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1. Context and Objectives

With the signing of the Kyoto Protocol in December 1997, the reduction of greenhouse gas
emissions will become one of the greatest challenges we face when developing energy policies.
These policies should promote an increase in the renewable energy portion of the energy
portfolio, and hydroelectric and wind power are likely to play a key role in this respect. In this
context, it seems relevant to analyze a whole series of parameters for wind power in order to
evaluate the electrical service it provides as well as the impact of its integration into the electrical
network. These two factors are crucial for a complete economic evaluation of wind power
externalities.

Using a detailed evaluation of the service that would be provided by a network of wind farms in
Québec, this study aims to fill some gaps in the current research. The objectives are to prepare a
technical portrait of the electrical service provided by the wind power system, to evaluate the
impact of integrating it into the electrical network, and finally, to compare the service it provides
with that of the hydraulic system.

2. Methodology

In order to simulate the electrical production of a network of wind farms in Québec, real data on
wind speeds from actual sites with good wind potential had to be obtained. Specific data on
potential Québec wind sites are not yet available. A wind measurement program is currently
being developed, but the data collected so far do not make up a complete year. Hourly data were
thus obtained from Environment Canada's meteorological stations, for 1994. In addition, to
compare the pattern of wind production with the pattern of demand, hourly figures for electricity
demand in Québec in 1994 were obtained from Hydro-Québec.

2.1 Wind Site Selection

The power of prevailing winds in a region is a very important factor in selecting a wind site, and
the power of local winds can be a determining factor. Local climatic and geomorphological
conditions can be the source of local winds that augment the prevailing winds. There are two
principal types of local winds, sea breezes and mountain winds (DWTMA, 1998).
Québec is not a particularly mountainous region, so coastal sites were selected. At fir.st, 11
meteorological stations in Québec were selected on coastal sites on the Gaspé Peninsula, the
North Shore, James Bay, and Hudson's Bay. Hourly wind speed data for these stations were
obtained for 1994. Four of these sites were not used: two had very incomplete data sets, and the
other two proved not to be windy enough. Finally, data from the following 7 meteorological
stations, in 4 regions, were used:
» Gaspé Peninsula: Cap-Chat, Cap-Madeleine, Mont-Joli, Cap d’Espoir
* Québec: lle d'Orléans
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= Morlh Shore: Poinbe-ges-Monts
= Hudson's Bay: Kuujusrapd

2.2 Missing Data

Becavse of measuring equipment breakdowns or dala recording probilems, daka was missing from @l the data

sei5 oblained. In order not o shew the wind furbine production simulation, these data were reglaced by mean

figures, accordng o the fsllowing methods:

= il a fgure was rnhaulnp.=u::ha:ﬂwmspucdﬂm:.iwﬁswwmawﬂmammdim
Fgqura [x - 1} and the foliowing fgurs (x + 1) and £ on up to £ fguras before and 8%%er % 1 thase figuras Gra
Risn missing;

= ifall hese consecutive figuras were missing, the mean annual wind spead lar the sie wes used.

The replacement of missing data with a mean, whidhar the interhaury or the annual mean, reduces (he effect
of te exralic nature of wind, whin changing the total electricsl preduction data very liflle, Wind speeds vary
cansidaratly from hour ko hour and even from minute to minuie. and Bn avarage oflen represents less of o
devialion from pdjecent igures than the real wird speed at that fims,

231 Wind Speeds at 50 Motres Abave Sround

The: dala obl=ined werg ihe hourly wind speeds in 1994, taken sl 10 metres above ground. In ardar to be fp-
resentafive of lhe wing thal would be ceptured by a madern wind lurbine in ibesa lcalions, theso speeds had
b2 De carrecled for @ haight of 30 fo 60 metres, depencing on the lurbine modal,

For this sludy, a haight of 50 melres was chosen. The following equation [s usad % caleutate wind apaad al
differant heighls abave the ground: S, = 5, [Z4Z,F°, where 5, and S, are fhe wind spaads a hemghis Z; and Z,.
Tha valie of superscript o mey vary by lass than 0,10 af 1ha fop af a hill, or .25 in zames fhat aro ahelbapesd
from the wind, The average figure correspending to Cudbes's lopagraphy and the nature of ground cover al
Quebec metearclogical stations & 0.17 (WECTEC and UQAR, 1908, p_ 12),

