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ABSTRACT

A study ïrae mede of Ìrays and means to estlmaüe the

beneflts expested, from the provislon of storage capaclty for
poürer purp06es in reservoirs with controlLed outflow.

First, the problem was analyzed to establÍsh tbe fac-

tors havlng a bearlng upon the magnltud,e of tbe benefits

from storage capacity, These factors are¡ runoff, precLpfta-

ti.on-eveporatlon-d,ffference over the reservoLr; Ioad,, rela-
tlve reservoLr size, nethods of reservolr operatf.on; affected

head, cost relatLons of hydro-electric and thermal-electrie
generating and transmisslon facl,litles. Thelr relatlve lmpor-

tance, the d,egree of pred.lctabllf.ty, and, the Jolnt effect of

influences ln co¡¡blnatlons Ìrere consid,ered,.

then, nethods of solutLon ¡ùere studf.ed, grouped, and

discussed. As e rep¡resentatÍve of tbe sinple uethod,s the mass-

currre uethod, Iras d,escribed in greater d,qtaíI. Method.s end,eav-

ouring to arrlve at a more rellabLe estinate by means of "i-,
nulat5.ng future systen and reservolr operations 

"pp"o*irately
ÌÍere òescribed featuring use of tbe basic rule curve and. eco-

nomy guide lines.

ModifLcations and extenslons Ï¡ere deveLoped for two

speclfLc applf.catLons, Namely, for estinatlng (a) the benefits

of, regulatlon of Lake lflnnipeg for assumed, Nelson Biver power
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developments and loeds, and, (¡) the beneflts of storage cepe-

clty Lncrements of the Grand Rapids reservolr.
The studLes Led to the followlng concluslons:

(f) Verious d,l.fferent nethod,s can be used, to estfmate the

benefits fol electrLcity generatl.on which can be derLved

from water storage regulation, but the results from aL3- me-

thods, even the nost refLned. ones, wiII be affected by the

assunptlons whl.ch were mad.e regardlng future fLows, Ioad,s,

system conposf.tf.on, cost of energy from alternatl.ve sources,

degree of downstream deve3-opment, and other factors.
(Z) Because of the lmpossibtLtty of knowing most of these

factors ulth any degree of accurecy far into the future, one

should resLst the tenptation to go to great reflnements in
the nethods so1ely for the purpose of estlnating the future
storage benefÍts.
(3) fvery reservofr problem Eeems to be d.Lfferent ln some

respect f,ron the others. Many variatLons to the maln solu-

tion nethod,s are possible. ModLfication of ühe selected.

solutf.on method,, to suit the reservol,r probleu ùo be solved,,

Ls ad,vantageous .
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INTBODUCTIOTÍ

As ls well known, unregulated river flow is subJect
:

to dalIy, sEasonal¡ Ând year to year fLuctuatioÍts. Tbe demand

for hydro-electrLc power f.e aLso subJect to daiJ-y, weekly,

seasonal changes, end to year to year changes. Water storage

ranging frou dally pond,age to Ìong term storage, extend,lng

over years, J.s therefore an imporùant means'üo match the ïra-

ter supply more closely to the power requlrenents.

the provislon of reservoÍr capacity for storage pur-

poses ls often t,he by-product of providlng head for a hydro-

electrlc plant at the reservoir outlet. In the plannlng of

most hydro-electric power proJects, however, add.ltLonal ex-

penditures are belng considered soleJ-y for the purpose of

providing storage capacity (or add,itlonal storage capacity)

for flow regulatlon. In ord.er to make en economic selectlon

of the storage capaclty to be provided, it ls necessary to

welgh the eosts of providing that addlti.onal storage against-

the benef,Lts estLmated, to be d.erived. from the add,ltlonal sto-

rage. Therefore, for economlc reasons tt is lmportant to knoru

at least approxlnately the benefÍts of d.Lfferent amounts of

storage capaclty for the hydro-e1ecüric proJect under consl-

d,eratlon, in ad,d,ltLon to the costs involved,. AIso knonledge

-:a.:r':,
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of the beneflts of storage for power purpoees le often d,esL-

rable beceuse other interests nay press for a reductlon ln
the fructuatl-ons of the reservoir level, forcing the power

interests to defend, their position by enphaslzlng quantltati-
:

, vely the economic value of the storage at stake for future
hydro-electrlc energy generation.

, ' this thesis is restricted to the power benefit aspect

of seasonal and, over-year storage. In the first chapter the

factors havlng a bearing on the power benefits of storage

are dLscussed. The dlfficuLty or Ínpossibility of predicting
these fsctors is emphaslzed. The second chapter J.s devoted. to
the descrJ-ption of various nethod.s of estimating tbe polrer

,benef,lts of tbe storage capacity. The thÍrd chapter presents

the solutlon approachee which were developed for üwo speclfic
cases Ín Manítoba, namely, for future Lake Winnlpeg regulation

.a.nd for the Grand Räpids Eeservoir, The illustratlon of the

method,s is emphaslzed rather then the presentation of the r€-
suLts. The L,a,ke wÍnnf.peg regulation study referred, to was cor-
cluded in 195s using potentÍar elte developments on the Nel,-

son River .and load assumptlons as of that date . -
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CHAPTER I

FACTORS INFLUENCING TITE ÂMOUIqT OF

BEMEFIÎS FROM STORAGE

The most. lmportant cha,racteristlc of tbe drainage

basln th¿t lnfluences the benefits from a given etorage ca-
pacity is the runoff amount and Lts pattern. The most 5.mpor-

tant characterletics of the power systen ¡¡ith reepect to sto-
rege beneflts are the firm Load and its varÍation ¡rlth tlne,
the affected deveroped head, and the generation Eources3

hyd,ro-electric plants wlth regula.ted flow, rrn-of-river
plants, conventlonal steam pLants, nuclear plants etc,

Although these factors are d,iscussed, separately in
the folLowing, iü ls reaJ.ly the way these factors are combin-

lng that determLnes the benefits from storage. For instance,
lf the hlgh naturar runoff season nearry coincid,es with the

blgh lqad, seaEon (as in Great Brltain) r 
3* 

storage souLd tend.

to be ress varuabre than if ,raturat f].ow pattern and, road,

patüern were ¡nlsnatched. as is the c.ase in Menltoba.

rsRalsed nunerals designate references contaLned ln the
Bibliograpby on pagee IO5 and 106
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RUNOFF AND

PRECIPITÂIION-EVAPORATION-DIFFBRENCE OVER TTTE RESERVOIR

the runoff from a dralnage basln may eitbor constltu-
to lnfLou to a r€servoir or a group of reservoiran ftom whleb

the flov le then released 1n suftable magnftudos, or lt rnay

onter a rlver stretch between the reservolr outlot and, the

downstrosn hydro-electrlc power plant as unr€gul.atod runoff.
In both eÍtuatLoas, the runoff volume and lte eoaeonal. and

ovs¡-foar fluctuations have a profound, effect on the requl-
red, storago aapaafty and the bonefits accrueing frou, f.t"
the eecunulated, d,Lfference betlreen the lnfLon upstream of

the reservofr dam and, tbe outflow has to be aecoumod,ated, ln
the reservoLr or reloased from lt. The unregulated, runoff
d,ownstrean of the darq calLe for appropriate ogtflon cbanges

,l

frou the reservol.r gpstroam and is thus Lnfluenolng the va-
.lue of the upstream reservoir too. '

Sinco tho runoff is the most inportant factor fn de-

termlnf.ng otorage ca,paclty and benefits, the erp€ct€d runoff
has received the greatest attentlon ln nunorous studteso

Although lt would be deslrable to kuow the runoff, sequence

ln advance, for the useful Life of tbe res€rvolr, Lt ls ge-

nerally recognf.zed, that lt ls J.mposslble to meke sucb pred,lc-

tloaa ¡rltb aay degree of confidence. In attenpts tö predlct

loag ter¡q weather cycles, the correLatious between sun spot

cyclee and l'or ralnfalJ. period,s¡ or }ong tern fluotuet!.ons
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Ln river flowe, have been studled, especÍ,ally durlng the

early 1930t".13'14 In at least one reservolr stud.y, tbe pre-

d,lcüLon of sun spot maxlma and minima (ln conJunction wlth

past flo¡r record.s) ¡ras utilized. to construct a hydrograph

extend,Ln g 20 yeers Lnto the future.S

Most frequently, hov¡everr a repetitlon of past flow

records ln chronologlcal eequence, evenüually nodLfled for

expected future upstream water uses, ls assumed. Some lnve-

stfgatore, in studying long term storage probleros on the Ni3-et

employed paet flolv records as basic data for probabllity stu-

d.les of the expected, range of the nagnitud,e of accun¡rÌ.àtêd.l

d,efLcLency.lo'? Th"i" specía3- approach was made possibJ.e by

the use of the year as ti¡oe element. In the vast LaJortt,y or

storage problems thls tine unÍt rsould prove too large. Short

term runof,f predÍctlons, for lnstance, of the sprf.ng runoff
:

based, on antecedent flow condJ.tlons, snow coverr precf.pita-

tLon and temperature rise durlng the nelting s€esonr are

frequently enployed. their eignifÍcance f,or ühe eubJect of

tbe thesis, bowever, appears to be linited to the effect it

has on t,he method of reservolr operatÍon.

The preclpiùation-evaporatlon-difference over the

reservolr area, positive or negative, can be considered part

of the inf].ow. The total inflow is then conveniently referred

to as infLow-avafl-able-for-outfl-ou. In general, the preclpi-

tatLon-evaporation-difference over the reservolr ls onJ-y a
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snall fractLon of the inflow. Ilos¡ever, evêporEtlon fron the

reservolr gurface is of Ímportance fn arld or eemL-arl,d re-
gions, esp€cl.aIì.y for long term storage reservol.re Ìrith large

Eurface areas. In some regions, the loug term averageg of evê-

poratlon aad prectpitatlon baLance. This ls sometlmes consi-

dered enough reason to ignore the effect of evaporatf.on and.

precf.pÍ.tat!.on over the reservoir. But even ¡rhen precipitation

and. evaporation balance over a long perJ.od of tlne, f.t is
very ltkely that during aum¡ner seasons of low Lnflow evapo-

ration wfII predonLnate and durJ.ng flood seasons ln net years

the prectpitatf.on wil-I predomlnate, especis,ì.Ly lf the fl,ood

season coieLdee H:ith the 1o¡r temperature season.

SLnce übe, Lnf -oÌ{ component (posLtive or negative)

resuLtLng from the precÍpitation-evaporation-d,f.fference oyer

the reservoLr Ls a function of the reservol.r surface area,

the total LnfLor¡-aúailabLe-for-outflovr fs somewhat Lnfluenced.

by the changlng storage content of the reservoir. In most

cases, ho$ever, this lnfluence can be negS-ected, especial.ly

r*here the surface area changes relatfvely t Íttle wl.th the

water surface elevatLon. Long term pred,íctlons of, precipita-

tlon and evaporatlon appear Just as inpossible to make at the

present tine as ruaoff pred,lctions¡ and repetitf,on of past

seguences of occurrence is usually assumed.
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LOAD, RELATI\¡E BESERVOTB SIZE â,ND

}IEIEODS OF BESEBVOIR OPERATION

The reservolr taay be used to nodify the natural rlver
flors into en outflo¡¡ that should be as nearly constant ae

possible or,lt may have to transform a large spring runoff

into small sprLng and sunmer outfl-ows and large wint,er reLea-

s€se Many other varLations, depending on the annuEL load curve

and, the systero tesources, are possibLe. Dependlng on the rê-

servoir slze rel,atLve to the annual runoff, tbe reservoLr may
'

be used for seasonal storage only, for predominateLy over-year

storager or even long term storage extendlng over many years.

