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Abstract — Many studies addressing the effect of wd
power integration strategies on the system adequacgs-
sessment have been made, only concerning the gernina
point of view and usually disregarding the effect bthe
transmission network. On the other hand, studies atsid-
ering the transmission network usually have ignoredhe
effect of wind power integration strategies, focusig only
on capturing the time dependent nature of this typeof
renewable energy source. Therefore, this work presés a
chronological Monte Carlo simulation approach thatas-
sesses the system adequacy of composite systemadgge
tion and transmission) considering non-dispatchableand
dispatchable renewable energy production (wind and
hydro, respectively). Case studies involving the IEE-RTS
79 and modified versions of this system are preserd and
discussed as didactic examples.

Keywords: Composite Power System Reliability, Se-
guential Monte Carlo Simulation, Renewable Energy
Sources

1 INTRODUCTION

Power system operators, especially in thermal-
dominated generation systems, are cautious on mgeeti
a large fraction of system load with wind powercsin
unlike conventional production, wind generators raoe
easily able to perform load following. Furthermotiee
contribution for system stability in case of pepations
is an evolving issue justifying in many cases agyobf
some precaution, especially when there is no faldt
through capability. As a conservative measure, wind
power curtailment to accommodate a more stablefset
generating units in the hourly dispatch becameualus
strategy adopted by power system operators. Siesteg
to coordinate wind and hydro generating units thiou
pumping schemes have been explored by utilities to
improve system performance and the efficient use of
renewable energy, since wind energy can be stared i
terms of water in hydro reservoirs for further {5

Many studies addressing the effect of wind power in
tegration strategies on the system adequacy assessm
have been made [2-5], basically regarding the #gcur
of supply point of view, and disregarding the effet
the transmission network. In fact, the securitysabply
assessment is one of the first concerns linkedhéo t
package of measures needed to comply with the Kyoto
Protocol to the United Nations Framework Convention
on Climate Change [6]. On the other hand, studies ¢

sidering the transmission network usually have igdo
the effect of wind power integration strategiegufsing
mainly on capturing the time dependent nature o th
type of renewable energy source [7-8]. Renewabdg-en
gy source is defined as any energy resource nbtural
regenerated over a short time scale that is derilred
rectly from the sun (such as solar thermal and qfudt
taic), indirectly from the sun (such as wind, hyglraver
and photosynthetic energy stored in biomass), @amn fr
other natural movements and mechanisms of the envi-
ronment (such as geothermal and ocean energy) [9].

Recently, a discussion involving the transmission
system to accommodate wind energy production have
been proposed on several forums, mainly focusing on
the current power system debate involving wind wers
nuclear technologies. In general, the previousudision
is supported by deterministic perceptions of theteay
operators and planners. In fact, deterministic uat&dn
have simple implementation and easy understanding,
assessment and judgment by operators and plammers i
relation to severe conditions like replace a lahggmal
unit by several small wind turbines. Unfortunatetlye
perception of many engineers that past experience i
addition to some known critical situations is enoug
assess system risk conditions is not valid, esdgnti
because past experience with renewable sources like
wind power is very limited. However, the principles
some deterministic standards (e.g. “N-1" criteriom)st
be recognized as attractive.

From the planning point of view, probabilistic bdse
approaches have very attractive characteristics for
transmission system evaluation. Methodologies based
on probability concepts can be extremely usefuhsn
sessing the performance of power systems [10]. They
have been successfully applied to many areas imgjud
generation and transmission capacity planning, aiper
ing reserve assessment, distribution systems etis. Th
paper will present a chronological Monte Carlo danu
tion approach that assesses the system adequacy of
composite systemgeneration and transmissioodn-
sidering non-dispatchable and dispatchable renewabl
energy production (wind and hydro). Furthermore; op
eration strategies to maximize wind power integrati
are discussed along with the system adequacy assess
ment. Case studies involving the IEEE-RTS 79 and
modified versions of this system are presenteddisid
cussed as didactic examples.
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Figure 1: Sequential Monte Carlo Stages and Proce..