Wind speeds of tho matesmlogical stalisns musi ba revised upwards by about 30% o be recresentasée of
winds at 5] matras sbove graund, For ihe purposes of our simulalions, they were all revised vpwards by 0%,
wih the exception of those from the Cap-Chat station. Hera he snemomeadre was sfuaied on the lap of a 110-
mratre hil, and e messuremens were aiready representativa of an excellont wind-pawer sitm,

L4 Calculation of Electrical Production

The equation below was used 1o caloulats the theorelical skectrical production of & wind burbing {WECTEC and
UOAR, 16888, oo 12, 41)

E=EM = Area « WPD =t ¢ 109

E [kWh) Elecirical energy ihat can be generated by a wind lurbine
EF (%) Turhine efficlency latlor this faclor vanes aoomTing b ihe wind speed &nd is usually babwean
20% and 35%

Area (mf); Fl.ﬂtﬂr!.urhcl:#aa-ltad"l'l_wmradi:hﬁmﬂﬂfurﬂ‘l&mh:{ bilades (m)

WPD (Wim®):  Wind powar danaily, WPD = 1/2 x p = 8", where p la Ihe air density (kpdm?) and 5 s ihe wind
speod (M), p = 340 = Pa / (27318 + T), whare Pa is atrospheric pressure (kPa) and T 1he
Iemparsiure ("C)

t{Rl: Tirmer in hiowira

Thea wind power denaily, and thus the alecirical anergy preduced, dopand on the atmospheric pressure mnd

the |emperature, but they are mainly a funcfion of tha wind speed. Thus, 5 narmal ternperalure and pressure

(NTR = 101.3 kPa and 15" C}, for 5 wind of § mis, Be wind power density i 77 Wim®, whila for 8 wind of

10 mys, it is 612 Wirm?, nearly eight timas greater,

Al lurbina medels have thair own characteristics and constraints, Specificalty, they aach have three modes of
productan, acoarding o the wind speed-



= them is a mnimum wind speed &t which the turbine starts fo produca In propartien 1o this speed raised la
lhe power of thrae,

= ihare isa range of speads thal allow & o constantly produce s maximum aulput;

e (here is s masETum spaed whare a siopping mechanism is activated for safaty reasons.

In addifion, each luming modal will react differenily to vanations in temparatume and pressure. N order o skm-
pify the calculafiona, ha typiced powar curva of 8 500-khY wind {wbing was used (Telier, 1955). This urbing
power comespands wilt current Bnd recont madals. Much more powerful turbinas are available, but ey are
riot yal widely usad. This fypical cuna is showm in Flgure 1, which iBustrales the typical and  thaoralical oulpas
of & wind hurbine with a 50-metre rodor dismeler, at NTP, with 30% efficensy (EIF).

= 500 |
oo |
§ .
a m .

% 00 |

| & |

T 1 i I

a 5 2 3 M B
i Wiind ppaed (M)

j e Tzl LTS = = = = & « Thegreical cune
Figure 1. Typical Power Curen of a SCI-kWY Wind Turbine

By weing {his typical curve, the affects of varlabons n temparature and prassure an electrical produchion wers
disregaded. Wanter tampareteres increase alr density and fhereforn wind power densily, Thus the eleclrical
enargy thal ean haoratically e extacked from a wind of & mi's is 10% greaber ab -10°C Ban at 15°C. In addi-
tiar, the wake effact, which reduces wind speed and Increases the wind's urbulence afier il enbers (e rbane,
wag ol teken inip considaration, mor was doen ime for mainbenance, repars, or Wibine de-aEng. Al calkouwla-
tons were based on hourly, no? average data,