If the hydro-electric plant (or plants) eerved by the

reservolr suppJ-f.es polfer excl-usively to large lndustrial cor-

sumers, for lngtance, the load nay be falrly constant the

year round Lndeed, If tt¡e further condLtion of neglÍglble

unregulated inflow betseen the reservolr outLet, and the Power

plant ls fu1fll1ed, the reservoLr v¡í1,1 have to be regulated

to a constent outflow rate. the storage ¡¡i}l be valued, in

accordance with the severity of the consequences of power

shortage, or the costs of alternative power (e.g., steam-

elecùríc por*er), and.. tbe estimated extent, of such shortages

which would occur without storage. As the ratlo of required

outflow to üean inflorc S.ncreases, the frequency and extent

of shortages will. increase and this wilJ. increase the benefits

of fncreuental storage at a gÍven reservoir capacity.

''.'l:ì::.Ì



Most reservolre, hov¡ever, are reguleted for varylng

outflows¡ fpr Lnstance, to supp}y a seasonally changlng loadr
:

to supplement the output of run-of-rlver hydro-electrLc plantst

or to compensate for the changes 1n unregulated local lnflows

between the: reservolr and, downstreams river plants. Thl's requl-

red, outflor* pattern is frequentl.y Just the opposite of the

inflow pattern, requirlng large storage capacÍty, 1.e.2 ln-

creaslng the value of lncrementaL capacity for a glven total

süorage capaclty.

on the other hand, a large anount of conventional

steam-electric generatlng capacity in the system may permlt

very flexible reeervoir operatf.on and the adJustnent of the

outflow pattern to the infl-ow cond.itions, the given reservoir

sj-zer êrrd nomentary content, thus reducing the chances of

spilJ-age and shortage. Obvfously, with sueh e netbod'. of reser-

volr operetlon, thé value of Íncremental- storage tends to

decrease.'Nuclear plants in the syetem, by vLrtue of their

requireuent of e fairly constant base load, bave the opposite

effect upon reservoir regulation requirementg aad therefore

tend tto increase the beneflt of storage

It appearE that the methods of reservolr operatlon can

be grouped lnto three ¡¡ain tYPes:

(a) Begu1atlon for a constant outfl-ow rate.

(U) Regulation for seasonally varying outflow rate

but fol.lotling a fixed Pattern.
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(") F].exib1e reguLatíon with outfLow rates adJusted

to requlrements, taklng lnto consid,eration tbe

season of, the year, the nomentêry storage coatent,

the costs of energy from other' sources, expected,

future lnfJ.otr, and eventuall-y the consequences of

power shortage.

' the laEt mentioned type of reguS.atlon ig the most

lmportant, it pernlts tbe optimum use of the nater resources.

the conposition of most power systems cal.Is for thls type of

regulation.

In the foregofng, attention rnra:s given to regulatlon

for power requirenents. Frequently, the regulatf.on Ls Lnfl-u-

enced. by conflicting other interests as irrigation, navlga-

tíon, recreatf.on, malarla control, etc. these constraints,
:

inposed upon regulatlon, have to be taken Lnto eccount when

assessing the benefits of storage.

'

AFFECTED mAD, COST nELATIONS OF IITDBO-ELECTBIC Al{D

TFEB¡'ÍAL-ELECTBIC GENERATTÏüG å.ND TRÂATSMISSION FACILITTES

The nagnítud,e of the d.eveloped. head at the reservoir

and downstream of the reservofr ls one of the uost f.nþorüant

factors,affectlng the storage beneflts. The storage benefits

may lncrease 3-ihearly wLth the d,eveloped. heEd, or to a Jesser

d.egree, d.ependÍng on the way the inportance of the upstrean

storage dinf.nl.shes ln a d,or¿nstream direction, for Lnstsnce,

': :::: l
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through the regul.ating effect of other d,o¡rnstreanl reservoirs,

nature,l lakesland slúanps¡ oF Just through greater diverslty
in the runoff as tributaries enter and the sLze of the basln

d.raining lnto the rlver increases.

The flo¡¡ regulation affects the cost of electrLc porder

ln t¡uo prLnclpal. lrays. Firstly" it usually permits the instal-
Iaüion of larger amounts of firn hydro-electric cepacity than

¡rould be feasibLe wlthout storage. thLs resulte Ln so-caIled

cepaclty beneflts if the cheapest aLternative of providlng

capaclty costs &ore on a yearJ-y charge basis than the addl-

tional f,irn capaclty made féasibl-e by lncreasing the storage

cepaclty. Secondly, flosr regulatlon permlts increased flrn,
I

hydro-eLectrlc energy prod.uctÍon as it reduces splllage and,

the prod,uction of LnterruptibLe hyd,ro-eJ-ectrl.c energy. This

þernits either Lncreased revenue from l-arger energy saLes end

from a shift ln the quality of part of the energy or it per-

nits coEt reductLon of producing the required emount of firn
energy. Ofüen the resuLt is a combinatlon of both, Lncreased,

revenue from sales and reduced productfon costs. To distin-
guish these benefit,s from the capacÍty benefits, they are

co'n.only referyed to es energy benefits. In most cases of: .flow

regulation, capacf,ty and energy benefits are echieved.

However, it d,epend.s oa the peculiaritles of the sl.tuetlon

whLch benefLt pred,oninates. DurLng the Life of the reservoir

the relatLve vslue of the benefÍts ney sh1ft. Initia1ly caps-
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clty benefits could be of inportance, Later the energy bene-

fits nay surpass the cspacity benefits f.n f.mportance. Even

at a certaLn tLme ln the tife of a, reservolrr the increnental

cepacity benefits c.ouLd predominaüe lf a reLativeS.y emall

storage capaclty for the reservolr stere selected, but would

di¡ainlsh wttb lncreaslng reservoir voL¡rme at a faster Pace

than the incre¡¡ental energy benefits to an extent that the

energy benefitE night be more iurportant ¡rben a large storago

capacity were selected.

To l.llustrate the effect of cost re).atlons, two caseg

are consldered.

Casei Ì: A reservoir serves a hydro-el,ectrf.c plant rthich
I

lras deslgned for hlgh capacÍty factor operatlon in spf.te of
:

favourable sl,te condftions for a larger p1ant. Tbe annual

costs for lncremental hyd.ro-electric plant capacLty are. rela-

tively snalI, The naln purPose of addltlonal reservol.r caPa-

city would. be to increase the d.ependable flows, thus naking

the addiüioual bydro-eLectric cs,pêcÍty firm. Further, let it

be assumed thdt the most suítable aLternatlve to the hydro-

eLectric p3.ant capacity ad.d.ition would, be constructlon of a

higb efficiency thermal--electrlc base load plant near the

load center. the cost for eLectric energy from this source

would, be relatively Low but the annual fixed charges Ìrould

be high, hence the capacity benefiùs of the incremental reser-

voir capaclty are lÍkely to predominate.
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case 2z L reservolr serves a river where a neW 10W

heed developnent appears to be the onLy feaslble additl-on 
l

to the exlstlng bydro-electric plants. The maLn purPose of

laddltlonal reservoLr cep&ci.ty wouLd be to increase the flrn

energy output of all plants by decreasing the spilJ-age of

water through f.mproved. regulation. Further, Let it be assu-

ned that the alternatlve to Íncreasing the reservolr capa-

clty a,nd construction of the }o¡u head hydro-electrlc plant

woul,d be the consüructLon of a steam-electrlc plant of low

efficlency for peaking, but to be base loaded when adverse
:

rLver conditLons denand. In snch case, the flrning up of

add,ltl.onaL hydro-electrlc caPacity nay not in Ltself result

!n a capaclty benefit since the thermaL-electric capacity

lray be cheaper, but the reduction in flrur €nergy productlon

costs, made possible over the years by virüue of lncreased'

reservoir capacity, f" IÍ.kely to be importent. Part of the

energy beneff.t nay ev€n have to compensate for an excess of

incremental hydro-êIectrlc capacity costs ober the costs of

thermal,-electrLc c aPacltY .

Chapter I shows that many factors lnfluence the

amount of beneflts from storage. These factors should, be

I

kno¡un over: tne useful life of the reservolr ln order to de-
I

termlne the optlmum reservoir capacity to be selected by

co!ûparing the benefits v¡lth the costs of provlding additional

storage. All t,he factors, even the d.eveloped. head end. cost

riÌ'i
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relatlons, are subJect to considerable change durf.ng the

useful Ilfe of the reservotr. Pred,ictLons of most of theee

factors are hardly more than specul,atlon.

Neverüheless attempts have to be made to estlmate the

benefità of storage over a proS-onged tfne perS.od in order to

get some guid,ance when asseseing hou mucb storage capacity

appears economically ¡¡arranted. It also happens that the

storage capaciüy of a rese¡volr al-located. to power has to be

Justiff.ed to eneble reJection of clafms of other interests.

The next chapter d.escrlbes and. d.iscusses severaL me-

tbod.s Ln use for tbe purpose of estlnating storage benefits

or capacity requl,rements. Fron the cont,ente of the precedlng

chapter, one may conclude that a high d,egree of, refindment

in the mechanics of sol,ution i.s hardl-y justified since even

.ùhe nost refined procedure cannot glve more rellabl-e reEults

than thE relLabillty of the assumptions permits.



CHÅ.PÎEB ÏI

}ÍETTTODS OF SOLUTTON

In tbe folJ.owLng sectlons several methods that are

helpful in the aeseEsment of the effect of slorage capaclty,

and consequently of Lts benefltsp êF€ d.escrl,bed,. The nethod.E

.ín use &re groupèd according to the effort requlred rather
I

g to applicabllity to different situatlons.than accordlng to applicabllity to dlffe

: SIMPLE METHOÐS
I

i Orr" of the besù known neans for studying the effect

of storage capacity 1s the mass-curve. It I'ras flrst suggested,

by EippJ.¡ a Brftish engf.rr""".1 Figure J- l1lústrates the me-

thod. The cumulative lnflovls (preferably net lnflows adJusted

for evaporatLon and seepege 3-osses) Ln the appropriate units
(cfs-days, cfrå-weeks, or cfs-nonths) are plotted as ordinates

y agalnst tbe tf.¡¡e (¿ays, weeksr or months) a" absclssas x.

The resultJ.ng curve 1s the lnass-curve of Lnflows.

, 
UsualJ-y, past lnflor"¡s in chronologlcal order are em-

ployed, assuming that the pattern ¡rouLd be representative of

the future; hovrever, the same procedure can be used, for any

predicted future inflow sequences.