2 PROPOSED METHODOLOGY

New computational models and tools hibeende-
veloped in order to deal with the great number efv
variables that come from renewable sources, pé#ar-
ly of wind power, since they arthe most popule
source of green electricity. This impressive growft
the wind power production has consequently ca
new transmission system demands, mainly incre:
interconnections among electric areas and utilitlas
order to deal with these w demands, the propos
methodology is based on sequential Monte Carlw-
lation (SMCS) [1-12]. It is a suitable methodology tt
allows assessing power system’s reliability conidge
not only failures of generating units preservinme
dependences,ut also failures of the transmissiont-
work’'s components such as transmission lines
transformers. The structure of the proposed metlo-
gy is composed of four stages, as depicted in Eidy
which are consecutively executed until convergeis
reached11]. Each of those stages is composed v-
eral procedures necessary to accomplish each s
task. The next sections will discuss the compo
model applied on each sta

2.1 Sequential Monte Carlo Smulation

The reliability assessment of real Iz power system
by SMCS is known for being a very expensive cu-
tational evaluation. Moreover, to analyze tsamplec
states, heavy computational tools such as optimakp
flows are intensively used [11]. However, SMCS n&
it possible to use a widrange of detailed modelsn-
cluding nonMarkovian representations for generat
and transmission equipment, correlated sequertial
models, and othel

Up Down
Figure 2: Two State Modke.
NA (N-)A  (Nk+1)A (N-K)A
Co Cy (o Cn
MC M (ke

Figure 3: Multi State Mode.

The operation history of system sti, for a simulatior
period T, is based on stochastic models of the co-
nents and on the load model. All about SMCS ca
found in [1].

2.2 Generation Representation

In order to determine the capacity of a genere
unit in a given state, two characteris have to be n-
sidered

- The failure/repair cycle stochastic mc,

- The capacity tim-dependent mod.

The first characteristic is related to the stocla:
behavio of generating units, which define its up/do
cycle during the simulation process. The :nd chara-
teristic is linked with the representation of thime
dependent characteristics of the capacity of soemer-
ating units. In fact, the capacity of some geneg
units are hourly, weekly, monthly and/or even ye
dependent. Therefore, to prely model thisbehavior
the theoretical maximum capacity has to be affebte
the corresponding tin-varying characteristic. The tir-
varying characteristic is captured by means ofr-
ly/monthly series with probabilities associatedaiied
for severayears

221 Conventional Generation

Conventional generating units are all of those W
convert the thermal energy contained in fossilduelin
the atomic nucleus to electricity via a thermodyita
proces. The failure/repair cycle of this type of gea-
tors is represented by a t-state model, whose trai-
tions follow an exponential probability distributiolike
depicted in Figure ZWhen in u}-state, a convention
generator is able to produce its maximum capa
conversely, in the dov-state, the cnerator’'s capacit
is zer.

222 Hydro Generation

Hydro generators are those which convert then-
tial energy of the water to electricity. Like contienal
generators, the failure/repair cycle of this typegene-
ators is also represented by a -state mdel, (see K-
ure 2) whose transitions follow an exponential jial-
ity distribution. Unlike conventional generatord)e
capacity tim-dependent model is more complex si
hydro generators power output depends both or
levels of water stored on theservoirs and on the rivi
flow [13, 14. As a preliminary approach, hydrologic

17" Power Systems Computation Conference

Pscc

Stockholm Sweden - August 22-26, 2011



series that capture a proportional relation betwiben of view, first is proposed a merit order to the gieting

total water stored at a given reservoir and thal fodw- units in order to meet the hourly load requirem&d-

er produced by the corresponding hydro generater in  cond, a Power Flow (PF) analysis is performed aeor
given month is defined, based on volume histordeead. to check transmission and transformers limits, #nd

In this case, each sampled year is classifiedidatig a necessary an Optimal Power Flow (OPF) also is per-
historical hydrological condition [13, 14]. formed in order to achieve a suitable dispatchtmiu