2.5 Characleristies of Salactod Sites

The principal wind characlanstics of the seleciod stes ana presented in Tabde 1. The fir=i column indicates Thi
percaniags of mizsing data had had o ba repiaced by mean figunes. The next thres eofumng ahow fa isin-
busdion of wind speeds acoording (o (he Sires lurbine production modss, ket is, when wind spaeds are ender
tha minimum level, when lhey & in he ange whisre preduclion Rerassss wih wind spapd raised b ihe power
af lhres, and whean fhey a0 0 the maomum praduection ranga (00 kW for the turbine model chosen).  Theas
distributians of wind spead frequencies are alse digsiretad in Figua 2 for ihe Cap-Madefeine site (the second
b=t sile, B5% of the cata availsdle ) and for the ¥ sites combined, The fypicsl powsr cures was sdded o fa-
clitate visual imerpretalion of the figures,

Far 22% to 35% of the tima, a8 all Ibe siles, wind sprads were m=suificient 16 selivale e turbine, snd for 6%, 1o
17% of the bma thay wene sullicient far Be furbine o eeach ils Ml oupul For ihe rest af he ime, Ihatis, SE%
o 4% of the ima, culpul was proporlional io wind speads.

The mean annual speed (5.0 presenled N column 5 of Teble 1 pemits the calculalion of aach s%8's wiri
power olass. Class T sies are excepbional sites (5, > 19 mis), while class 3 siles represant closa 1o minimum
profitabilily [RAPE, 1997, po. 75, 77).  Cap-Chel amd Cap-Medetting are axcalient wind turbine siles (class G),
as is lhe combinalion of the 7 sies {cass 5),

The lasl column of Table 1 shows he use factor (LUF) for aech site and for the combination of sites. The UF s

e tatio of elecincal enengy produced fo the macemum energy thal could be pradiced i thore was abway
ancugh wind io aliow lhe luhines 1o fanelien a8 their maximurn outpul leval, Hare, |t dsregards periods



maintenance, da-icing, and repsir. Tha UF of he siles sslecled varies from 27% 1o 43%. The UFs usualy
citad In the lHerabure are in the order of 25-30% [DWTMA).

Table 1, Characiensiics of Sites Selected lor Simulsticns
Wing Spead Houry Ewm &)

Migzing Oulput pre-  Masieram Mean  Wind Usa facior
Site dele Ha awpul priianel orspul annua gila %)
(%) 4.5 iffs o mpeod 125-30m's  spesd  class
45126 mis {mig)
Cap-Lhal 28 2z 63 13 L G 4
Cap-Madelaine 5 T 111 i TE [ 47
ba d'Orlzans 10 L] ] 12 T 5 5
Pairle-des-Monks 12 by B4 1] .0 > bu
Kuufuerapik 2 I B3 [ 8.5 d It
Mont-Jall 2 b 29 T 6.3 3 |
Cap d'Espalr 18 | 62 7 62 3 7
Avaradge af 7 sies 11 ] ] 10 7.0 5 34
Cap-Madeieing | Average of 7 slles 11
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Figare 2, Distribution of Wind Speed Frequencies of & Good Siie end of Averape of 7 Sites.

In order 1o Husirale several of the parameders. examined In this study, the follewing wa wind production sce-
marics were imulaled:

* 350 furbines of 500 kW an the best sile (Cap-Chal), fer an inslafed capacity of 175 MW

* 50 turbines of 500 KW on each of Ihe 7 sites, for an natalled capacity af 176 MW

The «bes! sfew is the one that generales the most energy for 8 given installed capacity, In addition, when
periinant, the individual resuits for all the sites arg given, and each i than eguipped like the Bost sita, with 350
turbines of B30 K, for @0 inetalled capacity af 175 MW

3. Rozulis
3.1 Erratic Nature of Wind Production

There it a widespread belief thal cerlain regions, paricutarly coasts, ana sublect 1o sirong, incessant winds, |t
ig e ihat Bere is oflen more wind on coasls, because of the presence of sen breares. Cosslal wind is e
ertnaless very changeable and unprodiclabie. Al lhe siles seecied for the simulalions are lacated on coasts.
Dezpite this, and despls the superar wingd qually of several of these siles, the winds are erralic and ungre-
fectablo.