Tbe slope of the curve at any ùime represents the rate

of infl-ow (tn cfs) at that date"

The outflows fron the reservoir are represented in the

same way as the infLows. The sinp}est case is, of courset



,'rtiX.¡ltrV

Ø'
ñ\¡
a
N

I

-þ
\J\

\

ù
d

Irsc!
\\
tr.f,.,
Kì\ts

Ìt
-Y a)ir\Ür\(\ \¡
ñË
-.)ù{
\, \,

(,\a

L5

Tang e nls lo In/low l,î.C,

fnlhy M6ts_s lLfye

0u{floø/ lrlass Curye

(e,g.rn months)

Fig,/ þ'l qss Curyes {con,¡/øn{ ouf//owrø{e)

a
/tme

Para ll e ( fo ?ut //o w 17.C.



t6
ot¡tfLow from the reservoir at a constant rate, represented

by the sJ.ope of the straight l,lne outflow-ma,ee-cürve. Most

frequentJ..y, the mass-curve method Ls used Ln connectl.on

with constant rates of outflows, but it represents no diffl-
cultles to use any other pattern of out,flo&rs, €.g., repeat-

lng seasonal varLatlons as shortvn Ín Figure 2. In this case,

it ls expedient to have the outfl-orur-masa-curve plotted on a

se¡rarate sheet of transparent paper and to shlft tt over the

inflow-uass-curv€ (in ttre d.lrection of the ordinate) to the

mostunfavourab1eposs1bl.epos5.tionstodeterminethesto-

rage requirements. The difference in sLopes between ühe in-
flow-mEss-curve and the outfloru-¡!.ass-curve represents the

rate Ln cf,s by whlch the fnflors exceeds the outflow, and is
the rate of replenlshment of storaget if thl.s dlfference ig
negative, lü represents ,the rate of d.raw from storage. The

d,ifference Ln tbe ord.lnates represents the accunulated sto-
rage (replenlsh¡oent or draw) since the tine of coincidence

of the two curves, e.ge, the distance A-I ln Figure I repre-
I

sentE the toèal storage repLenishnent during the time inter-
val o to 8r The outflow-nass-curve Â,-If bas been drawn tan-
gent to tbe inflow-nêss-curve aÈ Â. The distance B-II repre-

sents the total dra¡r from storege üo malntaln the rate of
outfLow O-I durLng the time elapsed from o to b. Since aÈ B

the s3.ope of the infLow-¡lass-curve equa3.s that of the outfLosr-

maas-curve and increases wlth tíne near B, the distance B-II
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may be representatLve of the maximum usable storage requlre-

ment for the outfLotr rate sholi'n.

In view of the assunptfons made in any storage study

regard5.ng the futurer r€suLts measured from the mass-curve

dlagran may be adequate, but in general- it ls preferred. to

use the Bêsa-Gurvê only for d.etermi.nation of the crltlcal

perlod.s and to find. the quantltles of etorage or outf3.ow by

computation uslng the accu¡oulation data which rrere aLready

required. for plottlng of the Eaes-curve.
I

1 Often it is convenient to plot onJ.y the accumuLated

d.epartures from the mean fl-ow Ilne O-C (Flgure 1) ae ord,lna-

!es, the resulting curve is referred to as residual maae-

curve

, Assumíng constant outfLow requirements, the mass-

curve study gives the relationshlp between usable reservoir

capaclty and maxLmdm dependable outfl,ow. This relati.onship

can be plotted and Ís represented by a serLes of stralght

lines. Each straight Line stretch is representative for one
:

partlcular crltical- storage d.ep3-etion perlod. As storage and.

outflo¡'r increase, the tine penÍods change abruptly to greater

Length. 0bviousl¡ if there were nany j.nfLors records of sinL-

lar 3-ength availabLe aB the or?e on which the storage depend-

able fLo¡s polygon was based, ma,ny such pol.ygons couLd. be drawn

with the straight 1lne portlons and the breaklng polnts at

d,ifferent Locatlons. The serÍes of polygons would be best
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reprosented by a continuous curve. It e€ems therefore Juatl-
fted to roplace the polygon by a smooth curve, preforably

enveloping the pofnts on tbe safe sld,e (tou outflowa).
(See Ff.gure 11, page 55)

, Tho lncrease ín uaxlmum dependable outflo¡l¡ êBsocfa-

ted, rrlth a storago capacity lncreaae, 1s an indlcatlon of

the benefLts assoclated, with that storago lncrement whea

olrcumstances 8re auch that lerge dependable outflow rates,
extending over perf.ods of many yearse BF€ call'ed for"

If, bouever, the meühod. of reservoir operatl.on ls on

a yearly reservoir depletíon basls (yearly use of etorage)"

the mass-cr¡tve method, can be applled. too" Certafn storage

capaelties ÌrouÌ,.d be assumed, the aunual hydro-eleatric out-
put d,eficlences d,etermlned, and averaged ovsr B.eny Jresre ard

thus the offect of, storage capacÍty increnents ovaluated,.
.

Thls nethod of evaluatLon ¡qouId be more approprLête when

alternatlve power supplfeB are avalIabl,e, ecg* thermaX.-

eloctrlc .pl.ante e

Th,e u,ass-curve method, can be very easfly aþplf.ed as

long aa the unregulated Local- lnflow between reservoir end,

po!¡er p3-ant 1s not exceeding the nagnLtude of the requlred

flow at the plant minus the nlnimum perrrlssl.bJ.e ou0flo¡s fros
the reservoir, imposed for other reasons than po¡{sr prod,uc-

tion" As long as this cond,itlon Ls rcet" the unregulated, 1o-

caL l,nfl,o¡r can be ad,ded, to the actuel lnflow and, the sug
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suppretrented for the actual lnfLow ln the Eêaa-cûrv6e The

true ouüfIow required from the resorvol-r ie thon, of couree,

the outfLow used. ln the mass-curve atudy minue the unregula-
ted, rocgl tnfro¡*. Evidently, Lf unregulated, locar inflow Le

Ln excees of tho abovo mentioned }inlt, tbe oxceaa bae to be

{lrst ded,ucted, before appllcation of the Ba,Bg-cr¡rve procedu-

re since thle excesa cannot be stored, but has to bo apllled
(unless the exceaa rocar inflow Bñirr be purnped lnto the
reeorvolr) " 

r

.lfben the porcer pJ-ant or plants ar€ usf.ng consid,erable
quantitles of uaregurat,ed flow, it iE ueually more sonvenlent
to use the hyd,rograph method. for studyi.ng.the effeot of sto-
rage oapacity" eopecl.arly lf the eontrolled fnf,row Le rera-
tiveJ,y sma1J..I

The analysis starts fron the hyd,r:ograph of, the unre-
gurated, lnflow dowirstream of íhu """ervol.r" lll.tb the eval-
labIe water in storage 1n the upstrean reeervofr, augnented,

by the lnflon to the reservoir, one trLee t,o f,ålr the valreys
of the glven hydrograpb in such a, lrray as to get what one cor-
elders the optinum flow pattern at the plent. Âe'ùbe storage

capaclty ie lncreased, the fLorø condl,tions st the pJ-ant, can

be lnprovod. The f.mprovemsnt. r¿ill be a¡¡ lndLcatLon of, the

otorage benef,l.ts c

sometlmes the change ia tho outfloru durê,tfon curve

d,ue to reservof.r regulation is consldered, Lndleatl.vE of, the
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storage value. If tbe aim ls constant outflow, thLs is Justi-
fied¡ but wlth variable outfLoru rates requfred or pernissib-

le, the change in the duratj.on curve or lack of change coul-d

be very mLsleadlng. To make this cLear, 1-et f.t be assumed

that load and system conditione caLl- for an outflow hydro-

graph exactly the same as the inflow hydrograph except tbat

it is requf.red, in a different seaaon and, further, that thls

shift is accompl-ished wfth the help of a reservoir having a

certain storage capacity" Evidently, the outflo¡r duratj.on

curves, with and without the flor'¡ nodification through the

reeervoir, ¡rould. be ldentical over a long period of tlme.

(Wittr appropriate seLection of beginnlng and end of the

period. for which the duratÍon curves are d.etermined, the

qualiffcatl.on regardfng length of. time period does not

appl'Y- )

The mass-"otou nethod and, the hydrograph nethod. re-
quire that the desired. fLors pattern at the plant is known

and are most sulted Lf ùhls is the hJ.ghest possibl,e constant

'flow. In most actual casesu however, the optimun flov¡ pattern

tov¡ard which regulation shouLd aim.is not gf.ven lnitially.

Therefore, these sÍmp1e methods are l-i.keJ-y to be of lfnited'

,value r¿hen studying storage benefiÈs for pornrer systems stith

al,ternative power and energy sources avail-able and varying

loads. In the following section method,s bet,ter sui.ted for

more th-orough tnvestigatíons will be discussed. l
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, MORE ETABORATE METHODS

These methods are attemptS.ng to approxlnate the ex-

pected future syetem and reservoir operations for different

storage capacitles. Increases in storage capacity trl11 in
generaL be accompanled. by red.uctions in systen operating

costs. These cost reductions are approximately computed and

represent the incremental storage benefits, which have to

be weighed agalnst the costs of provlding that storage

increment.

In order to enable at Least a rough si¡ruLatlon of the

expecÈed future operatíon of the reservolr (or reservoirs)

simi.lar rulEs wfll. have to be observed as ln actual opera-

tions.

One of the most import,ant condltions is frequently

inposed by the mf.nimum hydro-eLectrlc energy outpuü requi-

rements. These requiremenüs wtLL vary frorn week to week or

month to nonth fn an annual cycle, frequentJ-y with a Load

grotrth factor superinposed or they nay al-so suddenly drop,
I

because of the commissionlng of a neuÍ thernal-electric plant

or for other reasons.

To safeguard the nlninum bydro-electric energy requi-

rements, certain amounts of water iclLl have to be kept in

storage at certain dates. lhese minltnun storage anounts plot-

ted versus the d.ate are referred to as basic rule curves.4'6

(See aLso Àppendix for deflnitlon). The basic rule curve
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nay simply represent the envelope of the storêge requlrenentg

for the moEt crltical d.ry periods on recordr4 or it may be

based on all flo¡c perlods Þrith storage reçluirements and. incor-

porate the probabf.lity aspect. In the latter case a series of

basic ruJ.e curves are arrived atp each for a certaj.n proba-

bility (expressed, Ln percent) that the storage prescribed. by

this curve for a certain date wÍll be adequate Ln the future:6
with the same load and systen composltion.-

Figure 3 shons a basic ruLe curve of the flrst type.

The storage content Ís expressed. ln MW-nonthsr plotted against

time. It 1s found. by p}otting the accumulatfon, in reverse

ord,er of tlme, of the deficiency between the minLmum requi-

red flrm hydro-el,ectric energy and the energy availabl-e from

record.ed, unregul,ated. streanfloçr duríng perlod,s of crltically

low flow. the accumulatÍon starts from the end. of the lour

fl-ow perÍ.od. HÍth ráference to Ffgure 3, €.gr¡ at the end. of

January 1941 (as abscissa)r the sum of the l{arch and. Febru-

ary deficlency was p].otted. (as ordfnete) because March 1941

was the l-est month wfth defj.cLent unregulated. streamflow.

After this daüe the energy from unregulated süreanflow ls

greater than the mÍnimun firm hydro-electric energy require-

ments. In this context unreguLated streamflot¡ is the flow at

the plant whlch would have occurred without the action of the

reservoir, uamely the sum of reservoir inflor* pJ.us unregulated

Local lnfIow bet¡reen reservoir and plant adjusted,rfor tfune lag
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as required,. Each l.ow flov¡ perfod gives a different plot.

the basic rule curve represents t,he envelope of alL the in-

dlvidual plots. The sane reasonlng as given on page l-B ag

justlficatlon for replacf.ng the storage-dependable flow

polygon by a smooth curve is vaLid. here too. Conseguently,

it is consid.ered correct to draw a smooth curve (enveloping

curve) ínstead of following exactly the highest ind.Lvid.ual

plots.

Figure 3 shows an envelopfng basic ruLe curve toge-

ther with the storage requirements for the cri.tical. periods

on rshlch lt 1s based..

The baeic rul-e cu.rve may refer to a slnple reservoir

or lt may refer to the cos.bined storage content of several

reservoirs. In the former case the ordinate may rePresent

the voluue of water in storage or íts equival-ent energy if

used over a certain developed bead. In the ca,se of several

reservoLrs, obviousl-y the storage contents have to be e:c-

pressed in energy units¡ €e g.e MÞühr unless th.e flow from aLl

the reservoirs is utÍIized. r+ith equal. developed. head. If at

any date the energy content, of the reservoirs ís at or beloru

the basic rule curve the use of hyd.ro energy should. be red'u-

ced, to the ninimum requírements. Whil-e the total energy con-

tent is d.effned by the basic rule curve the total ¡¿rater con-

tent of the reservoirs (o" any individual reservoir) is not

because the volume of r¡ater corresponding to the energy
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content ¿epend.s on the distribution of the stored. l¡ater aaong

the lndÍvldual reservoirs.