Therefore, the remedial action module can be destrib

223 Unconventional Generation . . .
_ ] - _ in three main evaluations, as follows.
Unconventional generation can be classified as wind

power, solar thermal or photovoltaic, some types of 2.6.1 Dispatch Order Strategies

biomass, and so on. Particularly, this paper isidog The objective of this procedure is to allocate thall
wind power production on several discussions. There to the available generating units taking into actou
fore, wind generators are those which convert wind restrictions associated to each generator. Inché®, it

energy to electricity. Taking advantage of the fhett can follow a merit order strategy or a proportiostat-
wind generators within wind farms traditionally are egy. In the merit order strategy the generators \ait
equal, a multi-state Markov model is used (seereig) higher merit are preferably dispatched with itd fid-
to represent the failure/repair cycle of the aggtieg of pacity rather than the generators with lower médttitis
equal wind generators. This stochastic cycle follaws strategy is as follows:
exponential probability distribution. Similar toethca- a) Find the next available generator with the high-
pacity time-dependent model of hydro generators, th est merit that has not yet been dispatched,
maximum capacity of the states is multiplied byatue b) Dispatch the generator with its full capacity,
extracted from the wind farm hourly wind series,[13 considering its maximum/minimum technical
14]. These series are constructed based on observat limits,
throughout many years and relate the total powgyutu c) Update the remaining load, and if all load has
of wind farm with the hour of the year. Despite imava been allocated, end the procedure; otherwise go
probabilistic nature, they are used as input pararse to step a).
similar to the hydrological series. When a samplear In the proportional strategy, a generator is disped
begins a new wind regime is sampled. with an amount of load proportional to its genenati
2.3 Transformers and Transmission Lines Representa- capacity and_ the total available generation capacit
tion This strategy is as follows:
Both transmission lines and transformers fail- (Pi-Py) N
Pi=si gy X (L—ZLiP) + P @

ure/repair cycle is modeled by a two-state modabse
transitions follow an exponential probability dibtr-
tion. It is assumed that their maximum capacityds
altered through time.

24 Load

The load is modeled using a sequential representatio
containing as many steps as hours in the yearddit a
tion, each bus has its own hourly load profile er-p 26.2 DC PF

T ELL(Pi-P)
where,N is the subset of all generating units to be dis-
patchedP; is the amount of the loddallocated to gen-
eratori; P; is the technical maximum of generatp®;

is the technical minimum of generatgrandL is the
load value.

centage of its peak load. Each hourly load percenitag The DC PF task consists in determining if there are
obtained by dividing the peak load of that hourthg transmission lines or transformers operating oatsid
peak load of that year. The SMCS follows chronclogi their operational limits. A linearized represeruatiof
cally the loads steps as the simulation advancesigh the PF equations is adopted so that instead of ricehe
time. methods direct mathematical methods can be used.

2.5 Network Configuration 26.3 DC OPF

~ The network configuration procedure is based on a  |f DC OPF task determines that transmission lines
list search method [15]. This method assumes the net andjor transformers have operational limits vialate

work is described by a node/branch representation, pc Optimal Power Flow (OPF) is performed. This task
being nodes the buses of the transmission netwaek a . 4nsists in enforcing the operational limits of them-

bra(ljnches the tr%nsméssmg Ilnesh atr:d trﬁnsformeﬂts. f\ ponents by altering the buses’ real power injected.
nodes are numbered and each branch CONNEcts Woobjective is to minimize the total load curtailédthere

nodes. The main objective is to identify the coninégt is the need of such corrective measure. The lipear

among nodes and to determine how many electric is- . ) .
lands there are and the nodes/branches they enclose gramming ”_‘e‘hOd used n the proposed methodology IS
based on Simplex algorithm. Two types of formulation
2.6 Operation Model and Remedial Actions for the DC OPF are implemented: the sparse formula-
Remedial actions follow a sequence of evaluations tion and the non-sparse formulation. The non-sparse
according to the operational procedure commonlyluse formulation is based on the same set of equatibittseo
to define an optimal dispatch. From the adequadytpo  sparse formulation. However, it takes advantagéhef
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relationships between variables to form a condessed
of equations which enables a speed-up when sottimg
linear programming problem.

264 Aspects of Security Assessment

Based on the concept of must-run unit [16-18], a
simple model to account for security of the sysism
proposed. It consists on considering that a fixedunt
of load has always to be supplied by a given sefeof
erating units, regardless of the hourly load varafl16-
18]. It is assumed that these units are capabjpiarfan-
teeing the stability of the power system. In thisdal,
stability is a board concept and does not refaa spe-
cific stability problem: it is assumed that the skgen-
erating units is capable of guarantee rotor stghili
frequency stability and voltage stability as lorgythe
fixed amount of load is supplied by them.

