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Abstract— Power systems must have enough generation to meetadditional load that can be served at the target relialwgl
demand at each moment of the day. In addition, they must also with the addition of the generator in question.
have enough reserve to deal with unexpected contingencies. The An R&D Task titled Design and Operation of Power Sys-

increase in the penetration of wind generation in recent years . .
has led to a number of challenges in the calculations required tems with Large Amounts of Wind Power has been formed

to facilitate wind generation while maintaining the existing level Within the IEA Implementing Agreement on the Cooperation
of security of supply. A key calculation in this process is the in the Research, Development and Deployment of Wind Tur-

capacity credit or value of wind generation. Capacity credit/value  pine Systems (www.ieawind.org) as Task 25. This paper gives
of wind generation can be broadly defined as the amount of 5, o erview of the state of the art in this area, in particular

firm conventional generation capacity that can be replaced with .
wind generation capacity, while maintaining the existing levels with regard to the work of IEA annex Task 25 and the work

of security of supply. This topic has been the subject of much detailed in its state of the art report on the design and ¢ipera

study and debate in recent times. The aim of this paper is to of power systems with large amounts of wind power [1].

gi_ve an overview of the state of the art in this area, in particular The general approaches and metrics used to assess wind

with regard to the work of IEA WIND Task 25 and the work o er capacity effects are discussed in Section Il. Sestion

detailed in its state of the art report on the design and operation . . e

of power systems with large amounts of wind power. [l and IV detail chronological and probabilistic approash
respectively. A summary of the results of the state of the art

Index Terms—Wind Power, Capacity Credit, Power system report is given Section V.

operation

Il. APPROACHES TO ASSESSING GENERATION CAPACITY
I. INTRODUCTION EFFECTS

POWER system reliability consists of system security and ajthough there are several methods used to calculate wind
‘adequacy. A power system is adequate if there is @pacity value, most methods are based on power system
sufficient installed power supply to meet customer needs. ijiapility analysis methods. The criteria that are used fo
system is secure if it can withstand a loss (or potentialipe adequacy evaluation include the loss of load expeatatio
multiple losses) of key power supply components such @Sp|E), the loss of load probability (LOLP) and the loss
generators or transmissipn links. This paper focuses on energy expectation (LOEE), for instance. LOLP is the
impact that wind generation has on generation adequacy. Thgpability that the load will exceed the available gerieraat
analyses for generation adequacy are made several monfhgyen time. This criterion gives an idea of the possibitify
or years ahead and associated with static conditions of Wgtem malfunction but it lacks information on the impoo&n
system. This can be studied by a chronological generatigy quration of the outage. LOLE is the number of hours,
load model that can include transmission and distribution fsually per year, during which the load will not be met over a
by probabilistic methods. The estimation of the requiredh pr gefined time period. One key capacity value metric is effecti
duction needs i_nclude_s the system demand and the avdifabijj5q carrying capability (ELCC). This metric is calculatey
data of production units. calculating a suitable reliability measure such as losaf |
Capacity credit (sometimes called capacity value) is ”}:ﬁobability or loss of load expectation for the year.
contribution that a given. generator makes_ to overall SysttMpyring the course of system operation through the year,
adequacy. Even the availability of conventional genemai® generating units can be in one of several states. Units are
not assured at all times because there is always a nonzggfeduled for maintenance at regular intervals, and thigis
risk of mechanical or electrical failure. Because reli@ils jca|ly scheduled during noncritical system periods. Hosvev
expensive it is common to adopt a reliability target for thg ig always possible that any generator could fail unexgaigt
system. The capacity value of any generator is the amountgfany time of the year. The unexpected nature of these forced

, , _ outages is the primary concern and focus of reliability ysial
This work has been carried out as part of an R&D Task entitledsign Conti fi lled disturb
and Operation of Power Systems with Large Amounts of Wind Pbwtenas ontingency r_eserves (Some |mgs calle Istur anc? re-
been formed within the "IEA Implementing Agreement on the Coafien Serves) are provided to ensure against system collapsesin th

in the Research, Development and Deployment of Wind TurbireteBys” as  ayent of a forced outage. System adequacy assessments must
Task 25. This R&D task will collect and share information on #xperience ke ol d df d . tih
gained and the studies made on power system impacts of windrpenet (@K€ planned outages and forced outages into accountugftho

review methodologies, tools and data used (http://www.iegwrg). the different types of outages are treated very differeitly



the reliability model. Additional considerations incledleydro power system investigated. As an alternative, several afeth
system operation, both run of river and reservoir hydro powstudies used a probabilistic representation of wind géeioera
(and pumped storage, if available). Other system servi@s nfor the capacity credit calculation (also called load diorat

also be quantified in the reliability model. curve method).
The reliable capacity of the system including wind is
I1l. CHRONOLOGICAL RELIABILITY MODELS determined by convolving the wind power probability depnsit