The stored ene.rgy contentsu called for by the besic

rule curvee êr'e counted from the minimum permissible reser-

voir levels for power purposes (energy content zero). These

levels may not be fixed at the beginning of the etorage stu-

dy and d,etermlnation of tho benefj-ts of lncreasing the sto-

rage rs,nge by lowering the minLmum permissible reservoir

l-evels mey be part of the study. Frequently, however, a phy-

sícaI lÍnLtation to thts process Ís soon encountered. Usuel-

Iy, more freed.om exists with respect to the selectlon of the

upper liniting reservoir level. The maxínun perml-ssible sto-

rage Level for power purposes nay be conste,nt the year round,,

but frequently this Level- vs,råes l+íth the seasonr belng low-

est durf.ng the tlme of the year when the largest floods can

be expected, Ln order to provid.e room for excessive flood.

runoff.
In eval"uating the effect of incremental storage on

a certain reservoir, dÍfferent maximum permissible reservoír

l-evels are assumed. for this reservoir rvhereas for the other

existing or contenplated reservoirs of the system the maxinun

and minislum permissible level-s are assumed to be fåxed.

MÍninum permlsslble }evel, baslc rnl-e curve, rnaxinl¡Ë

pernlssible 3-eve3-, mlnimum and, meximuur useble hyd.ro-electric

energy, suppl,emented by sone reasoneble and siurp3-e assump-
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tl.ons concernlng storage diEtrl.butf.on enong the reaervolrE,
Lf there is nore then one regervol¡r Ln the porer syaten, do-

fl.ne roughry the 16servof.r operatf.ons. The firn road rcqui-
rements aad the avelleble electrlc energy souroes euch aa

hydro-eleotrLo and thermal-eleotrLc generatLng gtatlons and

lnterconnectLons rlth other power systena d,eternf.ne the flrn.
maxlnun and nf.nl.nun hydro-e1ect¡ric encrgJr requJ.renente to Þc

obEerved, f.n glnqlatl,ng approxlnately the future reservolr
operatlons.

In realLty addlttonal featore usually erlÊt whLoh nay

Lnfluence the reservoir regulatlons, Theee erc interruptlble
potrer gales, eoet dffferences l.n thernal-eLcotrlo generatf.on,

and dlfferent prf,oe leve1s for energy f.nüercbaage rrlth other
pow€r syoteus.

In mêny cases, tt Lg necegsar¡r and Juetlfled to keep

the rork to a ¡nLnLmun by ignorS.ng theee lnfluenoee.

Eyen eo, the amount of, ruork requfred frgguently turné

out to be rsther large end beLng of a repetitÍve neture the

use of e df.gtta,I oomputer f.e JuetLfÍed,, sv€n though it la
in general gtlIl possf.ble, though raüher tl¡¡e oonsuaf.ng, to
perfora tbe glnr¡Ietlon etud,y nanually

¡ repree€ûtatl.ve perlod, of paet flor recorde (reger-

voÍ¡r lnflows and r¡nregulated Ioca,l tnflore) extendLng ovor

trenty or more years of the past (or eB guessed f,or the f¡¡-
ture] are used ln the slnuletlon studlee rhfoh d,cternLne thc

:4 .:.i



-t-:-'ì+::ii

28

average annual operatlng costs for several storage ranges.

This nethod, can be used J.n many sftuatlons deaLlng ¡+1th snall

and large sþorage capacities and variabLe hydro-electrlc re-
quirementE. The benefits from capacf.ty increments of the

Grand Rapids reservoir $¡ere estlmated by thls method.

Other methods lJere developed to determÍne capacfty

requLrementE f,or long ,term storage on the Nile, uslng statl-

stical approaches uhLch are briefly'descrLbed ln the follo-

wLng. The year yes used as tine unl,t which is an lndícation
that nlong termn means indeed. storage over trany years.

Dr. H. E. Hurst studied, T5 phenomena and 690 series of years,

ranging from 3o to 20Oo y"r"".10 The characüerf.gtic stud,ied.,

the range R, is tþu d,ifference between the hlghest and low-

est accunuLated departures of observatlons fron the mean.

I,ihen dealLng wi.th inflows to a reservoir this means R ls the

vertLcal dLstance from the highest to the lowest pof.nt of

the resid,ual tlêss-crrve (working with rnean annual flows and.

the year Ee tlne unit). Hurst found that log+ = f losj-
û represents the standard deviatLon and N the number of

events, K: O.?5 for river statistics.
For the requlred storage S to guarantee an outfLow B

be found, + : 0,94 - o.g6Vs$
where M Ls the mean of the observatfons. This eQuatJ.on too

was not onJ'y baeed, on river discharges, but many netural phe-

nomena such as ralnfaIl, temperatures, tree rl,ngs, etc.
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Noteworthy, with respect to storage evaluation, fs the fin-

ding that records of natural- phenomena extend.lng over long

periods show considerabl-e variatLons of means and standard

deviatlons from one period to another. Thls ¡rouLd. lndicate

the probabJ.llty tbat a storage evaluatlon whlch had, to be

based on a past period of flow recorde could be somewbat ln

error because the fLows during the future life of the pro-

Ject are dlfferent Ln an unpredictable saÍr even when every-

thing else was pred,icted correctLy.

A. Fathy and ÂIy S. Shukry 1n thelr treet¡¡ent of the

long tern storage problera ¡uorked. with the d.evLations of the

arithnetlc mEen for groups of observatLons lnstead of the

devlation of one observation.? 8.g., mean flows for 3, 5, '1 ,

or 1O year pcrlods were used,. Thi.s was done to allow for the

tendency of hydrologlceÌ phenonena tovrard,s groupl.ng of hlgh

or lov yearg.

The mal.n tool 1n tbls method Ls the trdeviation curven.

This curve lE based on a plot of maximum relatLve deviations

/6/maxLrrun versus the number of years 1n the perlods (groupg)

for uhLch the relatLve deviati.on wae computed,.

The naxLmun negatÍ.ve relative deviatlon, plotted

egainstr eay N = lOr Ls the dlfference between the absolute

(long tern) mean flow and the mean flow for the 1O year pe-'

riod, ¡rlth the lowest average flow. Flgure 4 shors the d,evl.a'

tion crrrv€ for ühe Nelson River (basea on negatlve
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d.evtatlons only).
The relation Ls of the forn /6/roaxlmun : # .

lbe question to bo anslrered 1s: ho¡r much etorage S ls

requlred for a given constant outflow B. If $ is the length

of perLod of maxLmun deficit and MU ls the uean flow durlng

the d,efLclt perlod, then evidently S : Nd, (g - M¿). If the

relative dEfLcl.ency ó-"" ; tu¡ and ß: t't" iB the rela-Ma-t-Ma

tivE red,uctlon of the'oi¡tflow B beLow the nabsoluten mean

fl.on l![Ee then 
ä 

: Nd( ó - rt)

Coneequently, the devLatLon curve needs only to

plled by l{ to give curve N naxlmum fn Figure 4.

dLstance of tbls curve from tbe straight lLne

direction of the ord,lnate' r S'epresent" ü, 
¡¡hlcb

questlon for the requlred storage. FÍ.gure l+ illusürates th'e

methôd,. The resulting d.ependable flow storage relationship

is pJ.otted on Flgure IJ-f for conparison with the correspon-

dÍng relation found, from a mass-curve study. As can be seen,

the Fathy-Shukry nethod caLls for higber storage capacf.t,ies.

Conparlng the slopes of the curves in Figure 11, whicb are

LndicatLve of the benefits from storage capaclty lncrements

(inverse relatf,on), lt appears that the Fathy-Shukry ¡nethod

*page ))

be nulti-
The largest
N Ln tbe

ans¡rers the

':,ì.1
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gives higher values of these benefits for mogt, precticable'
I

ranges on Lake !'If.nnlpeg . :

At firsü glanco, the difference fn stolage requlre-

ments may appear excessive. Hovever, comparison of the

lOOf curve and the 98É curve (uotf¡ found, by the mass-crrve

nethod) shows, €rgor'at 50r000 cfs d,ependable outflow that .

the relatlve change fn storage requiroments from..9Sl to IOOß

is J,arger tbs,n that fror¡ IOO% to the Fathy-Shukry curve.

Since the a*o 
,methods 

developed for the NlIe uork ¡¡l-th

the year as the tlme unit, it is necessary to treat the e€a-

sonal fluctuatlons, uhich occur in supply and denand, sepa-

rately in addltion.

In some cases, the ¡n,ethod,s d,escribed, f'n thl,s eectlon

nay bo consid,ered stllL too approxinate and, ad,d,itlonal .fas-

tors lnfluencing system operation ruill be Lncl'uded in the

studies ar¡ descrl,bed, in the next section.

BEFITED MEÎHODS

By usf.ng electronlc computers, it is possf.ble to si¡ru-

late the erpected, future system operations. Depend,ing on the

importance of the evaluation, various d,egrees of reflnement

raay be seI'ected, and ühe influence of varying assunptions

stud,led.
I

Before the actual simuletion studies can be perforned,

lt f.s necessery to establish the rules for the future systen



: -. -i
:i:-:,.¡.:i

¡:!:t,:l

33

operations. Baslc rule curves, maximum permf.sslble leveJ-sr.

maximum and mlnlnun flou¡s do not yet d.efine the most econo-

nical operation¡ l,t is necessary to suppJ-y addLtional para-

meters, such as lncrementaL water values at certain storage

contents occuring at certain d,ates. For clarlfLcatlon, tt 1g

pointed. out that the term ttincremental vater valuen d,oes not

refer to the benefits fron the storage capacLty lncrements,

the estinatlng of whLch is the thene of the thesLs. The in-

cremental water value represents the probable value of the

top incre¡nent of energy in kWh stored at a certaln date and

Is expressed, fn mlLls/kl,Jh or $/MI'{h, whereas the beneffts of

incremental storage capacity refer to the expected benefits

from the J.agt increment of storage capacitye @og.e the upper-

most foot over, a period of many yearsrpreferably the I1fe of

the proJect, and, ls conveniently expressed ln average bene-

fits per annum per foot increment qf the maxlmum pernf.ssible

reservolr level. the lLnes connectfng points of equal- incne-

¡nental ¡¡ater value on the storage content versus time grapb

are cal.led economy guide Line"o in a paper by Brud.enell and.

GiLbreath r¡hich presents also en aPproximaüe method of d.eter-

nining the incremental water value".4 Th"se lines ind,lcate

up to lahich maximum incrementaL cost level thermal,-electrf.c

generation should be used dependlng on the storage content

*See Âppend5.x for d.efÍnltion,



..'.'r.-+:-j-:d4"

3l+

at I certain detc. At hlgh etorage contents (to rhtch ror
incremeatal ¡rater values correspond) .the lf.neE may indlcete
shether lnt,erruptlbre load rlth a certal,n lor r€ryonue rste

,...,1,,,r,.,,j ahould be eupplLeô or dropped.

the mentloned pap€r rrag found very herpful ln estebrL-
shlng reservolr operatlng rures and a brlef descrlption of
f.teoontent1sthereforcgiven..'.