The dispatch of the fixed amount of load between the
must-run units follows a proportional strategy, ehi
was described in the previous section.

3 TEST SYSTEM DESCRIPTION

The original configuration of the IEEE-RTS 79 [19]
consists of 32 generating units, 24 buses, 33 riiEas
sion lines, and 5 transformers. The installed ciéypac
and annual peak load are equal to 3405 MW and 2850
MW, respectively. From the renewable point of view,
there is only 8.8% of the installed capacity cqroesl-
ing to 300 MW on hydro power plants, which can be
considered renewable. On the other hand, 91.2%eof t
installed capacity comes from thermal power plants,
which corresponds to 3105 MW divided into different
thermal technologies. The load curve consists &087
hours, based on the original 8736 hourly load gooft
the IEEE-RTS 79. The extra 24 hours corresponds to the
replication of the 28 dayof February.

In order to highlight some specific effects thaimen
from the renewable technologies on the IEEE-RTS 79,
two major modifications are proposed. Firstly, itl e
considered hydro power fluctuations for all hydratsi
resulting in a new configuration of this test syste
named IEEE-RTS 79 H. The second modification con-
sists of increasing the total installed capacigynfr3405
MW to 3805 MW, adding 400 MW of wind power on
three different wind farms. Thus, the IEEE-RTS 79 will
be renamed IEEE-RTS 79 HW. Moreover, during all
studies carried out along the paper, several ather
figurations will be promoted. The aim is to incredise
percentage of renewable and decrease the thermal pa
ticipation, especially those linked to oil techrgikes.

As stated previously, one of the major modificasion
of the IEEE-RTS 79 HW is the fluctuation capacity on
the hydro and wind power production, which makes it
possible to consider seasonal hydro monthly effents
hourly wind variations. In order to consider hydiuc-
tuation, five historical hydro series are considefer
the basin. Figure 4 shows the average monthly hydro
fluctuation by each historical year.

From the wind power fluctuation point of view, thre
important aspects must be highlighted:

—¢—Hydro Serie 1 -®-Hydro Serie 2
Hydro Serie 3 ==Hydro Serie 4
Hydro Serie 5
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Figure 4: Hydro Monthly Variation.
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Figure 5: Wind Monthly Variation.
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- First, it is linked to its availability,

- Second, it is linked to its variability,

- Third, it is linked to its forecasting properties.

For the purpose of this study, the wind power ssbsy
tem consists of 200 units of 2 MW, distributed agpon
three different wind farms (60-bus 8, 60-bus 11 &«
bus 19 turbines per bus-area respectively) withr the
own wind characteristics. Each wind farm is characte
ized by its own historical series (see Figure %),am
hourly basis, referring to the average power preduc
by a wind generator and mainly representing thegoow
fluctuation. Figure 5 gives an idea of the montnil-
able power in p.u., where the worst condition hapa
May, with an average availability of 0.1 p.u. (H20V),
and the best condition happens in December, with an
average availability circa 0.43 p.u. (~172 MW). Atmer
major concern on the IEEE-RTS 79 HW is linked to the
aspects of security from the dispatch point of viéw
this case, the four units of 155 MW, one unit oD35
MW and two units of 400 MW are considered must-run
units [16].

4 APPLICATION RESULTS AND DISCUSSION

The first set of results aim at establishing a basis
comparison for the subsequent experiments using the
different configurations of the IEEE-RTS 79 presented
on the previous section. Table 1 presents the dveral
system indices of the standard configuration of the
IEEE-RTS 79 test system and the IEEE-RTS 79 H test
system that includes hydro capacity variation. thik
system indices have a coefficient of variation lotan
or equal to 5%.

The first conclusion is concerned with the validatio
of the sequential Monte Carlo simulation methodglog
presented on this paper.
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Table 1: Validation Indices. Table 4: Renewable Spill Indices — Thermal Addition.

