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Preface

In November 2003, the International Energy Agency (IBA)d Implementing Agreement (1A)
for Cooperation in the Research and Development of Wind Turbine Sykeddiss Topical
Expert Meeting #4bn the Integration of Wind and Hydropower Systefiitas meeting
convened a group of industry, academic, and gowem officials with expertise in wind power,
hydropower, and utility and transmission system planning and operation.

Their purpose was to discuss the potential for coordinated operation of wind and hydropower in
serving load, the benefits and detrimentsloing so, and to identify the related opportunities and
issues. As a result of this meeting and interactions with the IEA Hydropower IA, a
recommendation was made to IEA Wind to establish a formal research task to address the
myriad of questions and urs@ved issues pertaining to the topic. Subsequent to this meeting, in
2004, IEA Wind established a research and development (R&D) task to investigate the potential
for integrating wind and hydropower resources on the electrical grid. The research task, als
known as an A An nfeurh soch task established by IRAeWirtd,yand was

entitled, Task 24: Integration of Wind and Hydropower Systems. Seven member countries of
IEA Wind joined the task: Australia, Canada, Finland, Norway, Sweden, Switdedad the

United States. When established, an R&D task is assigned an Operating Agent (i.e., managing
director). For Task 24, the National Renewable Energy Laboratory (NREL) in the United States,
on behalf of the U.S. Department of Energy, was selestéaeaOperating Agent.

The primary purposes of Ta2é wereto conduct cooperative research concerning the
generation, transmission, and economics of integrating wind and hydropower systems, and to
provide a forum for information exchangée former of hese two purposes was addressed
through case study projects performed at participating institutions within each member country.
The latter purpose related to information exchange was accomplished via a series of
collaborative R&D meetings, seven of whickene helda kickoff meeting (February 2006 the
United States)pne web meeting (June 200énd five R&D meetings (September 20085
Switzerland, September 2006Australia, May 2007n Italy,

September 200ih Norway, and June 2008 in Quebec, Canada) TwAiSK 24

ThelEA Wind Task 24 Final Report summarizes and presents the
results of the work conducted by the task participants, the import
issues and analysis methods identified, and the related conclusic
The reportwasassembled in two volumes: the first piding
objectives, background, summary resudisd conclusions; and the
seconddescribing he methods of study employed and details abot
theparticipant case studiepon which the conclusions of the task

were drawn INTEGRATION

WEB SITE
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Executive Summary

Worldwide, hydropower facilities possess a significant amouimstédlled electric generating
capacity. IEA statistics indicate that at the end of 2001 there was in excess of 450,000 MW of
installed capacity within IEA member countries, with about half in Europe and half in North
America.ln addition to conventional liyopower there ismore thar80,000 MW of installed
pumpedhydrocapacity in IEA countriedn contrast, utilityscale wind power is relatively new

in the electric markebutincreasing rapidly. In 2003, when the topic of Task 24 was initially
being discssed, there welfast over 31,000 MW f wind powerinstalled an amount that
increased tan excess of 40,000 MW by theendof 2009. Due to its competitive costeupled

with the fact that it is a clean energy resource, wind energy capacity is lilkeptioaue to grow
substantiallyover the next two decadd®ecause of the potential for synergistic operation of
wind and hydropower facilities, many countries iasestigatingthe opportunity to integrate

wind and hydropower systems in order to optimiegrtoutput through coordinated operation.
The hope is to realize such benefits as lowering the cost of ancillary services required by wind
energy, taking advantage of the binltenergy storage available at hydro facilitite

opportunity to more effdévely utilize existing hydro and transmission facilitiéfse potential for
improving hydrologic operationand an overall energy supply portfolio that is more diverse,
robust, and cleanewith wind power penetrations increasing worldwide, the topicask 24

are more relevant than ever.

For the reasons described above, in 2004, IEA Wind formed R&D Taskrititled,
Al ntegration of Wi ndThe pricharypyrdoses of tiask aret&y st e ms .
conduct cooperative research concerning the gépar transmission, and economics of

integrating wind and hydropower systems, and to provide a forum for information exchange. The
following are specific goals of Tasi:

Goal 1) Establish an international forum for exchange of knowledge, ideas, anikcexps
related to the integration of wind and hydropower technologies within electricity
supply systems.

Goal 2) As it pertains to wind and hydropower integration, share information among
participating members concerning grid integration, transmissiaess$iydrological
and hydropower impacts, markets and economics, and simplified modeling
techniques.

Goal 3) Through information sharing and exchange of ideas, identify technically and
economically feasible system configurations for integrating wind adcbppwer,
including the effects of market structure on wimgtlro system economics with the
intention of identifying the most effective market structures

Goal 4) Document case studies pertaining to wind and hydropower integration, and create an
or+line library of reports.

!t is worth noting here that the topics of tlask were discussed and the objectives formed through conversations
with the IEA Hydropower IA, and formation of a joint task (i.e., sponsored by both IAs) was seriously considered.
Though a joint task did not materialize, the collaboration strengthen&btkeplan of the task and the robustness

of the analysis and conclusions.
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Case studies that analyze the feasibility, benefits, detriments, and costs of specihyadvind
integration projectsverethe mechanism through whithe goals of the task were addresaed

the feasibilityof wind-hydro integratiorwas investigatedAlthough specific winéhydro

integration projects may differ substantially, there are many characteristics common to each.
Consequentlythere was ample opportunity for each participant of the task to leverage one
anot her 6 s ccs®enhantedhdinowmpfindingsediscuss difficulties faced in analysis
and interpretation of results, and debate methods and conclusions.

