacy policies are actually settled a natianal|[7].
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Fig. 6 shows the generation requirement for a leveisk,
5r S . 1 by interconnected zone, for three cases: no coioek zones
= =} . .
e s e =5e] correlations (corr. coeff. Wind/Demand of 0.3) armhes &
0 2 4 6 8 10 12 14 16 18 20 H 5
Inferconnection Capacity K [GW] interzones cprrelatlons (corr. coeff. Interzone Iagm of 0.9,
interzone Wind/Demand of 0.2 and interzone Wind 4f). It
Fig. 4. Generation requirement for a risk of 192 could be seen that the generation requirement withal
B. The value of interconnection capacity & wind power wind&demand correlation is lower than the case @ith
(symmetric case) correlations. This effect is more important with neowind

power in the system. However, the impact of intarmtion
capacity is similar. When interzones correlatios iatroduced
the said effect becomes less important for higteues of
interconnection capacity. In other terms, the adegyu
requirement for a zone is lower when wind power dachand
are more correlated and transmission interconnectpacity
is more valuable for cases with less interzoneetations.

Wind power is known for his high variance (with pest to
conventional thermal technology — see this in #i®ry /o in
Table 1). In this subsection the effects of inchegswind
power generation capacity in both zones are studiedther
terms, we compute the requirement in additionakggtion in
each zone with additional wind power capacityd) of 5, 10
and 15 GW with the corresponding increase# @j (the ratio
Hlo is kept constant). In order to keep the system 2 —_——
comparable demand is increased of an equivelentiimaf T e o coneatons
W|nd pOWer Capacity_ — 1 Ref. Case - Zones/Interzones correlations

Fig.5 shows the “requirement” of generation capyabitr

w
a
T

Wind +10GW Zones/Interzones correlations | |
—F— Ref. Case - Zones correlations

having a risk of 1% for each interconnected zond &or 0o, L * Wind+10GW zones corelations
several levels of wind power capacity. Two thingsdto be 30'5** 00, 1
noticed. Firstly, higher the wind power (more vht& T %000,
. . . . . . i Coo, -
capacity, higher the requirement in generation ciypéor 2] try, 0 00000006600406a~é]
*y Eloleloleluleloln}

having a risk of 1%. Secondly, the level of intemgection
capacity at which the “requirement” stops to deseeia higher
when wind power capacity increases. This means \litt
more wind power capacity in the system, the trassion
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capacity is more valuable. This result says ttiatiei consider B 2 4 6 8 10 12 14 16 18 2

only the adequacy problem, the “optimal” intercostem interconnection capacity [GW]

capacity changes for different level of wind powaw,this has Fig. 6. Generation requirement for a risk of 1% $ewveral levels of wind
to be taken into account in the definition of tradiqy. power capacity and correlations

Up to now, all the cases considered supposedtbedt tvere
no cor_relat|ons between variables. _In reality th_emfe C. The value of interconnection capacity & wind power
correlations between demands and wind power geoesat (asymmetric case)
whithin the each zone and between zones. In fatiade and . . . . .
wind power are highly related to meteorological mdreena . In th'.s last _subsecnon the va_lue O.f mterconner:n_apacny
and this contribute to the correlation of the vialea [13]. We is studied with an asymmetrical increase of windveo

now study the influence of the correlation on asults production. This is the case when a great amounwiod
' power capacity is introduced in one zone of anrgaenected



system (e.g. Germany in Europe). When this happepspduce any adequacy improvements. This effect rikpe

increasing interconnection capacity lead to différeffects upon the amount of wind power intalled in each zone

depending on the zone studied. Here only the cadene® Furthermore, besides adequacy improvement, incrgasi

correlation is studied. transmission capacity under asymmetrical amounistafied
Fig.7 and 8 show the effects of the “requiremenf’” avind power could create several externalities (fiding)

generation capacity in zone A (no wind power insedand in concerns.

zone B (huge wind power increase) compared to the

symmetrical case (both zones compute the “requinénweth VI. BIOGRAPHIES
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V. CONCLUSIONS

Using a simple model this paper studies the effadts
transmission interconnection capacity in the adeguaf a
system under two scenarios: low wind power peretraand
high wind power penetration. First results indicateat
increasing interconnection capacity between sysiempsoves
adequacy up to a certain level; then further ine@sado not