Figuses 2a and b presant the elecirical produclion for a ang-waek penod InJanuary 1994 for tha bast wind siba
end for @ wind farm with a given capatily disiribuled amang T sites. January 39 is & porticularty good idlusira-
liom af the efratic nalure of the wind. A8 shown in Figuse da, eacirical preducton is subjec] 10 successiva pens
cds af nsulicient wind o astivate the turbings, lew winds, as wall 85 wnds that resull in oplimal output. The
gislributan of tha sites appears o reduce Bichalions in produclion bevels. For Bils example, producticn oacd-
Iates betwoen 1he minimuwn and aobmal outpul eyels. The use factors for this week in January are §1% for tha
kst sie and A9% for the comBinatsan of tha 7 gilag.
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Figura 3. Wind Enargy Production
3.2 Uee Factor and Winter Peak Period

Thie usa factor allow us 1o quanlify the capacily available gver a given period. In a norhem climate and when

healing nascs arg moslly med by eleciricily, there 5 a comelation bebacan the peak demand peniod snd wind

enargy production {Lamberd & Marcelia, 1995). The windser il is, the greater the cooling fackor In homes and

lhe greater the demand (lor heal and elecincity), Table 2 shows ihe olfizalion fackar far the 7 sibes indwidualhy

and combined, for the following periads:

s the 200 hours of (he peek demand {155 0 January, 43 in Febreary, and 2 in Decernber),

s Bha 1,000 hours of ihe pesk cemand (547 in January, 314 in February, 109 in Decermtar, and 30 durirg tha
rasgt of tha year);

= Ma whale yaar,

Tabde 2. Usa Faclar and Wintar Peak Parkod

b Lisa Faciar (%)
200 peEsk 1000 peak Ear
hoLifs hotrs

Cap-Chat &F - 43
Cap-adefaing A 42
fta o' Crldans 47 4 a3
Poinba-tas-Abonts i dd 33
Fanujjuraragik 0 40 M
Mani=Jak 41 g4 4
Cap d'Espoir a3 34 7
A0 T giley £3 44§ i

For wach of ihe sies, Ihe 200 papk hours heve the highes! UF, and the UF for the pasd 1,000 howrs is highar
[han that of ha yEaEr 58 a whoia, This rasull condirms tha 1&ct Ihat in & nariherm Emale, hera |8 8 conmalatian
betwean domand in winler and the wind. Howeser, this phenomenan = nat as evidend § perinds of bess than
thiz 200 peak hours af demand ara ussd. For axample, far a1 hour and (e 5 hows of peak derand 0 1994,



the 7 sites combined showed UFs of 25% and 3%, respactivaly. This pheramenan can be explaned bry iFwa
pralic nature of (ha wind end the need for a sample thal is sufficiently large o produce slaliafically sagrificani
resulls,

L1 Available Gapacity

Table 3 ahews he proparan af lirse during which available capacy 5 under 10% or 20% of inslalad capacky,
first over @ perod of % year and Men for e 200 peak bours. Cwer 2 year, the availehla cagacity at each sita
laken individuady is noarly 2ere for over 8 third of fa lime, Howevss, when all T siies ane combined, the aval-
shble capadity i3 under 10% for T% aof 1he lime cenr tha year @nd ter 2% of 1ha fime during the 200 peak hours,
With Ihe sitos disiribules geogrephacally, the arobasility of producton being zero s gresily reduced, Howaver,
the avadatie copacily thel is really quarantaed 1o respond 1o devsand during tha 200 poak hours proves o be
very low] even with a simulated network of T stes, less than 20% of the nstalled capacty is available 13% of
e fiamee

Table 3. Praportan of Tima when Avalable Capaciy is Less then 10% and 20% of nslaled Capacity
Propartan o lime %) when availehle capacity is less than 105% and 209%

Sila Yaar 200 paak hours
[:E!-E‘II:I“H:. EE-EU'E tﬂﬂmﬁ C'.H-riﬂ-ﬁ.