Volume 2 of the Task 24 final report is devoted to the case studies performed by the participants.
Chapter 1 preses auniform framework for describing the methodologies employed in the case
studies and from which they will be compared. Furthermore, this chapter presents a few methods
for defining wind penetratiohecausét is an important metric when consideringnai

integration into a power systeiBecause ofhe significant differences constraints, flexibility,

and operaing environment/market that frequendyist between different hydropower plants and
systems, the thought process relatesinaplified modelng of the potential for wind/hydro

integratione vol ved t o charact er i zaigineg systémetheiefole,@ax i bi | it
portion of Chapterlwill be dedicated toward gtopicof fisystem fl exi bility.
introductory chapter, there ane shapters devoted to the case studies performed on behalf of the
member countries. As described in Volume 1 of the Task 24 final report, the case studies are

each intended to address at least one of the following: (1) grid integration impacts; (2)

hydropower impacts; and (3) economic impacts. The case studies, which are described below,

each fall within one or more of these broad categories (as indicated by the text in brackets and
italics at the end of each description below).

Australia:

e Case Study largeScale Wind Integration to the Tasmanian Sysfeydropower impacts
study)

e Case Study ZThe Costs of Wind-irming Service Provided by a Hydro Plghydropower
impacts study)

e Case Study Jnertia Support in a Hydro, Wind, and Hiyfoltage Direct Cumnt (HVDC)
Hybrid Power Systenfgrid integration impacts study)

Canada:

e RETScreehanalysis for a case study involvititg financial feasibility of wid integration
by the Okanogan Public Utility Distri¢PUD) in Washington Stateé)nited States
(economicstudy)

e Hydro Quebec case study providinguanmary of the impacts of a winand hydre
dominated power system on the electricity markets and the characteristics of Nordic
hydropower(grid integration impacts and economics study)

2 Seewww.retscreen.net/ang/home.plRETScreen stands for Renewableergy and Energy efficient
Technologies Screenirigol, and was devel@glfor Natural Resources Canada
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Finland:

A case study fousing on the handling of wind power prediction errors for a single
hydrothermal power producer in Finla¢gtid integration impacts study)

A summary of the impacts of a windnd hydredominated power system on the electricity
markets and the characteigstof Nordic hydropowefgrid integration impacts and
economics study)

Norway:

The first study looked at wind power in areas with limited power transfer capacity and
subject to grid congestiofthe question to be addressed here was to see how much wind
power could be integrated without deleteriously affecting the hydropower producfiah.
integration impacts study)

The second case study considers the impact of wind power on system adequacy. Considering
that the region has favorable wind resources, tilysvas conducted to determine whether

or not adding wind power to the hydbased system will be sufficient or if additional

measures must be taken to secure system adefgratintegration impacts study)

Sweden:

Casestudy for balancing of wind powentegrated into the Swedish system using balancing
resources located along juste river(hydropower impacts study)

Casestudy for balancindarge amounts ofrind powerintegration by coordinating operation
with hydropower irfNorth Swederfgrid integratian impacts study)

Unites States:

Casestudies are from three different river systems and electrical balancing areas, as listed
below:

o Missouri River and the Western Area Power Administrafgid integration impacts
study)

o Upper American River and the Sanrento PUDdrid integration impacts study)
o Columbia River and the Grant County Public Utility Distffcydropower impacts study)

The first and third of these studies focus on statistically estimating the impacts of wind
integration on balancing area ré@ments for regulation (minu®-minute) and load

following. The Grant County study further estimates the impacts on system flow and
reliability constraints caused by wind integration. The study performed for Sacramento PUD
aimed at simulating the systeand arrived at estimates of the wind integration impacts and
costs.

The aforementioned case studies are presented in a uniform manner to aid in comparison and in
discerning the most relevant characteristics and results of the studies. In this serse, shedy
chapters are summaries of more complete and detailed reports (references provided), and focus
on highlighting the results that pertain most directly to the objectives of Task 24. For further
details about the case studies than are presentedberthe appropriate reference reports.

Vi
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1 Introduction

Volume 1 of IEA Wind Task 24: Integration of Wind and Hydropower Systeesepted

foundational information recounting the operational issues electric utibtidgansmission

System Operators (TSQd$acewhen balancing load with generation, andescribed what is

meant by fAwind and h gpterl)oVolomedalso discussedjitheat i ono ( C
characteristics of wind energy (@pter2) and hydropower (Gipter3) relevant to wind and

hydropower generatioV.olume 1,Chapter 4addressed the questions posed in the formation of

Task 24 regarding winrtlydro integratiorand reérencedlrask24 participantcase studiesThe

purpose of Task 24/olume 2,is to describe imoredetail the case study reports performed by
participants.