Pert I of the peper df.gcusses the general theory of
.i.'..1'1'itbeeconoml.goperat1onoftherne1-e1ectrl.c€ner8ysupp1y

sourc€E rlth hydro-electrLc energ¡r sources rtth apprectable 
1

rater storage posalblllttEa, '

art If df'gonEEes the app1J.oatl.on of the tn"ooy to ttre ,

operatlon of the Lntegrated, lenneesee VaIIey Authority eyatem

of ,bydro-electrlc plante, reaorvoLrsn and stean-e¡.ectr1c
planta e

:

In Part I the theory wae developed etartLng fron the
sf'np1estcêEe'ahydrrostoragesysten¡¡1thout.auxi11ary

steam-electrla pouer suppry and for firn load onry, progreE-
. slng Ln eùeps to a bydro eüorage syst,ea rlth a varf.ety

(nurtL-coEt) of auxf.rf.ary steam-erectrle power euppry for
flrn and fnterruptl.ble type loads. lbe developnent of the
operatlng rules had as lts obJecttve long range etorage ope-

IratLon rhlch would result in nlnLnum ennual power produotlon
coetEr oa the aversger .ooneisteat wlth guaranteef.ng aupply of
the load under the noet adverse runoff condÍtlone oa reoord-- 

. . 
: - _ - - 

_ 
- - 

, -
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snd ÌrLthout use of runoff prcd,ictionso

The concepts of baslc rure currre, rio-spilr rule curv€,
economy guLde line ¡cere Lntrod,uced progreaef.ng froa the sfB-
p1e to the oomplex cas€ ae nentloncd before.

BasLc rule curv€ and ao-sptll nure curvs preeent no

pa-rtlcu1ar dlfffcultl.ee eE to understendlng and deternf.na-

tf.on, but som€ d,lscusEion of Lncrementer rater value end

economy gulde l-lneE appeared, useful
.The elnpleet case 1n rhl,ch an eeonony guf.de lLne rould

be useful f.n guldfng operatLon of the reservof.rg.,Lg supply

of flrn load, by hydro otorage syoton (wtth heed affeoted by
l-rEEervo:lr Levelg) r¿tt¡ eLngÌe-eost souroc of e,uxLll,ary

(e,g., thernal-electrio) power aupply.

The ff,rn load Ls larger than the ft¡n energy supply
of the hydro-electrLc system, but not greater than the flrn
energy supply of the hydro-electric thernal-eleatrie conbl-
natLon. rf the content of the reservolrs Lg beror the no-

splrr rure curve of that date, furl uee Ehould be made of
the avallabl.e auxlllary suppry to Lncrease the head beseuse

therel.snochanceofsp111f.ng(basedonpaetf1orrecords).

Areo, ff tbe eontent of the reservoLrs is belor the bagio

rure curve, f,url must be mad,e of the auxl,liery suppry ln
ord,er to safeguard, the flrn load d,urf.ng tbe row flor perlod
thaü may follow.

rfr horeyer, the storage conteat Le above the no-splrl

.rl
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rul€ curvs (and at the Bame tLr¡e ebove thc baEf.c ¡ruIe curvc),
lt nay, or tsay not, bc beneftcl,al to operaüe tbe auxlrLery
por€r source depending on rhat ulll predomlnate - benefltg
fron f.noreeEed head or the digadvantage fron epilling sub-

sequently the rater fl¡rst saved by uef.ng the euxf.If.ery encr-
gJr. Bource. The crlterlon for econonlc operation Ls to achle-
ve the greatest usable hydro-erectrLc ouüput. rf the flon
were kno¡rn fn advanoe, optlnun use of the auxlriery porer
could be determLned for the nGovernLng perLodn. Thls perlod
was defi'ned 

. 
as the perf.od ending rlth regervoirs Juet drasn

to tho baslc rqre eurve or Just frlted by the begtnnfng of
a eubsequent penlod, of drardown, rhichever ooouró l.ater. '

To maxlulze the heed durLng the Gpvern!.ng perf.od rould carl
for maxLnun use of the auxf.lLary source untf.L the date 1g

reached fron whlch on ühe storage content 'Ls euffl,cLent fo"'
thehydro.eIectr1cayetena1onEtoaarrytheloedforthe
renafnd,er of the GovernLng Pe¡riod. The perÍod of naxinum uae

of auxLriary power rLthtn the GovernLng perlod ree calred,
nDeterminant Perlodn. The top lncrement of etorege content

at the etartf.ng dete of the GovernLng perlod, equlvarent to
one kltlh ¡vas retaf.ned in storage utth a g¿ln Ln head, untl,I tho.

end of the Determf.nant Perlod ¡rhen tt flnarry was used to
repÌace thE auxllLary po¡rer. Thus Lts replacement value equal-
led"then on€ ktfh of generatlon by the aurLllary source plus
the energy equlvarent to the corrospondLng av€rag€ Lncreege

1a: a: .tl
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ln head, durlng the Determlnant PerÍod. Tbue, tt f.a evl.dent '

that thLe kwh of otorage le rorth mor€ tban the coaù of a
.t

klfh fron the auxil,l.ary source.

In reall,ty, tbe flow LE not knora in edvEnce as res

assumed ebove, but past flor records cen be nsed for each

ye.er and the ldear operation sLmulated, and the Lncremontal

value for each year canlb" found and the ayerage varue for
altr yeare rLth flor records determLnedo Dependf.ng on the

predoninance of head gain or apilrage the ave¡rêge value nay

be more or less then the cost of one klfh from the auxLllary
source" By chooslng sevefal fevels of, storage contents at
the varLor¡s datee of the year, polnts, representf.ng theee

etorage contentg and, dates, cs,n be rabelred uith tbe f.ncre-

mental nater values end, the ""o.ory gulde lf,ne, corrospondlng.

to the cost of auxlllary porer, can be drarn through the flerd
of pof.nts (ttte ¿ contour lLne through polnt elevations)"

The nore general oase of nultt-coEt aourcos of auxl-
lf.ary energy uas consldered next. MaxLmlzlng the ueable

bydro-electrf.c output c¿nnot be the'erLterLon for ccononls

operatf.on anJrnor€o The obJectlve in thle case Le to conacn-

trate the reduotÍon of naxl.¡nun a,uxllf.ary generatf.on, ¡nede

poss1bleovereperf.od'ofyearsbythenarglnofaY€ra8e

bydro-electrlc generatlon orrer the nLnl¡run reflulred, hydro-

el,ectrLc generatf.on, as much as poselble to the hlghest:ooðt

bloeks of avallab1e auxLlf.ary energy. Ae Ln the prevloue .

:::.r
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case, the fLow was assumed to be known ln ad,vance. Ignorlng

the change in head, id.eal operation 1n any Governing Period

would be a constant auxiliary output during the Governlng

Period to draw the reservoirs Just üo the basic ruLe curve

or to ftII without sp1L11ng. The foregolng statemeat assu-

ned unlform availabtllty of auxllÍary energy and a gradual

lncrease 1n auxlliary energy costs wlth the requlred rate.

As in the case of a singJ-e cost auxiLiary energy

source, lncreased use of the auxiliary energy sources in the

first portlon of the Governing Period, at least to the maxl-

mum of the particular prÍce bLock v¡hlch must be used any!¡ay1

ls beneficial because of the head gain. Depending on the

cÍrcumstanc€s there nay be al-so justifiacation for replacing

some lor'rer cost auxillary power at the end of the Governing

Perlod by higher cost auxlli.ary power at the süart ln order

to gaÍ.n additional head. Using the same methods as descrlbed

for tbe sinp}er case, several economy guide lines are fouúd,

one for every cost block of auxiliary Poï¡er.

If not on3.y firm Load, but aLso load. f.nterruptlble at

the'w1IL of the supplier is served, the case ls not further

conplicated, slnce d,ropping of interruptible load, I's analog

to usf.ng e (.ffcttttous) equiva3-ent supply of auxillary energy

at a cost equal to the revenue from the J.nterruptLble loed,

Part If of the paper deals wlth the appllcatLon of the

. principtr.ês deveJ.oped, tn Part I to the system of tbe

1.: r
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Tenneesee valrey Authorlty. Necesgary end pernleslbre alnp-
lLficatione ere dLscussed and the nstorable Energy Curvesn

as e tooL for the approxf.nate d,etermLnatlon of the eysteu

€sonomy gulde lines are rtntrod,uced,. the Sto¡reble Energy

curveg are Bees-Gurveg of hyd,ro energy ¡rhLch Ls aveilabre
fo: storage. ConsLder first 8 oêse-curve of system hydro

energ:r based on a repeùitJ.on of ühe streamflor recorde eseu-

nLng everage constant heads at the hydro-electrLo plants and

unlLnlted generatlng capacf.tlee. Fron thfs Dasg-curr€ dcduot

th.e mass-Gurv€ for a conetant hydro-electrlc load. Tho !€-
nelnder cunve lp ocsentlalLy e Storable Enen6y 0urvo and

repreeents a sf.nplLff.ed versl.on of the TVA storable Energy

curves" The actual survss used took Lnto accòunt the head

varf.atÍone and do¡rnetreem opf.llage ef,fecte. the appendfx of
t.

:

the TV^A paper givea practlcal f.nfo¡rmatf.on on tbe prepara-

tlon of the Storable Energy CurveE.

FS.gure 5 sho¡rs portions of Storeble EnErgy Curvce

rhf.ch rere determined f,or the tfinnipeg Rl.ver ln Manlt,oba

I'n order to eetabll.eb approxf.mate eoonony ¡iutde lf.nes for
the ltLnnipeg BLver upetrean etorage (Lare of the Hoods end,

Lac seur) ¡rtth reepect to the use of lfLnnLpeg Bf.ver flor in
Iiíanf.tobe, 

.

The use of the Storeble Energy Curveg for estf.natlng

the, Lncremental rater value at a oertaln atorage content :

and date 1s then desoribed. By superlmpoelng a bese grapb
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conslstLng of the system basic rurE curve and, systen epill
lf.ne for future loaô yeers over the storable Energy Gurves,

thet'storabre Energy curve f.s eelected, wbich remaLng rlthLn
the spsoe between the tno curyes of the base graph furtheat
lnto the future (wtthout cutting the curveg r,n the E€rr-
tlne). ThLe requf.ree interporatron betreea the d,rern storeb.-

Ie Energy curvee. Ff.gure ó Lrrustrates the procGdur€.

From the dlfference þetween the ene¡rg¡r requhements

end the hydro-electrLo eupply correspondLng to the sel,ected

storabre Energy curve. the supprenentary üherner-erectrLc

energy requirements ere found. the hlghest cost thernal-
:

ereotrLo snergy that muEt b.e ueed to meet, tbe d,emand deter-
mines the reter verue of the top increnent of storage at
thet partlcular date 1n the fro¡r year. ad,Juatmente for roee

of efflclency through spillage at do¡¡nstrean plants 8,n€ Ea-

de es requlred.

The rverage of the f.ncrementar water valueg for .the ::

se.B€ d,ate end, sa,ne contEnt for ar1 consLdered, flow yeers ls
'the most probable Lncrementar weter value ior that date end ,

content" FLgure ? showe a etorage content rr€rsus t!.ne graph

¡rlth the average Lncrementar reter values entered, rhLch

aerrre EE the baels for d,raring the €oonotry guloe rl.nes.

: Further refl.nenents and iuprovement poeef.bf.r.r.tr.ee 8re
discr¡ssed. slnoe pubrf.oation of the paper, the Tennesgee

Valley AuthorLty hae further developed, and applled, fuoprovemente
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of the methods for system operating purposes.5 However, the

anount of work is prohibitive for estinatf.ng the benefLts

of addltLona,I reservoir capaclty.