Cap-Chal 28 N 1 iT
Cap-Madefaina a i{1] 13 17
la d'Orltena a5 42 28 ]
Pointe-fas-Monis a5 42 20 23
Fusuijumranik ] & i5 24
Iont-Joli 43 B0 20 26
Cap TESpoir an L6 33 50
83 7 siles ¥ 27 2 13

Ju Response to Demand, Contributions, and Depandonce on Back-Up System

Cewnn That wind energy praduction i intermilbent and ungrediciable, wind & an unrelisble sounes of power. 15
abways possile thal fare might e no wind and tus lite & fo wind enargy awailable during 8 pesk periad. &
wind enengy projec] 1hid 5 desipned Io respord 1o an establishad annusl demand would have [ be combined
wilh & back-up sysiem that could make up the produciion shortlall duwing parods of Biie or no wind, What then
weould be the groject's immediale respanse fo demand, contributans in excess of demand, and depancence on
1he Dack-up sysiem when there was nsufficient preduction®

14.1 Respoonse o Deamard

For ihe twa wind energy scenanos studied, demand is standardized bo cormespond o the areriy delvead over
8 paniod of a year. Thes, the response 1o demand corresponds o the energy genarated from kour b Rour,
ralpiivie 0 e stendardized demend. M, durng a given bour, fhe erergy generaled surpesses demand, de-
mand is thys 1003 mel and a conlribulion in excess of Gemand i recarded, Mawever, if the energy generaled
b= lezs than demand, thi lalter is only portly mal and depandancs o0 he back-up system is recorded,  Conirk
bulicns and dependence are expragsed as perceniages of dermand far the pericd undar consadaralin {over lhe
year or during Ihe 200 peak hours). Given the stsnderdization of demend relathve fo the enorgy ganeraled
arnually, al the end of The year Be ‘ofad conlriautions will be siriclly eque o fe ol dependence, Tablo 4
ehows. he response o demand of the bwa wird energy scenarias,



Takia 4 RFesponas b Deamand

Yaar 200 peak haurs
Wind Energy UF Erenfy Fespanes o LF Energy Response o
Soenana {%a) genarabed  demands () genmmbad domands (5
{GWWh) {%6) 1GWh
Cpp-Chat 43 GET a7 ity 23 T4
Al T skes a4 527 7B 53 18 az

Thee response o demand & baliee whion ihe wind fam is geographically distributed (G7% for the best siba s@nd
7E% for a1 7 giles combined}. Responsa o demand is also balter lor the 200 pagk howrs than for the wholg
wear. This result corroborates that of Section 3.2, o the efflect thal wind energy produclion tends (o insrease
with demand in regions wilth northern climales and whem eleciricsl heating s widespread,

3.4.2 Contrbulicns end Depandance on e Back-Up System

En concraba berms. the coupling of a wind enengy project wilh anolher anergy sysham coowrs as felows:

= When lhe wino blows enough for wind energy production b exceed demand, the energy surphes produced
fheans enar can be saved in (o Dack-up systam (& foasi luel in he caze of a Ihermal generaling station
or watar In the case of hydrosleciricity];

= Howaver, when the wind is nol Blowing enough for wind enengy produchon 1o satisty demand, recolise
mus] ba made 1o he back-un sysbam o mest Ihe damand.

To ke B leer coMmpaiEan Bahyean onengy syehams, it & mportam o cOmpare -ﬂ|:||i|:m-: thad offer eounvaleni
sarvicas. For exampha, if @ wind erergy system is coupled with a therme! genenabing slation, 1he alter coukd
benefit fram the reducton of almosphéere emissions thal coour when the wind biows, Howavar, il will alga e
subjecied o o decresse n enengy efliciency due o iresmetient operations. By the same tokan, if e wind
energy sySlem s coupled wilh a hydraulic sysiem, the impact of the new flow managament as & resull of inler-
miltent wind snergy praduction musl be congitarad.