Each member country of Tag8l agreed to perform and submit at least one case study

addressing somar all of the study themes defined in the Task 24 proposal and workngiash

are as followsgrid integration, hydropower impacts, market and econoraiasimplified

modeling of windhydro integration potential. As is the case with many IEA taskssvery

member country was either interested in or able to address all study thiEmweser one of the

great strengths of the IEA implementing agreements is their ability to bring together the research
capabilities and interests of many countries inliborative environment, more thoroughly

address an important and broad topied takeadvantage of the unique and diverse expertise
possessed by the member countries. Table 1 summarizEaskh@4 case study thentbat were

to be addressed lgach memér country s case studi es.

Table 1. Study themes originally identified to be addressed by Task 24 member countries

2]
. S
& o /) /S
S /S o 5 /S
S /L v S 9D/S
S (Z(;) (@) < o s
/&L /0 v o
S/S S 3 LY/
¢F /S0 /&0 /8
~ & $ 9 .9 /0 & S
S/ 2/85F5F /S ¥/8
ESEASE - FEISWAIWAS
Country L/ 0T/ /G /S Comments
Australia 6 X X X X [Three to five studies
Canada 4.5 X X X Two studies plus RETScreen
Finland 4-6 X X X |Three studies
Norway 6 X X X X [Two studies
Sweden 2-4 X X Four studies
Switzerland 3-4 X X Two to four studies
USA 6-12 X X X X Three or more studies

Early on in the formation of Task 24, the participants recognized that even though the electricity
grids operatethy the member countriegereall tasked with the same objective of balancing

load and generation while maintaining system reliabilitgydiffered in many way® some

trivial and some significanfAdditionally, thevernacular used to describe electrigaitem

operation and balancing differ in subtle yet important wagsl thecasestudieshemselves

differ in many importanareasincludingthe base assumptions upon which the studess

built, the types of study tools employeshdthe studyoutcomes dsired. Tlerefore prior to

delving into the case study repontsaders musinderstandhese differencesothat the results
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presented in each case study can be understood in the correct context and in cotophaeson
body of case studies.

The remaimg portions of this introductory chaptedevoted to presenting a uniform

framework for describing the study methodologies employed in the case studies and from which
they will be compared. Furthermothis chapter present§ew methodgor defining wind

penetration since it is an important metric when considering wind integration into a power
systemAs listedin Table 1, four othe member countries originally intended to perform

simplified modeling of potential for wirtlydrointegration within theigiven electrical

system8 however, a the work of the case studies progressed, it was decided that trying to
model the potential for wintlydro integration of a given system (jjeredicting how much wind
power could be reasonably integrated/balancetbusie hydro resources available in a given
system) was not necessarily a practical problem to sbive to thesignificant differences
amongconstraints, flexibilityand operating environment/market that may exist between

different hydropower plants arydro systems engaged in different grid systems and electrical
markets, it did not appear fruitful to try to construct a general, simplified model. Rather, the

t hought process related to this questnaon evol
given systemtherefore somechapterswill be dedicated toward this topic.

1.1 Study Methodologies

As mentioned, power system studies considering the impacts from and influences of wind power
may differ in many ways, some trivial and some significantirivégg with the complexity and

detail of the study method and its assumptions to the questions the study intends toTdmswer.
issueled to much useful discussion and debate among theZBgskrticipants concerning how

to frame the study objectives, ¢oast the methodologies employed, and compare the results
obtained.The result of these discussions is presented below.

In regard tooverall scope, wind integration studies can vary feampleto detailedto

evolutionary as illustratedn Figurel. A simpk studytypically looks only at the effect of wind
power on systemetload, and in particular the variability of thagtload (net load will be

defined shortly)A detailedstudy involves simulation of the system operationarder to deduce
the impacts and costs of wind integratiémd anevolutionarystudy simulatethe systeniike a
detailedstudydoes but gaesfurther to consider the overall value of the wind energy (i.e., goes
beyond addr essi ng tshariabilityngnad uncertamty), and posdiblye ner gy 0
consides changes in how the system is constituted, constraamethperated, in search of better
ways to incorporate wind into the power systéns worth noting that studies are also
conducted to determirdynamical effects on the electrical grid, for network stability, etc.; these
types of studies are not included as part of Task 24 and were addressed in Tastapliq
Models of Wind Farms for Power System Stujlies
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Statistical evaluation of wind power impact on load variability and
forecast uncertainty. Provides a basic indicator of how much
additional flexibility may be needed to accommodate the additional
variability, and uncertainty wind power adds to the system load
variability and uncertainty. This type of study is conducted most
often to determine impacts on time scales for the operational
reserves: seconds, minutes, hourly data.

! I

Detailed System planning and commitment operations are simulated in a
detailed production cost-type model, including interaction with
neighboring systems via the electricity market. The results of this
type of study provide esti mates
increased need for ancillary services. These studies are performed
for operational impacts at time scales of 15-minute, hourly, daily,
weekly, or monthly, and typically cover a year or more of system
operation.

I

Evolutionary A detailed study as .described gbov_e, but including comparisons of
the power system simulated with wind power versus with some
other set of generation resources, in order to deduce the overall
value (positive or negative) of wind energy in the power system.
This value incorporates the wind integration costs due to increased
ancillary services as done in a detailed study, but also considers
wind energyés overall wvalue in
considered fnevolutionaryo since
evolving the future electrical power system, market structures,
operating rules, etc.