Beferences 6 and 1l+ suggest water value computatlons

based, on successlve epproximation procedures. For the case

of e singS.e reservolr, d,lfferent cost blocks of tb.ernal--

electric porrer end, Lnterrupt,ible Load,, they suggest to aEsune

¡¡¡ater values es function of d.ate and, storage content at a

number of points ¡rhich are unifornly dLstrLbuted over the

storage content versus tine graph bet¡reen the basÍc ruJ.e

curve and the spfll l1ne. To find a second approxl,BatLon of

¡rater value for a point (date and sùorage eontent) one

starts from that polnt and computes the subsequent storage

contents corresponding to system operation as d,ictated. by

the previousLy assumed, water values being passed, (inter-
polating the rater veLue between poÍ.nts as requlred,). The

calculatlon fs discontinued after some twenty weeks (ttru

week ltas used, as tine unlt) or earlier if the storage con-

tent reached the upper ¡lermissible li¡ait or the basic ruLe

curve. This is d,one for the same point for every fJ.ow year,

€og. , 30 years. As Eecond epproxi¡nation of the uater value

for the point Ln questlon ls taken the mean ¡rater value of

al.l the termlnation points reached. It is therefore advL-

sable to find the closer approxinatLons starting at pof.nts

of later dates so thet the correctlon of water vaLues at

i.I

il

ì
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earller datee oen benefLt f¡om these closer epproxLnetÍons

eE the eysten operatJ.rrg earcuratLons proceed, in chronologf.-

car ord'er and, ere lnfluenced by the rater values of the

later dates.

Appll,catl.on of the trl.aI and srror method, ls poe-

sf.ble also for e ayetem rytth several reservof.rs ïLth d,ra¡v-

down dLstrl.butLon anong the reservolrs avoldlng unnec€Bsary

spf.Ilage.

Bogard,less of the netbod of water value determLna-

tf.on, rures f,or prope¡r dLstrLbutlon of storage a¡¡ong severel

reFervofrs Bay be r€qr¡tred to keep the reeerì¡oÍr contentg
ì ,ra -¡rfn barancen.l3 rn barenoe moans that the eüorage sontente

are- such that a unLt of etored, energy would, habe the aane

probable future varue to the systen, regardless of lnto
whlch of,'the reservol.rs lt f s plaoed. Thl.s ie approxlmatelyÍ

th: cese lf the contents of the ¡reEervolrs ere such that the

chance of future spllIf.ng le the Eang for a,lr reEervohs..
Obvlouoly, to establish the rules of operation for

.the gf.Duratl.on study f.s an exteneLve computer stud,y'Ltserf.
The main purpose of Lt uourd be to estabrish the ruleg for
economLc, aetuar long renge operatf.on of e oombLned, hydrol
thernar eystem, the uee of, these ruleg for the etorage bene-

.ftt evaluatLon belng of geoond.ary lnportanc€. The n¡Le Gür-

ves End ec.onony guf.de llnes vLII vary somerbat wlth the

assumed atorege oapacity. consequently, for eveluating the
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benefits from lncremental storege capacity more than one Eet

of rures u111 be requlred. the operatLon of the reservolre
caa be done accordlng to thege rures rithout lncorporatlng
runoff forecestg. In reallty, horrever, these rules rlll fro-
quently be nod,ifLed by glvlng son€ welght to runoff pred,f.c-

tlons, for lnstence, for the sprf.ng runoff. Further reff.ne-
nent r¡ourd be to Íncorporate these nodlflcatlons of the
operatlon lnto the eLnulatlon progrem. FLxed, rules for thlg
hevetobeeeteb11shed,based.ontheknowncondl.t1ons8t

that tine es antecedent runoff magnltudes, snor coyer, pre-
clpl.tatlon, tenperature, and, other eultable Lnd,l.ces .

Although the eLnulatf.on n¡ns on the couputer cen be

done for e nearly urrrlnlted, varíety of asoumptiong, ueing
past flon records or specul'atf.on on future flor pattern,
d,Lfferent load growthe and, system compositLon, and dtffe-
rent capacl.tf.ee of the regervofr rhose storage beneff.ts ar€

to be asseEsed, economf.c consideratf.ong and time 1f.nf.ta-
tf.ons u1.11 Lnpoee restrictlons Ln thls regard,r FJ.na3.Iy, Lt
nay happen thet the ve¡rLatlons in the assunptLone yLeld

:;::::i

:ì:ìÌl

df'fferent answerg rLth the result that need for applyLng

Judgnent ¡1111 not be conpletely ellnLnated,, but Judgnent

1111 heve to be exerclsed Ln gf.vf.ng dLfferent ueLght to the

varyfng enelrerg ln nakLng a decLsion on the etorage capacf,ty

to be provided"

In the next chapter, t¡ro specf.ffc ceeee are dlecueeed,
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f.Ilustratlng the appltoatlon of ef.nple and of Bore elebo-

rate nethode.

' ,. ..)

.:.: t:i::l
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CITAPTER III

sol,utloN Âpp8oacnEs rIsED It{ ltfo SpEcIFIc Cj,SES

For the flrst case, Lake lfinnlpeg regulatf.on, the
DaBs-GUrve method rag further developed for applfoatLon
to speeÍfLc problena of reguletlon.

The second cage, dearlng slth the Grend Raptda r€aer-
vqLr capaclty, ls Borê typical of the'storage benefLt prob-
lemE generally €ncountered, and en epprox!.nate ¡inulation
approaoh rrs ueed,. .

LåKE }ÍINI{IPEG REGUI,ATION

The gtudLes of, the Lekea wr.nnf.peg end, uanLtoba Board,,

underteken fron ¡-956 to l95gr f.ncluded, an appral.sal of the
beneff'tE to bE expected from take lff.nnlpeg reguletloo.l2

BenefLte f,ron lake reguretf.on ere, of oourse, not the
se¡û€ as the benefl,ts fron etorage capeafty, but the'problen
of evaruatlng them Íe qutte elnLrar. The dif,ference beüreen

etorage benefits and neguratlon beneflts llec f.n the orf.gi-
ner Eituetlon to vhLch the improved condltlon lc conpared.

when evaruatlng etonage benefits fhe:llmprovement !,g coqnted,

from a neglf.gl,ble or e¡¡arl uncontrorred etorage capacLty to
a large controlled etorage capaclty. lrlhen eveluatf.ng lake
reguletf.on beneflts the lerge storage capaoity elready ex-
lets end the lnprovenent, oonslets only in sontrolrtng ite
r¡ge, uhicb BrJ¡ Lnoreese, leeve unchanged,, or re.duoe thc
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neturel ll.ve otorage capacity (range of l-ake LeveL fluctua-

tions).
In order to assess the expected benefLtsr ssaumptions

hed to be mad,e regardlng the usq of hyd,ro-electric power to

be produced using the outfl-ow from Lake I'Iinntpeg. Lake tllnni-
peg Ís dralned by the Nelson Biver which flows into Hudson

Bay (ftgure 8). Over a distsnce of l+10 míLes, the rlver

d,escend,s 7J.2 teeL Many potentiaL por,¡er sltes, total}lng

more than 600 feet Ln head, exist (flgure 9). Depend,lng on

the degree of developrnent and the nature of the market to be

supplied with NeLson Biver power, the benefits from lake

""golatlon 
w111 vary. Regulation of Lake l,iinnlpeg uae there-

fore gtud,Led for three d,Ífferent situations: flrst, partf.al

d.evelopment of the aval,l-able head, for the southern l{anltoba

system¡ slcondr development of all pol¡ter sltes for an un-

cþanging nonthly load having a load facto:r of 0.8; and

third, partial developnent, combined with regul,atlon per-

nitting postponement or eLiro.ination of development of Less

favoureble oites, for en assumed. load, type as in situati.on

two above.

The firEt sltuatlon was considered, the most like1y to

become reallty. More effort and time was devoted to lts çtu-

d,y than to t,he other two situatlons combined. In prlncipsl,

the study was cond.ucted al-ong the ss,me 1lnes as the Grand,

Bapld,s reservoir stud,y, discussed, ln the next section.



!:;:i-<,-\L:14

:..I

.t

l

,'::::':

iì

i

:

I

Reference þlop
Ío, €hapfer Ø

50



F
le

ys
{io

n
in

 fe
et

 
S

i*
e::ii

:.i
:.

70
o

lo
o lo
o

lo
o

7o
o

2o
o

/o
a

S
 it

'e I 2 2 q r 6

€o
 

/a
o 

/9
0

Ð
ìs

td
 n

€e
N

am
ê 

ne
ad

 ff
lil

lti
sk

e.
y 

Ja
rl,

 
2€

'
llh

ite
m

ud
 f

ø
/[s

 
+

/.î
R

 e
d 

F
oa

k 
R

a¡
oi

ds
 

õO
K

el
s 

ey
 (p

or
{id

lly
 d

ev
el

),
to

B
i r

lh
 d

ci
y 

R
ap

id
s 

' sJ
U

pp
er

 ê
at

(,
4q

pi
d*

 ?
q

F
tg

. 
? 

P
rs

fi{
e 

tf 
N

e/
so

n 
Ñ

iv
er

 if
/,t

fh
 &

w
er

 'Ë
i/e

s 
t:^

$ 
f r

ûp
os

pd
 in

 /9
s8

é7
€

//

a4
Ê

20
0 

2r
o 

30
0 

ãí
o 

40
0

/:o
.f,

 l
ak

e 
lr'

in
ni

¡e
e!

 O
ut

te
t 

in
 m

ile
s

Ö
tf€

 
lv

ûm
e 

H
ea

d 
ft

? 
Lo

w
er

 6
ut

( 
R

ø
pi

ds
 J

t//
f

8 
B

iq
 H

¡ 
tt 

3,
8

? 
x 

él
tle

 R
 a

¡t
ía

s 
5q

/0
 

Lo
ng

 5
/r

ru
ce

,?
or

pi
ds

6?
ll 

A
ln

íe
yl

on
æ

 R
a,

ei
ds

 /€
6

/?
 

6i
#a

m
 I

s 
l*

 n
d-

 
7A

?-
F

?

::l
l!

-,
!! iti ì.4
ì I I i

vr P



52

FurthEr dl.scussLon of the beneff.t evaruatlon for thig el.tu-

atf.on Lg therefore onltted,, except for tbe renark that the

etudy uae done wLthout the help of an elEctronlc oonputer

and, nLth a ooneLderable degree of arbitrarlneeg f.n sinule-
tf.ng expected regulatlon of the reservoLrs of the syeten as

co4pared to the Grand Rapf.ds study.

The loed assunptf.one for the ot,her tro sLtuatlons
made l.t possLble to evaluate the potentlal beneflta of dlf-
ferent storage ranges by nethods bascd on the uoe of the

lnflor-aval]'able-for-outflou aê8e-curyê.
.

The 4valuetlgn glþle Eegulatf.on Begg8lgg-Efter Develgonenü

of Al]. Ne1son RÍver Sflee

Ia eveluating the regulatf.on benefLüs Lt ras condi-

dered thet an lncrEage ln hyriro-electrl.c energy productlon

rrtlil el-raye be advantageous. provLded there fe a Bsrk€t, but'

the value of flrnlng up capacJ.ty wfll d,epead, on the i"to".
of the market and on the cost of Lncrementer hyd,ro-electrLo

and thernel:electrlc capacf.ty. Not knorf.ng the ¡r.equlrcaenüe

of the future aerket the benefl,tE of regulatf.on uere atudLed

for outf].ose (a) depend,able durlng lOOl of the tf.ne end

(¡) dependable durl.ng gOfr of the tlneu The procedur€ ree as.

fo].loss3

Using tbe mass-crrrv€ and tbe tabuletlon of cunuletive

Luflorr-avef.1¿b1e-for-outflow (fron rhioh the nees-ou¡lv€ ras

+- . i.1
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plotted) tþe naxltrutr ].OOl d,ependable florE correspondln8 to
oertaín storage capacLtles uere found, f.n the _ueual Eenner.