Capacity credit is a probabilistic value that is derivediro funcpon with convltlant|onalm: power plant pr%babmnes. 'h?_t
system observation in the time domain using several tirﬁ&ld'es’ [4], [5], all installed wind power has been defined

series that include load, wind, and conventional capabilitaS one _Wind power un_it. In order to (_jetermine the power
The different ways of transition from the chronologicalugs ProPability function of this aggregated wind power blodkisi

to frequency distributions provide an essential distarcti again assumed that long term statistics on wind power avail-

between approaches for the calculation of capacity créwit, 2Pility deliver its probability to be available during hsuof
the time step or chronological simulation approach the Ibrours'gn'f'c‘"mt system ”S.k (high L.OLP or eqylvgl_ent). R_e“ab'l
or 15 min values of the total wind power production arg1ode|_s look _fo_r periods of time Wl_th significant risk. The
subtracted from hourly or 15 min load data and the residu&iPacity credit is calculated as the difference betweernvioe

power is assigned to the available conventional generatiffz@Pility curves at the target risk level: the power syste

its b heduli liabilit del, e.g. the Natio é/wthout and. with wind energy. N _ .
g::dsmgdzls[;]e Hing or refiabiiity modet, e.g. the Nafion Weather influences both electricity consumption and wind

The chronological approach requires: power generation: Although it may be difficult to directly
. . . . .. calculate the statistical correlation between them, tremee
1) Corr_ect Ioaq time Series for thg period of 'nveSt'ga.‘t'orEertainly complex interrelationships between wind anddloa
2) Unbiased wind power time series for the same period BVen in cases with wind separated from load centres by
the loads : . . _relatively large distances, the weather correlation maysish
3) A CO”?p'Ete inventory of conventional generation un|t8f a complex lag structure that varies based on time and
capacity "’.‘”d. forced outage rates weather conditions. Because of this, it is critically imjamt to
4) Target reliability Ieve.l. ] ~__use wind and load profiles that result from a common weather
To calculate the capacity value of wind, three reliabilityiyer to calculate wind capacity value. In a practical gens
model runs are required. Each run may require several itefgs means that at least one year of hourly wind generation
tions to achieve the various reliability targets. Firsg thodel 59 load must be obtained from the same calendar year.
is run to ensure that the reliability target can be attaitfetthe  gecause wind generation profiles and energy capture can vary
system does not achieve this reliability level, generaﬁn{st from year to year, it is preferable to assess wind capacity
be added or load decreased (or both changed) to achieve {igie on multiple years of time synchronized wind and load
target. Second, the wind generation is added to the modellggla  The probabilistic approach immediately convertsdwin
system. The new higher reliability value (lower LOLP) i,ower time series into probability density of power levels,
rgcorded, and the W|nd_|s_then removed from the model. Th|rlq_, be combined with the probabilities of conventional power
either a benchmark unit is added to the system or the loadsigtions availabilities. A main reason to apply this apphoa
increased so that the rellabllllty level matches the one fitoen can be the lack of appropriate chronological data. However,
second step. The increase in load (or benchmark generatigyy probabilistic approach will not be informed by variétyil

from this step is the capacity value of wind. ~ of wind generation and is not as accurate as the chronologica
Capacity value, as measured by a reliability metric Su%{bproach.

delivery rela'tlive to peak Ioa}d pgnods. Recent _WOFk in the 1y Correct load time series for the period of investigation
U.S. hgs ut|I|zgd high quality wind dqta tha§ is from the 2) Wind power probability density, varying by month or
same time period as the load [3]. This provides the most * geason that can accurately represent the same period as

realistic assessment of winds contribution to system aal®qu the loads
if these time synchronized data series are used as inputs to 8) A complete inventory of conventional generation units
chronological reliability model. Wind and load vary fromare capacity and forced outage rates

to year, so it is important to perform a multi year analysings 4) Target reliability level
time synchronized wind and load data if possible. Otherwisg 5 nronapilistic representation of wind generation iscuite

sequential Monte Carlo can be used as long as the Monte CaJigy 4 he consistent with the load year(s) used in the aisalys
method can retain the diurnal and seasonal charactertsticsy analysis that uses wind and load data from different years

the wind generation through time. will yield invalid results. Many reliability models have éh
capability to perform Monte Carlo analysis, in which random
IV. PROBABILISTIC RELIABILITY METHODS states of the conventional generation are sampled repgated

While hourly load and wind generation profiles for at leadtven though this is computationally expensive, it can be
one year are essential prerequisites for wind power capacitluable to more accurately assess the risk of alternative
credit calculations, a number of studies such as the DEN&stem states. However, the intrinsic Monte Carlo abilitstt
study have been exposed to a lack of load profiles for tlieprovided by most, if not all, reliability models is inadexde



for wind because of the more complex probabilistic struetucountries and approaches. One reason for different regulti

of wind power generation.

levels arises from the wind regime at the wind power plant

sites and the dimensioning of wind turbines.

V. SUMMARY OF RESULTS OFSTATE OF ART REPORT

The capacity credit of wind power answers questions like:
Can wind substitute for other generation in the system ang
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Fig. 1. Capacity Credit of Wind Power

Results for the capacity credit of wind power are shown
in Figure 1 [3], [4], [6]-[8]. One reason for the considembl
spread in results arises from the wind regime at the wind powe
plant sites and the dimensioning of wind turbines. This is on
explanation for the low German capacity credit seen Figure
1. For near zero penetration level, all capacity credit @alu
are in the range of the capacity factor of the evaluated wind
power plant installations. The correlation of wind and lesd
very beneficial, as can be seen in the case of US New York
offshore capacity credit being 40%. Results for the capacit
credit of wind power showed a considerable spread between