Figure 1. lllustration of the range of complexity that can be employed in wind integration studies

Wind power is typically absorbed into the power system when it is generated, just as the load is
served at the time it is requirgtherefore, it ionvenient to look at the systéntoad net wind

(i.e. the system load with the wind power subtractat¥po referred to aset load Theremaining
power system must balankad net windvia unit commitment, load followingnd regulation.

In essence, wid power is treategsimilar tonegative load.

An example of how a load signal may differ from a load net wind signal is sima#igure2,

which presents the wind power input at a hydropower utility in the United States (the Grant
CountyPUD, No. 2, in Washington StatéJ).S.) and the generation request for a single day

(Acker 2007). The uppermost of the two dark blue lines represents the actual generation requests
made on this day {fninute data), corresponding to 12 MW of wind gowabsorbed into the

balancing area. The lower dark blue line represents the actual wind power input to the system on
this day (and refers to the scale on the rlggntd side of the plot)f wind power were not

coming into the systenthenthered line wauld have represented tgeneration request by Grant
PUD. In this case, the request would have been increased in the morning by the amount of wind
powerno longercoming into the system, but the evening request would be the same, since there
was no wind pwduction during the evening. Furthermore, the mitatsinute variations do not
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differ much between these lines (i.e., the mirdoteninute regulation), nor do the hourly

variations. Projecting the impact of wind generation beyond tid\WW2wind input tothe

system, the uppermost yellow line shows what the generation request would have been if the full
63.7-MW output of the Nine Canyon wind power plant were coming into the balancing area, and
the lower yellow line shows the wind input in this scenaCiomparing the generation requests

of 0 MW and 63.7 MW of wind input, one can see that on this particulatitawind input

would create a noticeable effect in the mintgteninute variations and in the hourly variations,

but the magnitude of the ramps dgrithe ramping periods is unchanged. Additionally, the peak
generation request for the day is essentially unchanged, but the minimum request during the
early morning hours is reduced somewmatring this day, the maximum instantaneous
penetration of wind @wer (= wind power capacity / maximum generation request) is 4.3% when
incorporating 12 MW of windand 28.3% when incorporating 63.7 MW of wind. An important
point to take away from this plot is how the load is influenced by the wind to create thetload ne
wind, and how the load net wind is inherently more variable than the load alone. Furthermore,
the load variability by itself is significant and must be considered when analyzing the influence
of wind power.One last point of importance related to thgufie: the wind power is coming

from one plant, and the system load is relatively small; in larger systems with wind power
coming from multiple wind power plants, the relative impact of the wind power on the net load is
smaller.

GCPD Limited Request (1-min data)
With and Without Wind

January 2, 2004
500 180

450 7 160

400 IFﬁ L 4 [\ | ™ 140
|

J

350 120
— Generation request with 12 MW wind (actual)
" Generation request with 63.7 MW of wind
- 300 — Generation request with 0 MW wind M 100 s
3 W Nine Canyon wind output - 63.7 MW max =3
=] B : _ -
i.)- 250 ) —— Nine Canyon wind output - 12 MW max 30 §
= — =
=
200 I 60 =
150 A 40
100 |'—’ 20
'\r—"""“""-“'—“——""“"‘“‘“‘~'\,.‘,.\/__,_,,“N~
50 N 0
0 -20
0:00 4:00 8:00 12:00 16:00 20:00
Time of day

Figure 2. Generation request and wind power input to Grant PUD for January 2, 2004
(Source: Acker 2007)
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Usef ul i nformation can be deduced about the g
overall variabilitythata system operator mustanageoy comparing statistics resulting from the

load net wind time series versus the variabilityhafload time series alone. Such a statistical

studythat does not include a chronological simulation of the system would be classified as a

simple study irFigurel. Following the example presentedFigure?2, if one tabulates the

Aregul ationo burden for Grant County PUD, com
1 minute load (or load net wind) data fromwatable rolling average, in this case arhihute

rolling average, a histogram as showirigure 3 results(using 11 months of data from 20086).

Figure3, thedark blue, light blue, yellonand red bar correspond to 0, 12, 63.7, and 150 MW

of wind power input into the systemespectivelyThe distribution shape is close to normal and
effectively centered around zero, and the effect on regulation of including wind energy at these
levels is very smallThe standard deviation timinute regulation generatiamanges ranges

from 3.47 MW for 0 MW of windto 3.51 MWfor 63.7 MW of wind, and up to 3.72 MW for

150 MW of wind. One method to estimate the increase in need for regulation would be to

multiply thedifference in the standard deviation between these two caseseg Holttineret

al. 2008).For example, at 63.7 MW of winthe additional spinning reserve required to

compensate for the increased mintgeninute regulation during every hour of theasy would

be 0.2 MW(e.g., 3.51 3.47 = 0.04 MW; 0.04 5=0.20 MW). Thus, hydro generation

resources at Grant County PWBn likely absorlthe minuteto-minute variations introduced in

the system by wind powerdm the Nine Canyon Wind Proje@ similar histogram could be
constructed for Al oad f olillcadwaratpowithimnhauieomonst r a
hourto-hour due to the load net wind as compared to the load alone. While these calculations do

a reasonable job of indicating the incre@s regulation or load following needed, and prexad

distribution of expected hourly changes, they are completely decoupled from the actual system
operation and do not provide insight into any specific problems that may arise