The reretl.onshlp between etorage and outfror of ¡educed,

dependablllty weE determlned es folrors¡ a certein deeLred

outflo¡r wes esEumed and conbf.ued vltb varroue reservoir
capacltJ.es al1 Lnad,equate to nake the frow roof depend,abre

o"rou the lnflor reoordE of the past. Funther, reguletl,on

ras assuned such that the outfrow equars tbe lnflor rhen-

ever the lower or upper lintt, of regulatlon ¡res reacbed,

keeplng the regervoLr lever constant. Flgure I0 tllustrates
the nethod uged to flnd the percent"age of tlne ühe fror
wourd, be d,epend,able nLth a oerteln storage capaclty and the

asgumed, Lnflons. as uhooo ln the sketcb, the tLne perlods

during rhich the reservol.r wou1d, reaaln tremptyn (at tte
loner pernlasl,bre lever) and the infLow leEs than the desL-

red outflow were deternf.ned, for the totar perfod of reoore,
verifled rttb tbe tabulated ff.guree end deducted f,ron the

totel tfme of record. DesLred outflor and etorage capaolty

repreaented, a point,'on the p'loù of storage v€rsuE ouüfror
rhLoh ras labelled rLth the percentage of tlne the ouùf1ow

roulð equal or exceed the plotted value. lbls rEs done for

"::';i ;ï1":';":ï.:ï,".1'ï:,ï::::::ï"",,.""'J::':::: :"::
Just ll,ke one would drar oontour llnee usf,ng the peroentage

,'
, lebelE eE elevatLone. FÍgure 11 shors the reXatLonshlps
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between outff.ow and regúleülon renge for dl,fferent d,egreee

of dependabllf.ty. fn vfer of tbe large eurfacg area of Lake

Iff.nnf.peg this area rras assumed constant¡'fndependent of eür-

fece el,evstion. thls pernLüted, substltutlon of the regula- :

tloa renge Ln f,eet for the etorage aapaclty rlthout d,eflnfng

tb-e actue]. elevetlons.

Tl" next step was to aonvert the d,ependable. outflors : 
i

l.ntocapac1tyendenergyga1ns.Thl.gwesd,one1nesomerhat
i

dlfferent way for I0OÉ dependablltty and, for 901 depeadabl- i'

ifity:
(e)Fordependab111tydurf.ng1o0Íofthet1nethelnste11ed

capacf.ty.wasbasedonthenåx1¡¡unoutf1orrdependab1edurf.ng
i

lOOl of the tl.me¡ aosumlng repetÍtl,on of pagt, fnflor petterns 
ì

in the future, except for antLcf.pated man-nad,e nod,Lfl.cetLons. 
i

'Applying the eerlLer mentLoned, l.oad, factor of 0,8, l0S spare 
l
:,

cepacLty¡ and a developed head of 655 feetr'the LnateJ.led ca- |

paclty that can be supported by a aertaLn storage range was

found. If the same hydro-electrLc LnstellatLon rere pnovlded i

to make use of tbe unsontrolled, outflor from Leke t{J.nnipeg, ,

a certaln anount of stand,-by capaclty (aa auxLlf.ary por€r

.Eource) wor¡Id be required, end e certaln amount of energy

would have to be aupplied from Lt. The elialnatlon of the ¡r
.,

annual coste essoilated wlth.the auxllf.ary power and energy

eo¡¡rce Le representatlve of: the benefltg fron oontrolltng

f,eke lÍlnnlpeg outflore over e certaln rsnge for powsr purposes.
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To f,lnd epproxinatery the magnLüude of the pouer and snergy

requf.red from"the auxllf.ary source, wlth.Leke _Irlinnipeg unre-
gurated, the change ln the outfLow duratlon cr¡rv€, or Eore

correctly the change Ln the corregpond,lng prod,ucÍblo pouEr

and' enerBI (aesocleted with Leke. T'Ilanlpeg regulatton), cou1d,

be. conELd,ered, La thl.s case, becauae of the ee:surnptLons nade

regardlng coneüancy of load. It uas further assuned that aIL
prants ¡1111 heve ad,equate pondage to pernr.t study of the
lake regulation on a nouthry basl,s, FLgure 12 lrluetretes
the princlple.

Ao long ßE head end efflcfenoy (on strletly opeeklng

theLr prod,uct) can be assumed, to reneln the eene for erl
flows, the se¡tre curv€s f.n Figur e L2 cen eerye for frow rates
througb the turbines. end, power outputs theré bef.ng onry e
dlfferenae Ln scale" rr¡ rearf.ty the head, ueefur,.fgo porer
productf.on, and, to some extent also the efffclency, rtII
change with the frou. This Ls Lndlcated, ln Ffgure 12 for the

higher flowg" EvLdently, some compensatlon ror thte effeot Ís
posslble by tenporarlly encroaahfng Bpon ühe l0f',spare cape-

clty provf,cled,. rn view of eII the othe¡r assumptlons made¡ and

because of lnadequate knowredge of, the Lncreaee ln head loe-
seor tgnorLng the change ln. head appeared, JustrfLable" rt
ras found, exped,ient to plot the ene¡rgy gein eFea (hatched ln
Flgure L2) t e.xpressed in cfs, versus tbe corrôsponding depen-

dable fLor, a.leo f.n cfe, Ln ord,er to get e continuous
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relatlonship between energy gaLn and naxLnun I00f d,ependable

outfrow whlcb ltserf LE related, to the regulatlon renge on

Lake lrllnnlpeg (t'1gure 13). The capacity galn ," n"ooortlonal
to the df.ff,erence between maxlmuu IO0Í d,ependable outflor
and the ml.nimum mêen raonthly outfron on recond, as 1ong sa

tbe changes Ln head losseg can be J.gnored. Thle rea aasumed

to be the c8,8€¡

(U) For dependabtltty during 9Ol of ,ihe tLne, the capecfty

Saln (enalog to the ebove) f" proportf,onal to the dl.fference
beireen the 90É dependable outflor (dependable durLng g)fi ot
the üfne) anO the loweet Fesn nonthlyrnatural outf,letrr

To fLnd the enorgy gaLn, ua€ was nade of the plot of
eaergy gaf.n, expressed in ofs, for l0Of depend,able flor vet-
sus the 1001 dependable f1or" From thls graph (ftgure 13) the
flow Lncrease oorr€spond,J.ng to a 1O0l d,ependable outflow of
the sa¡¡e nagnLtude es thp gOß aependaile outflow ras rêad.
From thfs value the defLcf.ency in f.nflor, ocouming during
]:al of the tLne, had to be d,educted,. This ebortege was found,

¿

from the fnflor raeg-crrv€ (or nore eccuratery fron tbe tabre
of accumurated, f.nflor-evaLlable-for-outflo¡r from rbf.ch the
Btss-curve uas plotted) as lndlcated, f.n FLgure 14. It ls r€-
caIled that the deternlnatLon of the 90f dependeble outflor
was baeed on the assumptlon that the outfror equars the
lnflow-avallabre-for-outflow when the rorer rlult of regura-
tl.on is reached ae long as the inflor-eval.reble-for-outfLor
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d,oes not exceed the 9A% dependable flow.

The period, of record was d.ivided, into sub-perJ.ods

Ilke tbe one illustrated, in Figure 14. For each sub-period,

having a shortage X, same $ras computed from equatf.on

where n

D

Íz
months up to tine 2.

S avaLlable storege capacity ln cfs-montbs for po-

wer purposes (excludes flood, reserve capaclty)

X fl-ow d,eficiency accumulated in the considered

sub-period,, in cfs-months.

Having d.etermined. X from all- sub-periods, the total-

average d,eficieqcy ln fl-ow was computed, 
"" + cfs where N is

the total nu¡ober of months of the period of record.. This is

the amounù by whLch the energy gain, found, as described eer-

Iler, had. to be red,uced. to get the energy gain when regula-

ting for 9016 dependable outfLow, The rest of the evaluation

procedure was tb,e sane nhether reguLatÍon fôr fulI or for

red,uced, d,epend,abllity was assumed,. ihe fIo¡ç.rate Lncréeses

in cfs representative of capacity gain and of bnergy galn,

were first converted, into MW and stcontínuous MWn respecti-

vely and flnally fnto average annual d.ollar-benefits. (For

convenience, energy htas not expressed' in }îlfh but in

nD:12 It S-X

number of months in the consid.ered. sub-perlod,

the 9Ol dependable outflovr ln cfs

accumuLated inflow-available-for-outflow 1n cfs-
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ncontlnuous MÏtIn representing the everåge Power output over

a tine period,o

A constant developed. head of 655 feetr ão overall

efficf.ency of 0.8, and. & capa,city factor of 0.727 (0.8 load.

iactor and 10É spare capacity) were assumed for the first
conversion. Flgure 15 shor¡s the benefits 1n lfúI and contl-

nuous Mtü as a functi.on of the regulatLon range.

Expressfng the benêfits in terms of money rpermitted

combining capacity and energy benefits into total benefits.
The foLlowing consideratíons guided thls l.ast step of the

eva].uatÍon.

In order to achieve the sa,me poÞJer and energy output

¡¡ithout Lake l{innipeg reguJ-ation as v¡íth regu3-atlon, it was

assumed that NeLson Biver power v¡ould be suppLemented by

conventÍonal steam-electric pohler. Tl¡¡o possibllities of

supplenenting NeLson Biver pot{er und.er natural storage con-

d,Ltions (lat<e Winnipeg unreguJ.ated) were compared.

(f) Duplicatlon of that portlon of hydrô-electric

capacity that fs not dependable (log or 100Ø of the time) uy

steam-electric capacity.

(Z) Uyaro-electric plant Ínstallstion under unregula-

ted conditions is linited. to the d,ependable capacity for

natural Lake i{innipeg outflows (ÍncIudíng 10É spare ca,pacity)

Since in the first case +-he sê,ne amount of hydro-

electric capacity would. be Ínstalled, with Lake !ÍlnnÍpeg
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unregulated es und,er the range of reguLetion belng evaluated,
the energy gain fron reguratlon rrould be relatLvely smal].,

but the coet of havLng a large portlon of the LnEtalled
hydro-erectric capacf.ty d,uprlcated by steam-eleatrlc oapa-

elty rould be high.

rn the second caae there rould be no duprlcetion of
capaclty. The investnent coEt for the conblnatlon of hydro-
erectric and steam-erectrlc capactty ras expected to be ress
than the lnvestment costs for an arr hydro-electrLc deverop-
ment. The anount of onergy to be supprled, by the stcan-elec-
trf.c plants would be much greater than in the fLrEt casee

Ïlhlchever of the tro nethods of etean-electrlc sup-
port, or conbinatlon thereof, results ln the lorest overall
costs shourd be ueed, for the beneflt estlnete, whcn evelue-
tlng Lake Iflnntpeg reguretion combLnetLons of, tbe tro ne-
thods r*erô not lnvestf,gated,, Duprlcetlon of the not depen-

dable hydro-erectrlc capeclty rras found to reaurt ln resser
overall costs for reguratf.on rengee of at leest tro feet.

Evaruatlon of the regulatlon benefits uef.ng the coste

of, steam-erectrLo power uas based on the essunptf.on thet no

alternatLve eLtEg exLst for hydro-electrlo plente that could
euppry fLrn power cheaper than eteam-electrlc ptantao \

' rn eccordance with the f,oregoJ.ng, the beneflts of
regulatlon, for reguratlon ranges of ùro feet and greater on

Leke 'ulfnnlpeg, rr€re defLned, es the coat of eleotricel €n€rgy
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from stean-electrlc plants¡ and the cost of providl.ng the

stean-electrlc capacity required in co¡¡blnation rith the

Nelson River plants to yield the same amounts of fLrn polrer

end energy wlthout Lake tüinnipeg reguJ.ation as the Nelson

River plants alone cou1d, suppJ.y witb Lake Winnlpeg regula-

tlon.
i

Figure 16 shows these benefits es a functlon of the

reguletion ringe as f,ound 1n the studies for the Lakes lrfinnl.-

peg and, ManLtoba Board.