Thus, evaluaing the sonlribulons and Japendance of a8 wind enargy syslem alfows the adeperdences of such
& system o be quanlified stang with tha additonal impect af he back-up system. We Ihus messued the con-
iribdions and ihe dependence an hydmoeleciic reservoirs thal are required by 1ha wind farm nelwark o re-
spond ko the standandized demand 1 1994,

These contributions and dependence wena also compared £ these requined by an hydro power plang to 1ha
sare radander Lo offar (he game service. To meke tis companisan, wie consider (e bael of dependence of
hipcrcalecincity, B8 a dependence of a run-of-riear power slatipn on hypdro raseresir. To produce 527 Gt of
enargy whn respond o demand, the run-af-river power slation will reed B cumulalive depardance of 171 GWE
of water siored i reservoirs. To respand o e same demand, 527 GWh of wind erergy producad By ouwr
T sites nelwork will reguire 117 GWh backup. For g0 eguivalent Sarvica, the relalive dependence of the winsd
enargy sysiom on the ragereois s equivalent in 8% of tha dependenca of the min-of-river power giatisn on
Ihese sama resaroirs, on an annuel basis. B we mke ino account only ona wind power sile (the best], wind
powaer 5 jusi as deperdent on resenors &5 @ run-of-river plan, |

Tabtde & presents the anneal and peal heut conlriidiens and dopendence of the wind erargy system. To use
537 GAWh al wind energy (7 sites) b respond o demand reguires 117 GWh of hydraulic power {2X%). In facl,
thix erratic mature of wind means 1het 8 pericd of conlrbutans is aways Tollowed By 8 pariod of dependence an
tha back-up systam, and anky a melatieely smal reservair of 11 GWh (2% of 527 GWh) is neaded 1o compan-
sate for {he inlenmitiant nature of e sind eneagy sysiam,



Tabde 5. Annual and Peak Hour Coalributions and Dependence®

Yamr 200 peak hows
Tatal Cumulalive Tolsd Torlesd Camulanwe
Wind Energy  coniributions®  contribubons snd confribgiions dependence contrhutians and
Bedrario {3&] fopandancs [G) [%) {50) dependence ()
Cap-Chal a3 4 25 25 =]
Al 7 slles 22 2 1B 21 3

" Condnbidions in sxcess of demand, and depenoance o0 the back-up sysiem,
** Crenr 2 Year, ha totsl sontibutions e equal io he Iole depandence.

1.5 Wind and Hydrawlie Energy Combination

En Quabec, whera mone than 86% of sleciriclly & genareted hydraulically, a wind snergy preject would aobwi-
ously ba combined wilth the hydraukiz system, What, howeser, would be the impact af a wind enargy project on
the managament of kpdrauks facililies?

To answer this queslion, Gagnon ard Bélanger (1998} simulated the coupsng of Iwo wirkl energy produsclion
Bcanarios wilh an actual hydraule project,  The Seinla-Marguenta-3 pawer staton, curronlly under construc-
tice, 18 Iecabod an the North Share near Sopt-les in Qudibec. Real and projecied data for this project, namaly
wador flow, tha area and desth of ke fesermoir, e enargy owipul, end physical and envronmenisl camstraints,
were used 1o cefculale hydraulic praductian,

The simulations rapresent & hydraulic energy production of 2.8 TWhiyaar, to which is added a wind energy
production of 0.3 and 0.9 TWh'year, comesparding ko 10% and 25% of e lotal energy produced, respectivedy.
Hytraufic enefgy praduclion is adusted such thet the tobal produclicn—ibe windhydraule combinatar—
Todlovas the patieem af eleciricity demond in Qudbee for 1994.

Frgure 4 shows Ihe productian levels of wand anergy (25% of Iolal erergy at Cap-Chal and Gstruted cver 7
shes} and hydreulic energy, relalive lo demand, for the week of January 1994 when demand poaked.