Systemip | OB | EENS 1) LOLF /| LOLD Nuclear | | e | Beta| EENS | Beta| LORF | Beta
(hlyr) (MWhlyr) | (occlyr) | (hlocc) Capacity hivr % MWh/vr % o %
IEEE RTS 79 10.936 | 134554]  2.203 4.76D (MW) i G e ) (s | ()
IEEE RTS 79 [20] _10.483 - 2.265 | 4.728 400 | 6.56E-03| 50.16 149 | 53.25 7.79E-04] 44.71
IEEERTS79H | 25010] 352178 4.750 __ 5.26p

Table 5: Renewable Spill Indices — Wind Addition.
Table 2: Conventional Indices — Thermal Addition

: sz'ggity LORE |Beta| EENS | Beta | LORF | Beta
Nucle’?\r Maximum LOLE EENS LOLE (I&W) (h/yr) (%) | (MWhlyr) | (%) (occlyr) | (%)
Capacity Energy
(MW) Gwhyy | (0D | (MWhiyn | (occlyr) 400 | 3.07E-03 100] 6.35E:01 100  4.73E-D4 0
400 3084 38 3715 47428 0799 800 | 9.34E-04 100| 1.76E-0] _ 100 _ 2.68E-D4 0
i
7

1400 0.559 3.22 6.54 8.81 0.337

1
1
1200 7.11E-03 56.29 1.27 59.87| 1.79E-03 33.3
3.
2.
1.

Table 3: Conventional Indices — Wind Addition. 1500 5.813 216 153.72 235 2.415 3
1600 16711 | 168  712.04] 1.88 5.791 52
Wind Maximum
; LOLE EENS LOLF .

Capacity Energy (hiyr) (MWhiyr) | (occlyr) results presented on Table 2 and on Table 3 is tiigat o
(MW) (GWhiyr) with 1500 MW of total wind capacity it is possibie
400 790.86 11.611 1476.30 2.371 , . >
800 158548 6755 85298 1453 overcome the LOLE index obtained considering 400
1200 2378.86 4.814 589.91 1.017 MW of nuclear capacity. Furthermore, if instead the
1400 2809.87 3.829 451.57 0.854 LOLE index the EENS index or the LOLF index is
1500 3027.90 3.542 430.37 0.780 ; o
1600 16104 S At A2 07 considered, it is now necessary 1400 MW and 1600

MW of wind capacity, respectively. Hence, an unéis
comparison between both technologies demands estab-
lishing a rigorous and clear definition of what theas-
ure of performance in terms of the adequacy of lsupp
is. On the other hand, and mostly due to the integm
cy of the primary energy resource and the failegslir
cycle the different technologies, 400 MW of wind ca
pacity cannot produce the same amount of energy tha
400 MW of nuclear capacity. In fact, from Table 2lan
Table 3, the expected maximum energy that 400 MW of
wind capacity is able to produce is 790.86 GWh/yr
contrasting with the 3084.38 GWh/yr of 400 MW of
nuclear capacity. This question is answered in Eigur
created from the results presented on Table 2 anig Tab
3. This figure plots the variation of the LOLE asliras
the variation of the expected maximum energy segpli
with the variation of wind capacity. The dashed dine
4.1 Discussion on the Integration of Intermittent Pro- correspond to the LOLE and the expected maximum
duction in the Generation and Transmission System energy produced of 400 MW of nuclear capacity. From
An important issue, which has been an intense matte the analysis of this figure, at the value of wirapacity
of discussion, is to determine the equivalence eetw corresponding to an expected maximum energy equal t
wind and nuclear generators concerning the adeqpfacy  that of 400 MW of nuclear capacity, the LOLE is small
the supply. To shed some light on this discussiom t er than that of 400 MW of nuclear capacity. This ngea
experiments were conducted: first, a run of the IEEE- that, considering the expected maximum energy as pe
RTS 79 H configuration with an extra 400 MW nuclear formance measure, the wind overcomes nuclear. i§o th
generator, with a MTTF = 1100 h and a MTTR = 150 h, result contributes the both the facts that, coifyréw the
at bus 19 was conducted; second, consecutive runs o nuclear capacity, the total wind capacity resulsnf the
the IEEE-RTS 79 HW configuration considering in- aggregation of several units and that the wind ciypa
creasing wind generation capacities were carried on is dispersed throughout the transmission systermand