Regulation (10min rolling average)

161 5ot o0 4 0re 4 3426, 4 3934) _— v ||
12 Mw
637 MW
14 1 I 150 MW
121 Wind Reg.
Wind Penetration Std.Dev.
g 10F (MW) (%) (MW)
z 0 0.0% 3.47
CREIS 12 1.8% 3.47
£ 63.7 7.8% 3.51
61 150 18.6% 3.72
1 t+/2
Al =
—% n+1, IZ,; A
2r 110- minute roling ave
, ol " GCPDLimited Request
Q:‘ob“b"lx'\ﬁfbfbf\b.,b‘ '\Q'\’L’bu@w\%g N o 10 X .
NPT L TSR TR SRR e 7 2006Data;480,960min

Figure 3. Tabulation of thel-mi nut e fAregul ationodo values for the Grant
levels of wind penetration (= nameplate wind capacity / peak load)
(Source: Northern Arizona University and Grant County PUD)
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In other words, during any giveninute or hour of system operation, a large wind rappor

cutout could cause problems in balancing load and generation, if, for example, there were not
sufficient flexible generation resources online or rapidly available through the electric market to
compensate for an unforeseen chahgewind output causes in system net imbalance.

Therefore, although statistical summaries of
and supply valuable insights, they provide only part of the informationreeita understand
windbés I mpact . Furthermore, a significant fra

of wind power is due to thencertaintyin forecasting the wind, resulting in increased costs due
to suboptimal unit commitment and theeed to retain more reserves (Snatlal, 2007). The
unit commitment impacts and costs are not captured ist#istics of load net wind.

Typically, to complement and enhance the information provided by a simple study, wind
integrationstudies oftenmploy a chronological simulation of system operatiany of the

recent integration studies, including many of those in the case study chapters to follow, would be
classified as detailed studies. In regard to detailed integration study methods, biest pract
suggestsimulating system operation at some fine time resolutidmo(r time stepsr less if

possible) using coincident wind and load data (Smith et al. 2007). In such a simulation, system
planning and commitment operations are simulated usingdugption cost model that includes
interaction with neighboring systems via the electricity market. The load data in these studies are
typically historical, often scaled to some future load level, and the wind power data is typically
createdusingamessa |l e weat her model to fAbackcasto what
plants would have generated during the same year(s) as the loaidathis methogdany

innate correlation between the load and the wind is preservediatd, along with coincident

load and wind power forecast data (or simplifying assumptions to approximate them) is then

used to drive a deterministjor a stochastigdroduction cost simulation of the power system.

The simulation proceeds to compute the cost to operate the systesoow time frame, most

typically 1 year, by mimicking the decision processes madeatiead and hotahead and then
deducing the impact of wind integration by comparing some base case scenario to cases that
include increased levels of wind energy. Infpening the simulation, the modeling platform

(e.g, production cost simulation software) is constrained to honor all system reliability
requirements and possibly include transmission limitations, while optimizing some performance
criterig such as miniming the operating costs. A block diagram illustrating a variant of this
methodology employed in detailed wind integration studies is shoWwigure4. The result®f

this type of study provide, among other things, estimatesrofdvi fii nt e g caasedbgn c o st
anincreased need for reserves and balancing resources due to the ancillary services of regulation,
load following and unit commitment.

In the methodology used for a detailed study desciiib&turel, thewind integration cost is

defined aghe difference in cost to operate the system with increzsgability anduncertainty

due to wind power versuke cost to operate the system in some fashion without those

influences. Often, this deductiarf the integration cost is made throwkystem comparison in

whichthe wind power is replaced by some other generation resdnreeme caseshis

replacedesource is defined as a benign generation resource possessing none of the variability

and uncearinty of wind energy, but available at the same cost as wind energy duedsame
guantities. (This is the comparison suggested
Figure4).
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» of available units
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Figure 4. Methodology often employed for conducting detailed wind integration studies
(Source: C. Smith presentation, Task 24/25 Joint R&D Meeting, Milan 2007)

This technique provides useful information about the integration costs due to variability and
uncertainty ofvind power, and avoids the difficulty of accurately predicting wind power

costs/prices and any complex market interactions. However, it is a somewhat limited view of
windds i mpact in a power system, and an i mpro
oveaall influence in the power system, including the value it may bring to the system as a

relatively lowcost form of new power generation.

Soder and Holttinen (2008), pursuant to discussions held as part of the Task 24 dialogue,

published an article desbmg different ways of settingp and performing a wind integration

studyin order toprovide a consistent framework to formulate an integration study as well as

interpret and compare results from the various studies that have been performed. Adapted from

their paper Figure5 providesan illustration of two systems (that is, balancing areas) that are

otherwise identical except that System 2 possesses some amount of wind power while System 1
includes some setatoifo ni ortehseoru rpcoewmse rtoh agte neorul d b e
power.The other power sources in the replaced system could be thermal generators, hydro
generators, nucleaystemsetc., existing on the systemtbey could benew, but ineithercase

would be someaalistic set of resources that could be employed.