Demand for hydraule energy fluctuales every day and hour by hour. Whenever there is lithe or ne wind, the
hydraic sysiem takas over and 1ba lurbine lew ncreases (seo Fgure 5. Conwersaly, when tharo are slreng
wirds, hydraulic anergy production k& reduced or even slops, and e flow & conseguently also reduced. The
addilicn of wind energy production has fle offact on walar vel Auctualions in the hedrawlic reseceor. Wind
enangy praduclion impacts immedalely ar gvar shor time periods on waler managament, esgecialy an down-
stragm fows. Table B reveals the effecs of intermitiant wind energy produciion on water management in the
hypdraulic systam,
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Figure 4. Dermand, 'Wird Energy Production, and Hydraube Energy Production



Tahle 6. Effecla of Ihe WindfHydro Cambination an 'Waler Level Fluclualicns ard Fiow in the Hydrewstic Feclily

Prramabar Hydraulic anergy | Basi wind anergy 58 Faragn of
onfy T wind sites
Propartion of wing enengy (%) a 1] 25 10 25
Wind power (MWW - B2 248 102 307
Hydratilie poeer (3] 53T 585 TOE art 6543
Tedal combaned anargy {TWhi 2.7 304 3.68 208 3.68
Woater bewal Buctusainon (m) G0 &7 58 5.7 8.7
Arirueal raimum urbine flow (mi's) 186 206 247 182 228
Anrael minimm urbins fow (mish i L1 ¥ i} 20
Maximurn varalion in durbing fow
in & 1-hiour inbarval [mis) 18 ar g5 18 43

Thee mnnual maxemum furbine fow comesponss bo tha hour Guring which mydraulc enargy production has 1o e
iha highast in arder io salisfy damend, Tha grestar tha propertan of wird engrgy, the highar this Aow wil be,
Conversaly, the annua minimum urkne fow corresponds 1o tha hows during shich wind energy = able o sal-
isfy or almest satisly demend, The grealer the propodien of wind energy, the lower (his fow will be. The
masEnEm vamkation n wrbine flow during a 1- kou® nlereal s De |rgest devialion Debsaen lwo cansacuiiea
haurhy Bow figures, Sudden variations in Row represent a stress and &wan a real cangar i aguatic animals and
vzers of 8 waberweny (wildlife and humsans).

wWilhout being coupled wilh a wind energy progect, Ihe hyorausc sysiom’s twbing fow vanas rom Gt to
186 mils, and the madmum varabon in low over an how s 16 mYs. Adding 10% wind energy o a site nal
only increages e fiow range, but the howly varialion is also mulliphed by & fckar of 2.4, Wilh 25% wind @r-
Brgy, the macimurn flow is very high, 1ha misimum ey rearly nil, 8nd e hoarty variation ks st tmes thal of a
hyraulic project withaul wing anergy. These afacts, allhowgh rediced by the geographacal disiribution of the
wired farm, rermain very significant. Figuees 5a and 20 llustrate the effect of increasing wind enengy praductian
ot Moy sariationg.
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Figura &, Efiext of the Addilion of Wind Enargy on Turiing Fiow
4, Conclusion

Modeling the production of a netwerk of T wind farms distibuled over $evaral regons of Québec has ensdled
ug o bedler undarstand the sersices thal such o wind energy sysiem could pravide. This sludy has confirme
the sireng corretation batweon demand and wind dstribution palbarns, while revealing hat wind enargy procuc-
Ban remaing arretic and unpredictable. Even with T sibes, produsclion i legs than 20% of instaliad capacity 13%
al e time during tha 200 peak hours,



The issues examined 0 this shudy demenstrale ihaf thers are aften mishagolagical emars In camparisons of
encrgy OElienas. W is smportand & consider Al the characionabes of sach systam and compara ihem on the
bagis af an aguivedent service:

+  Eleciricod service i mal limiled 1o Ruling alectransg inta cirpulalion; praduction must be rekable ang prasdicts
able, and & mus! closely follgw domand paderns. At this unciure, wind energy productan is inlerrsisnt
ard arrath, whesheas hydraulic arargy production i as refable as it i@ Nechip:

* ¥When wind enargy i covpled wilh enoiher systam, #s intesmiliani pracuction snd assenialy nonexisten
firm capacity mean that a power back-up sysiem is equired. Moreower, wing anengy combnad wih by
drauic production invelves the managemant of sudden changas in reseroir water flow,