By comparing the LOLE, LOLF and LOLD indices
presented on Table 1 with those obtained from [R0] i
can be concluded that the proposed methodology is i
agreement with another accepted as reference in the
literature. The second conclusion is related to &
tem indices obtained for the IEEE-RTS 79 H configura-
tion. By modeling the hydro capacity fluctuatiororag
time, the overall system indices came to be corsiie
penalized demonstrating that representing timeingry
behavior of hydro units in reliability assessmemntges

is of the utmost importance even in power systakes |
IEEE-RTS 79 where the hydro capacity represents only
8.8% of the total installed capacity. Furthermadies
growth observed in each system indices is dissirfoia

all indices, being the EENS the most penalized.

until the system reliability indices obtained ovare concentrated at a single node, lessening the effect
those of the previous experiment. In the lattereexp transmission components’ failure on system indices.
ment, all wind generators considered have capaditie These two experiments were conducted favoring the
2 MW, with a MTTF = 1914.74 and a MTTR = 80. The use of renewable power sources so that it coulpdse
total wind generation capacity is distributed pntiom- sible to detect the value of capacity from whicé #pill

ally by three wind farms placed at buses 8, 11 Ed of renewable starts to be significant. In ordeassess

with a proportion of 30%, of 30% and of 40%, respec the expected hours per year as well as the fregqueinc

tively. The first conclusion that can be derivednirthe occurrence of wind spill events the indices LORE and
LORF, which are based on the ordinary LOLE and
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14 3500 Table 8: Renewable Spill Indices.

12 3000 Tech
Min LORE Beta EENS Beta | LORF Beta
10 2500 (% (hlyr) (%) | (MWh/yr) | (%) | (occlyr) | (%)
_ s valley)
28 20005 100% 1110.656 0.65 125242.37 1.04 218.142 0143
© 75% 97.803 2.05 4991.29 2.57 28.119 1.84
6 1500 50% 3.07E-03 100 6.35E-01 100 4.73E-04 10
25% 3.07E-03 100 6.35E-01 100 4.73E-04 1p0o
4 1000
5 500 Table 9: Wind Spill Indices.
300 500 700 900 1100 1300 1500 1700
) Mw- TechMin | LORE | Beta| EENS |Beta| LORF | Beta
Wind (MW) Nuclear 400 MW (MW)—Wind (GWh/yr) = -Nuclear 400 MW (GWh/yr) (% vaIIey) (h/yr) (%) (MWh/yr) (%) (occ/yr) (%)
Figure 5: LOLE vs Expected Maximum Energy Produced. 100% 133536 | 179 747933 224 37383 1j65
75% 0.00 100 0.00 100 0.00 100
Table 6: Conventional Indices. 50% 0.00 100 0.00 104 0.00 10p
25% 0.00 100 0.00 100 0.00 100
Tech Min | LOLE Beta LOEE Beta | LOLF | Beta
(% valley) | (h/yr) (%) | (MWh/yr) | (%) | (occlyr)| (%) Table 10: Hydro Spill Indices.
100% 11.611 3.62 1476.30] 5.00 2.371 290
5% 11.611 | 3.62 1476.30 50p 2371 2.0 TechMin | LORE |Beta| EENS |Beta| LORF | Beta
50% 11.611 | 3.62] 1476.30] 50D 2371 2.0 (% valley) | (hlyr) | (%) | (MWhiyr) | (%) | (occlyr) | (%)
25% 11611 3.62 1476.30 5.0D 2.371 2.90 100% 1110.656 0.65 117763.04 0.98 218.142 43

75% 97.803 2.0§ 4991.29 2.97
50% 3.07E-03| 100,  6.35E-01 100  4.73E-04
25% 3.07E-03] 100  6.35E-01 100 4.73E04

DO

Table 7: Insecure State Indices. o

q
28.119 184

1

1

Tech Min | LOLE | Beta EPNS Beta | LOLF | Beta ) ) )
(% valley) | (hlyr) | (%) | (MW) (%) | (occlyr) | (%) supplied by the must-run units, which are: 100%hef