The fAremaining systemo repnesentthe renrmainibgpower systerm t e ms
andis identical in both systems, as are neighboring systems A and B and the interties with them.
Depending on howhe replaced system is defined, and the assumptions employed in modeling

both Systems 1 and 2, the study could be classified as either detailed or as evolutionary, as
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presented in Figure 1. The essential difference between these classifications, ashdsdfined

that a detailed study will mimic system operation in a way to deduce the operating cost

i ncrement ass oci avarallityand tncertainty whereamesalutiopadys

studywi | | consider the ni nt epgnatiagcosts®) foctlegwoo as t he
systemsassuming eacis run optimally givents technical and economical specifications,

including any investmen{$) that might be made that reduce the overall operating cost. Thus,

Integration cost (Owina T Oreplaced T (Iwind T Ireplaced

This simple equation applies for any type of integration cost studiywever, for an
evolutionarystudy modeling of the system need not be conducted given the existing
transmission constraints, market rules, scheduling intentalspéthe electrical system as
presently configured, but rather can consider changes intendedlt@the system to a more
efficient, profitable and/orower cost realm of operation.

Other Power

Replaced
system

Remaining
system

Neighboring
System A

Neighboring

System 1
System B

Wind Power

New
power source

Remaining
system

Neighboring
System A

Neighboring
System B

System 2

Figure 5. Deducing integration costs by comparing the costs of operating two variations of the
electrical system, one with wind and one with some other set of generation resources
(Source: L. Soder presentation, Task 24/25 Joint R&D Meeting, Milan, Italy, May 2007; also Soder
and Holttinen (2008)]

Whether a study is considerddtailed, evolutionary, or somethiimgbetween depends on the
specific questions to be answered by the study and the assumptions and methods employed.
Furthermore, the composition of the replaced system cangneatbearing on the results
obtained As such, Séder and Holttinen go ompt@sent several questions whose ansarss
significant in determining integration costeese questions are summarized as follgwth the

parenthetical capital letters anetthassociated category terms later referenced in Table 2 and
Table 3):

1. Is theaimto study the consequence of a certain amount of wind power and/or to find the
limit of what is possible? (A = Aim)

2. Whatmethods used for considering wind in the systama.(as suggested in tluetailed
to evolutionary studiealreadydesribed? For example, is wind power seen as an extra
source that is added to an existing system or is wind power seen as one expansion
alternative that is compared with another one? (Methods)
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3. How is the systemsimulated(e.g., étterministicallyor with stochastic optimizatiof? (S
= Simulation)

4. What is theime resolutiorof the modele.g. minute, hour, dg¢ (R=Time Resolution)

5. Is the integration cost calculated as fiphysical ©sb (i.e.,fuel and investment costs) or
is it calculated as th@market codi (i.e., what different actors can be assumed to get
paid)? Is it assumed that the balancing power is traded on the cost level or on the value
level? The formal problem is thaind power owners need balancing( are ready to
pay a lot), whilesellers of regulating power want to maximize their profit. What is then
assumed about theicing of this service? (P = Pricing)

6. When wind power is expanded, is it assumed that thefés¢ system, including the
grid, is optimized from the economical point of view? Is the systesmgnedor optimal
operation with wind or other power sources, or does it operate under existing conditions?
Is it assumed that the trading rules betweeghi®ring systems are optimal from the
total system economic point of view or are existing rules used? (D = Design)

7. How is theimbalancein the power system calculated? Are wind speed forecasts included
in the studies? Is it assumed that the accuracy sétiseon the best available level? Are
imbalances in the load and other production units taken into account when determining
the reserve requirementd? Imbalance)

8. How detailed is the description of the power system especially in its flexibility? For
example,whatbalancingresources are considered (B = Balanciagd how aregrid
transmission and interconnection limits handled (G = Grid)?

9. How areuncertaintiesn the system modelg@.g., uncertainties in hydropower,
transmission limits, wind power,dadl, thermal generation, and forecast@) =
Uncertainties)

10.How are théhydropower plantsnodeled(e.g., are Bad heighand ©upling of facilities
on a river systeraonsidered)?H = HydropowerPlant)

11.In addition to modeling of hydropower plants, ddes hydropower provide any type of
specialcapacity servicéor the wind energy (e.gstore excess wind in offeak times for
redelivery during peak housjHC = Hydropower Capacitgervice)

12.How are theéhermal power plantsnodeled(e.g., @ae ramp ratesral stop/start time
considereyP (T = Thermal Power Plant)

13. And finally, how is thevind poweroutput modeled? (W = Wind Power Plant)

For the purpose of comparing and contrasting the various wind/hydro integration studies
developed by TasR4 participantsas well as other wind integratigtudies that have been
conducted, all of these issues were summarized along with other relevant system information
onto a form called thmatrix. The matrix is split into two parts and displayed in Table 2 and
Table 3 becdase it is too long to fit on a single page. Table 2 shows power system and market
characteristics, and parameters describing the system setup and simulation detail. (The capital
letters in the lethand column undeBetupandSimulation Detaiin Table 2 ad Uncertainty and
BalancingandPower System Detaih Table 3 correspond to the categories defined by these
letters in the previous bulleted list.) For each issue listed on the left, the corresponding rows on
the righthand side of the table present ops describing the possible approaaties
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assumptions that may be employkthre than one of these options, or none of these options,
may apply inany given study. For more options descriptigrisase see the related paper by
Soder and Holttinen (2008).