= Awind energy syslem provides erergy bul not power,

= Awind energy sysicm must Be coupled wilh anoiber systam hal is reliable and, perticutarly, Nexitla, Thus,
N envronmenial, econamic, and soclal impeel slugies, the system mus! be evaluzted ehang with ils back-
up fystem. In e cese of & windicssd fuel combiratan, the wind anergy system can daim a decrasse in
a5 emissons B8 8 posilive resull, However, ihe calculation of this detrease must 1ske into accownl
charges in tha offciancy of the thermal genarating stalion 40 compensale Tor Nuchualions i wind TEETYY
preduclion. in the case of 8 wind sad hydrasfachic anergy cormbinalion, the naw Daw managemenl mus
b lakon wilo accownt,

Zoma of tha hydraelecins syslem's negatye emdranmental exlemaitas musk this bie altribwled 1o he wind
enargy system. By he sama (oken, Be facq that the refabiity of the hydroalesiric systam ean help cam-
pansate for he orralic neture of infesmilterd renowable spsiems must be considerad a posilve exiomahiby
of the hydroeleciric syssem

Finaly, wa recommend that fulure research indude the foliowing efpects: the use of several ywoars ol wind
data; an econtmic study thal kes nto socoun ihe service provided snd e greenhouss pas emissons g
wenilad, and the design of a dependence factor that integrates tha Impact on reservoirs and fver Nows,
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APPENDIX
A1 EfMfact of Using Maan Annual Wind Speads

Acearding b tha Danish Wind Turbing Manufacturers Associalion (DWTRMA 1388), using the power curve of 8

vairid lurbine and & sile’s mean annual wind saesd preduces araneous figues lor anmal eleckic energy oul-

pul, Thas, & bwi sfes have the sama mean annual wind speed, bul e wind is highly variable i one case and

very stabile im (ke offer, ihair eleclrical production can be very differerd. For example:

= When wind spesd fgures ane vary closaly greupad around the mean, they wil be well represended by i

= When wind spoed higures vary graally fram he mean, ihe igures above it will praportionally pravide mons
enargy than hose balow § sinte onengy producton i & function ol wind speed raisad o Ihe power ol
thirasg

Table A1 Hlusirakas ihese pAnciples, The firsd row of the table shaws the mean annual wind speed for each sile
along wilh #s slandard devialion. Tha next twi faws show (he anmual eleciric enargy outpul, calculated using
howurly dats and mean annual wind speed. The last row shows the reletive percentage of error bebwesn the
figisres calculabed usng aach melhod.

It 5 ghvious from lhe able hat e bwo methods preduce different results, In particular, the Menl-Jak, Ko
juarapi, and Cap dEspoir s8es have high retative parcentages of arror (22%, 20%, and 16%, respecialy),
These silas are sfso the gnes weh the ivwest mean annuel wind speeds and the lowest freguancias of wind
spesds in Ihe masmum owtpul renge of the lurtine (cf. Tabda 1). Figure A7 demonsirates the apoarent relation
bebwesn mean arnusl wind specd and e arror 0 calculeling energy produced wsing these annual figures
instepd of hourdy figures. The highar the mean annual wind speed, the ower Tha percantegae of armor,

Tabde A1, Effazl of Using Mean Annual Wind Speeds

l-:";rm-eler Eap- E&p- Il Ple-des. Fuupu- Mond-  Cap a7
Chal Madelsine d'Orldkans Maonts  arapik  Jof  d'Espoir | siles

Miean anmikal speed (mesh B.0 F.a T.2 10 8.5 6.3 8.2 T.0

Standand caviaton {m's) 4.4 4.7 4. 18 a7 3h 6 4.1

Energy oulpul [MWHITDneryT)

- Havsly deda BET B40 545 512 474 448 ang 527

- Yaarlymean  data 675 G 514 4T arg _ ast A34 | 4B4

Refabve afroe betasen |he bvo 3 2 & T 20 22 18 B

typas of calculalions (Y

It ts clear that mean annual wind spoed mus be wsed with cawlion gnd should nol be used during sile selaction,
for axampla.
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Figure A1. Relalicn Botwesn the Mean Arnual Wind Speed of 8 Wind Turbine Site and the Error in Estimating
tha Enangy Produced at that Sito
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