17%%;/0 gggg igé ?%E'&L gg? §‘§§§ g ); valley load; 75% of the valley load; 50% of thelegl
o a0 T 525 137E0d oob o3 s&. load; and 25% of the valley load. It is also assuithet
25% 3.216 531| 4.07E-03 6.48 0.31F7 3.83 the must-run criterion is enforced when the maximum

generating capacity of the must-run units is highan

LOLF respectively, are proposed. As a result, Table 5 Or equal to the pre-established amount of loadhef t
shows that from 1400 MW of wind capacity onwards Must-run criterion. A first conclusion that can drawn

the system cannot accommodate the total energy pro- ffom comparing results on Table 3 and on Table 6 is
duced by the renewable and spilling events stanaf that, for this test system, adding the must-ruteddn
pen more frequently. As a result, Table 5 shows that does not influence the loss of load indices. Lileythe
from 1400 MW of wind capacity onwards the system Variation of the value of the amount of load of thest-
cannot accommodate the total energy produced by the fun criterion does not alter the adequacy of tretesy.

renewable and spilling events start to happen rfrere However, the same conclusion is not valid for thengs
quently. This spill results from possible bottleneck ~ Where the load supplied by the must-run units s le
created within the network by the increase of getirey than the load of the must-run criterion. These essang
capacity at given nodes and also by the fact treatdad named insecure state events. They are charactenzed

has not accompanied the growth of the wind capacity Table 7 through indices which use the traditional no
Furthermore, the results presented on Table 4 and on Mmenclature of the loss of load indices. In thisect®

Table 5 also demonstrate that the bus where new unit LOLE corresponds to the expected number of insecure

are connected influences the renewable spill irmdice State events; the EPNS corresponds to the expected

Indeed, despite the large coefficient of variatitirgan power by which the must-run units fail to supplye th

be alleged that the renewable spill indices of 100 load of the must-run criterion; the LOLF relates he t

of wind capacity are smaller than those of 400 Miv o frequency of occurrence of insecure state everdsha

nuclear capacity. By adding a large generationaigpa ~ @mount of load that must be supplied by the must-ru

in some nodes, especially to those close to nodihs w  UNits increases, the occurrence of insecure stites

surplus of generation, bottlenecks in the netwasken increases. An interesting result is that the exqmect
can be created making impossible to use all thdaava ~ Power by which the must-run units fail to supplye th
ble renewable capacity. load of the must-run criterion, as shown on Tablés7,
) ) o small when compared to the capacity of the must-run
4.2 Security Aspects of Generation and Transmission units or even the value of the load of the mustanite-
System . ) o rion. The amount of renewable spilled is influenced
To investigate the influence of the must-run criBri severely by the must-run criterion. As the valuethaf

on the adequacy of the system, several experiments amount of load of the stability criterion increaste
were promoted using the IEEE-RTS 79 HW with 400 amount of renewable energy spilled also increaass,

MW of wind capacity as test system and considering shown on Table 8. Moreover, below 50% of the valley,
four different values to the amount of load thatstrhe there is almost no renewable spill. The fast rate of
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growth of the renewable spill indices presented able
8 is caused by the fact that when on valley holm®st
all load is supplied by must run units resultingaihigh
number of renewable spill events and consequentdy i
high value of renewable energy spilled.

The renewable spill indices were also obtained for
the two renewable technologies: hydro and wind.s€he
indices are presented on Tables 8, 9 and 10. /Amn-int
esting result is the fact that both LORE and LORF-indi
ces on Table 8 and 10 are equal. This means that eve
time there is a renewable spill event and a giveoumt
of hydro energy is lost. Furthermore, as it is amo
impossible to have no wind capacity on the system,
when a renewable spill event happens it is verglyik
that it involves spilling of hydro energy. As a ulis
wind energy is not spilled without spilling hydroezgy
either. This is due to the dispatch order. Aftexpdich-
ing the must-run units, the remaining load is alted,
first among wind turbines until there is no wingaaity
left and, afterwards, if there is any load remagninis
distributed among hydro units.

5 FINAL REMARKS

Renewable energy technologies will take a greater
share of the electricity generation mix in ordemntmi-
mize the dependence on oil and the emission of CO2.
While contributions from renewable energy sourees f
electricity production is small, with the exceptiaf
hydro, their market penetration is growing at a imuc
faster rate than any other conventional source.

supply as a function of the type of units in thestate.
Moreover, storing strategies of wind and hydro gper
not used will be investigated aiming at determiniisgy
benefits regarding the adequacy of the system.
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