Table 2. First half of the Task 24 matrix that defines important power system characteristics and
some basic parameters of the setup for an integration study

Geographic area of study:
Power system characteristics:

Conventional . .
Load . Interconnection Wind Power
Generation

Peak (MW) Min (MW) TWh/a Capacity (MW) Capacity (MW) MW TWh/a

Other relevant characteristics of power system:
Characteristics of system planning:
Description of market:
Integration time frames of importance:
Yes/No | Time Frame
Frequency, system dynamics, grid stability, LVRT, PSReag
Regulation, AGC
Load following; intrahour ramping; economic dispatch
Unit commitment and daghead scheduling; economic utilization of resource
Resource and pacity planning; reliability

Table 3. Second half of the Task 24 matrix that lists variations of underlying assumptions and
modeling approaches used in wind integration studies

sewp

A | Aim of Study 1 what happens with x GWh wind
2 how much wind is possible
M | Method to Perform Study 1 add wind energy

2 wind also replaces capacity

3 optimal system design

S | Simulation Model of 1 deterministic simulation, one case
Operation 2 deterministic simulation several cases
3 Stochastic simulation several cases

Simulation Detail

R |Resolution of Time 1 day/week
2 hour
3 minute/second
P | Pricing Method 1 costs of fuels, etc.

2 prices for trading with neighbors
3 market actor simulation

4 market dynamics included

D |Design of Remaining 1 constant remaining system
System 2 optimized remaining production

3 optimized remaining transmission
4 perfect trading rules

Uncertainty and Balancing
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Imbalance Calculation

1 only wind
2 wind+load
3 wind+load+ production

G

B |Balancing Location 1 dedicated source
2 from the same region
3 also outside region

U | Uncertainty Treatment 1 transmission margins

Power System Details

Grid Limit on Transmission

2 hydro inflow uncertainty

3 no wind forecasts (assume persistence)
4 best possible wind forecasts

5 load forecasts considered

1 no limits

2 constant MW limits
3 consider voltage

4 N-1 criteria

5 dynamic simulation

Hydropower Modeling

1 head height considered

2 hydrological coupling included (including reservoir capacity)
3 hydrological restrictions included

4 hydro optimization considered

5 consider most relevant aspects of affected hydro resources

HC

Hydro Capacity Service

1 interaction with hydro resources not significant

2 real-time integration with impact of wind variability on system
managed with hydro

3 capacity service: addition of capacity value through redelivery
of wind energy at a later time

Thermal Power Modeling

1 ramp rates considered

2 start/stop costs considered

3 efficiency variation considered
4 heat production considered

Wind Power Modeling

1 few wind speed time series
2 many wind power time series
3 time series smoothing considered

This matrix, as presentéa Table 2 and Table 3, was usaglan organizational tool in describing
the case studies performed as part of Paskndfor aiding in comparing the various studiéts
is used prominently in the case study chaptsasfollow in this volume

1.2 Wind Penetration and System Flexibility

Before proceeding to the case study chapieis useful to discuss what is meantfiye
penetratiorievel of wind energpWhenwi nd i nt egrati on costs
penetrationo
being assimilated intthe balancing area or system for which the integration impacts and costs

are incurredThere is usually some implication that systems of a similar wind penetration should

S

al most wuniversally cited

experience similar wind integration impacts, but thisasnecessarily the cageerhaps the two
most frequentlyited definitiors of wind penetratioraregiven by the following simple
expression, based upon either capacity and load or energy

Wind Penetration(WP) = (installed wind power capacity)system peak load)
Wind penetratia (WP)= (annualwind powerproduction) / (annual system demand, energy)
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Theseexpressioacorrespond to WPandWP, shownin Table 4, respectively. The system peak
load in the denominator of the former equation can correspond to the peak indigenafsHead
system, or the peak of the indigenous load plus synchronous exchanges with neighboring
systems (in other words, it includes load obligations exchanged between neighboring systems
based upon purchases or sales into or out of the system). For thewhszh the calculation is
carried out using the peak of the indigenous system load, it is easy to deduce the wind capacity
knowing the system peak load, a useful number for wind power political targets. It is generally
more useful to the utility systeoperator and planner wh&dPis calculated with the peak of the
indigenous load plus synchronous exchanges.

Similarly, the wind penetration calculation represented by, WHable 4, which uses the

system minimum load including synchronous exchanges idgheminator, is also useful for

system planners/operators. The reason for this is that these latter two methods of computing the
wind penetration hindt the flexibility required tdalance the system. It may be more difficult to
balance wind power in theystem when the load obligation of the system operator is lowest. For
example, there are times in Denmark when the wind generation exceeds the load, and the excess
is transferred out of the system along synchronous ties (Holttinen 2008a). A chart sth@wing

wind penetration calculated as defined by AR/ P (without synchronous interconnections),

and WP (with synchronous interconnections) in Table 4 for several recent wind integration
studies is presented in Figure 6. As the wind penetration basedssdgmand increases, the
penetration based on peak load generally increases. The wind penéiaagdon the lowest

system load plus interconnectideamonstratesystem dependeg and indicates that even with

lower penetration levels some systems willdhanore challenges in low load times as other
systems with better interconnectioirs general, impacts of wind power integration increase with
the quantity of wind generation in a systé#owever, it may be more difficult to accommodate

the variability ad uncertainty of wind power in systems with a higherpi#hich results in

higher integration costs). That sa&dthough a system may have a largedMB ability to

handle the impacts of wind are directly related to the flexibility of the system generat

resources, frequency of scheduling intervals, and setup of the market to trade power.

The impacts and costs of wind integration are directly related to the operational flexibility a
system possesses to absorb wind power variations and inaccuraoresasting, and these

costs should be calculated for the different time scales of interest (rdAMi@uUte regulation,
minuteto-hourly load following, hour ahead and day ahead commitment, letc.gxample, in a
balancing area possessing ample capatisymple cycle gas turbines or relatively ron
constrained hydropower (e.g., not fofithe-river hydro), there may be sufficient flexibility in

the system to easily absorb the wind power variatidlternatively, if a system is heavy on base
load resouwres (e.g., nuclear, coal, constrained hydro), it may not have the flexibility to deal with
variations introduced by wind in the load net wind sighmaddition to the physical generator
capabilities, operational flexibility can be influenced substagtillthe flexibility of the

institutions that manage the generation resources. This is particularly true with some hydropower
resources, where there may be numerous organizations-pomat factors that constrain use of
the resource. Hydropower resoursesh as these may be able to increase their generation
flexibility through altering institutional practices.

12
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Utility systems willdiffer in how much flexibility needs there are (load variability), in how much
flexibility exists in theigeneration and terconnectionsand also in how easy it is to increase
flexibility with growing needsPerhaps one useful gge of existing system flexibility can be
inferred from the range of variations currently managed in a given syStmethod of

gauging the exigtg flexibility is to consider the overall load variation currently managed,
computed agpeak load’ minimum load) / (average system loathe blue, monotonically
increasing linen Figure 8 illustrates a plot showing this value for several recent attexgr
studies. Plotted along with this are the peak system load and the wind penetration computed
using the minimum load plus interconnections @)Elemonstrating the variety of
characteristics/differences across the many studies.

The various definitionsf wind penetration and this method of estimating system flexibility
provided are straigkforward to compute, and can be used as indirect ways to gauge the relative
flexibility of a system and the flexibility required of a system to handle the additianability

and uncertainty of wind energy. Beyond th&sdy simple,indirect measures, one would need

to drill into the morecomplex,detailed system data describing the actual generation sources
available, the load and wind characteristics, and tteedonnections to get a more direct

indicator of the potential impact of wind integration and the ease or difficulty of incorporating it.
A summary of issues regarding system flexibility, including market aspects, is provided in Table
4. Flexibility that is practicably available during operational situations will depend on the
scheduling of the units, as flexibility will result from units that ardine at a given moment,

which can adjust their production level. It is also possible to change operatiotiaés so that

some power plants will be operated more flexibly to some extent in future. Wind power can also
bring alout flexibility ifitisusedi n an fAacti ve power regul ationbo
generation and using pitch regulation of thtor blades to provide more or less power when
needed. Building new flexible capacity (or storage) is the most expensive measure to increase
flexibility.
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Table 4. Relevant methods of defining i wi n d

Calculation

Entity (country,
state or
company)

Synchronous
Network

Balancing Area

p e nogSoureet Adapited fr o m A,

IEA Wind Task 2 Final ReportVol. 2

Robitai

I 1 e

I nto Hydropower System: Di scussion, 0 Task 24 R&D Meeting
Wind Penetration Type
Gross demand (energy) In term of installed Peak Penetration Maximum penetration
capacity (during peak load) (during lowest load)
WPA = WPB = WPC = WPD =
Annual wind production Wind capacity Wind capacity Wind capacity
Annual system demand System generating System peak load System lowest load
(energy) capacity
Renewable Energy Renewable Energy Renewable Energy Standard Possible to compute, but
Standard Standard (an easily (an easily defined target; relates typically not employed.

(question of energy
independence and
ecological target)

defined target; relates to
peak generation capacity)

directly to peak power demand in

the system)

Renewable Standard
Target(a large region within
or beyond country borders)

Renewable Energy
Standard (a large region
within or beyond country
borders)

Questions of system stability, regulation

(horizon less than a few minutes)

Renewable Energy
Standard (question of
energy independence and
ecological target)

System generation
capacity (including
synchronous import
capacities)

Questions of load following reserve, efficiency, unit commitment,

system adequacy

(cases not taking into account synchronous exchanges to be

avoided)

In the calculation, use the
system most probable peak
load (including synchronous
exchanges)

In the calculation, use the
system most probable lowest
load (including synchronous
exchanges)
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Figure 6. Values for various measures of the wind penetration and peak load for several recent wind integration studies
(Source: Adapted from A. Robitaille presentation, AWind Power I ntegration |Into Hyd,]
#5, Quebec City, Canada, June 2008, using data from Table 18 of Holttinen et al., 2008a)
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