One of the most Ínportant assumptions on whLch thls
'

beneflt evaruatl.on was based, was d,evelopnent of arl sLtes to
the sane utLlizetLon of flow, i.e. equal plant discharge

capacity. However, 5,t ney be more advantageous not to deve-

3.op some of the more expensive sites and, üo compensate for
the lost head by increasing the capacity of tbe 3.ess costly
sltes end Íncreaslng the reguration range as requlred, eccor-

dlngly. Begulatf.on beneflts based on thfs crlterlon nere

deüernlned, es d,escribed, in the next'.sectÍon.

lotentleL Benefits of-Egggle!åon-AgleLEgrtfg1 Dgyelopngnt

lroge! Pgstponeuent of_Developgent_gt_the Less ê4ggn!agggus

Sites

.û,s long es the potrer demand 1s less than the power

potentJ.al of the Nelson RLver (power aveiLabl,e at fulI d,eve-

lopnent of a3.l. sf.tes with the Largesù practiceble Lake :
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WLnnipeg regulation range for porer purposes) lt nay be pos-

eLble to suppJ.y .the demand elther by eddlng oapaolty at exf-

etlng pLante end provldlng the nec€ssery Íncrcase Ln storage

cepacLty or by developnent of additioner sLtes rrithout ln-
creaa€ f.n storage. Although tt ls llkeIy that e combinetLon

of þoth would be the cheapest provf.sion for certaln lnoreased

pover demands, the benefits of storage uere estlneted by con-

pering only the above mentLoned tryo weys of addf.ng capacf,ty.

The coEt advantage of extend,ing existing pLants nay be conel-

dered as the beneflt of reguratLng over tbe requLrcd íange.

carcul.atLons were perforned for roed cond,itlone requf.rlng

901 dependability.

The sê¡ne approach could, havE been uaed for IOO! de-

pendabLllty.

Estf.natJ.ng tbe þenefite proceeded, as follorsB
The poüentlal energy productJ,on dependeble durLng

901 of the tine was deternLned ¿ssr¡6i¡g elr sltes d,everoped

and the lake regulatèd over a nomLnel renge of on€ foot Ln

ll.eu of usÍng the netural" outflow rates fron Leke wlnnipeg"

Thie exped,S.ent was used because the attenpt to bage the be-

nefLts on the unregurated state shoned, that nanJr of the Lor
head plants oou1d, be elininated by compensatlng rtth eddi-.

tlons at the remalnlng sf.tes requlrlng only a very enelL

regulation renge (eround ons foot) untll the n¡,i¡¡eetonc

BapÍdsn ¡rroJecü rl.th the largest heed concentratlon
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(rag feet) wourd, have to be dropped. as bef.ng ftnally ths noat
expensive of the renaLnf.ng sftes. Ellml.natlon of euch a large
portf.on of the head rrourd havo requlred, en exceseivc range

of regulatLon. as arready mentloned earll.er, a load fector
of 0.8 and 1OÍ spere capaclty ¡rere assumed ed we]']. as oon-

stant mean nonthly energy demand and conetent'nonthry peak

denand. The folrowLng baelc ff.gures (for one foot reguratl,on
range) were found

Flo¡r rEte depend.able during gOl of t,he. tine 60TOOO cfee

BaÈe of average fror usable for conyerslon into energy

J8ro00 cfs (d,eternLned as d,escrl,bed, rn the prevlous sectloa).
I{tth a total doveroped heed ot 6i5 feet end aseunLng gol

efff.cf-ency, the totar Lnstalred, capacf.ty amounte ro 3066o uw

prod,ucing 3r33O Mlrt of peak poyrer¡

The elinlnatLon of the most expensive proJect,
ttWhf.bkey Jackn, reduced the heed, by 25 feet fron 6j5 fect to
630feet"Tocompensatefortheheedreductfon,the90Édc-
pendable flou and the averege flor coavertlble lnto €n€rgy

have to be Lncreeeed, The power output, which Le to remaln

unchaaged, Ls propo¡rttonar to the product of flor ¡rate tlneg
heed" The flor rates requlred rLth decreased, head r€re therc-
fore found to be 62rtrOO cfs and 601300 cfg tor gOl dependa-

blllty and fo" everage energy output respectfvely" From tbe
d,ependeble flow curves lt was found thet a reguratlon rangs

of two feet would yleld a flow ot 631200 ofg dependable
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durlng 90ß or +.he tlne. The average florr defl.olerrcy (found

as descrlbed in the prevlous sectf.on) would be 2rzjo ofg..

.â'ccordlnglrr the flow representative of the poeelbre Gnergy

¡rrod,uctf.on wou1d, be (63_ZOO - 2t2j}) cfe = 60rg|¡} cf,s"

comparing these flowE w1üh the requf.red florys shored that
adequate energy prod,uctlon potenülar is the orLtcrf.on for
the requlred regulatlon range. rnterpolatf.ng rl.nearry gaye

.the requlred Lncrease

(:6,0'399 - Ig¿999 * (e - r) tt, = o.?rì rt.)( 60,956 :-i6;000 ^
of the noninel one-foot reguratf.on renge. Thue Ít ras found

that an Lnarease of the regulatf.on range from one foot to
1.8 feet wourd, pernlt erLnlnation or postponement of the
costry nwhf.skey Jacktr deveLopmentn rn order to utLllze the
J.nproved, flo¡rs end to have the seme totar plani capaolty on

the Nelson Biver wLthout the tfhLskey Jaok prant, the cepa-

cLtl.es at the renaJ.nlng sltee bave to be larger by

6.tç - r - ,d
655 - 25 ¿- *Joc

the cost of the ltlhlekey Jack plant was eEtÍnated to be

867 r000r000, whereas the coat of the Lncrenenter capeoity

at tbe re¡naLnLng plants uas estlmated, et on1y i23tOOOrOOO.

Applytng 8.3fr annuer oharges on the Lnvestuent dLff,er€nce,

the ennual beneflt for LncreasJ.ng the reguratf.oa reng€ f,roa

ono foot to I"8 feet reE found.
.Th1Eproced,ur€yeare¡áeatedafert1neenate¡oh
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repetltion e}f.ninating the most expenslve slte to develop

from those Íemgl4iag. The resuLtj-ng benefit regulation re,nge

relatlon 1s shov¡n in Figure l7 for & 9OÉ depend.able output

oî 3t333 Ml'r.

The sane method can be applied to other power outputs

(d,egree of development), A second curve, for e snal-ler polrer

output, was d.eternlned. for the Lakes l'finirJ-peg and. Manitoba

Board.

The beneflt estinates for Lake VÍinnipeg regulatlon
referred to possible develcpnent fn the dlstant future e,nd

assumed. fixed. load. and, systeE¡ cond.iËi-ons" In reality loads

and poster systems wi.lI be changing, requíring sequences of

Loed years to be analysed"

The last ¡lortíon of t,he thesås d,escnibes the method.s

us'ed, for evaLuating the benefíts of increu.ental storege at

the Grand Rapid,s pl¡inÈ consld,ering a perlod, nearer in time,

namely from L967 ta Lg76
I

BENEFIlS FRO}.I CAP.åCTTT TNCREI'TEI{TS

OF lHE GBANÐ RAPTDS RESERVOTR

Several studies eneavoured to deternine the optírnun

upper storage }evel for the Grand Bepíd.s regervoi*.9r11e2
The follonfng d,eal-s wiÈh the 3'ast siudy ês e.n illustre-

tj.on of more ele,borate method.s for estímetång the benefåts sf
storage capecÍ-ty increments.

The Grand, Rapld.s pLant Ís under construction et the
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mouth of the Saskatchewan River (nfgure I, pege 5Q, and. Fi-
gure 18). The first two unJ-ts, of l5OrOOO h.p. eachr êro

schedul-ed for conmlssloning {n the falI of 196h. The useful
l-lfe of the pJ.ant is expected to extend r.¡elÌ into the next

century. For purposes of selectfng the ttFul-l Supply Leveltt
(i.u. 'the maxLmum reseivoir surface elevation permisslble for
storage of water for energy prod.ucÈion)¡ the storage benefits
r¡ouId have to be estimated over the useful l-ife of the faci-
Líties; Such a comprehensive study v¡ou1d. be very tlme con-

suming and costJ.y. The ínfluencíng factors wouLd have to be

estimated, far lnto the future. Consequentlyr'lhe stud,y was
i

restricted. to the early yeers QgAZ - ]-g75) of the d,evelop-

ments Life. The assunptfons to be mad.e for these early years

be,ve e greater chance qf belng close to the actuar condLtions

than speculetion ebout a tnore d,istant fui;ure. Further, the

annuaL costs e,nd. beneflts Ín the neê,r future are more Lnnpor-

tant than those in the Later ye&rs, f..e. their reductioa to
present wort,h is less.

The first step i.n the stud.y wes to estimate the future
Load growth of the southern &Ienitoba power system and. to
assume add.itlons of nelr generating stations and. extension of
existlng pLants to meet the estj-mated. Ioad. growth. A-ecord.ing

to these assumtrltlons, the Grand RepÍd.s reservoir wouId. be, 
ì

up to 19?1, the onJ-y reservoir regulated exclusivel-y by

Ifanitoba Hyd,ro. The rast five yeêrs (rgzr - *75) stud.ied,

i,...'.:
::iì

'a al
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shor.r the effect of Lake ltlinnipeg regulatíon ¿nd. the ef fec|
of increaslng Nelson Bíver power production on the value of

Grand RapJ.ds st,orage .

No etterapt ¡vas med.e to forecast the iaflo¡-¡s to the

reservoirs, Lnstead. a period. of past flsw records (lgZg to

1955), containJ.ng dry end, wet cycles, Brere applled Ln chro-

: nologlcal ord,er to future load, years. The Grand. Rapid.s re-

servoir inflous were ad,justed. to aIIou¡ for increased up-

.gatlon use ås estir¿ated by the Pralrie Provincesstrea¡n irri

: FJater Board and the Pralrie Ferm Rehabllltation .â,dninistre-

tlon. 
I

Flgure 19 shows schematÍcaI}y the system of rlvers,
reservoirs¡ and hydro-el-ectric plant groups of ¡¡hj.ch the

Grand, Rapids proJect becomes a part. The hydro-electrtc
generating capaclty ls supplemented, by thernal-el-ectric
generating capacity, increas5.ng from 290 MW lo 39A MW net

out,put. ÂIso presented on the scheme are: the everage river

flot¡s for the fLow perÍ.od used in the study, the storage

capacities os the najor reservoirs, the existing and assumed

futt¡re instaLled generatÍng eapacJ.tlesu and the heads of the

hyd.ro-electric pJ.ent groups and of the Grand Rapid.s pIant.

The growbh in instal-led generating cepecS.ty and head is lnd1-

cated, by the ranges noted.. In the fol3-oi.ring table are llsted
the assumed, cepacíty ad.d,iti.ons.

: ..:: : ti.:
.: :,1:
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5,300 To 24,800 S.F.M.

19,200 c.F.s.

Ì

4ZOOO 10 tot,ooo
s.F.M.

Fig.lQ
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AVAILABLE

330 TO

AVERAGE HEAD

N.R. NELSON RIVER
G.R. GRAND RAPIDS
L.W. LAKE WINNIPEG

W.R. WINNIPEG RIVER
L.O.W. LAKE OF THE WOODS
L.S. LAC SEUL

ZERO TO 620 M.w.
55 TO t95 FT.

70,600 c.F.s.

eoJo9

z4OO C.F.S.
30,700 c.F.s.

560 To zoo u.w.
255 TO 261 FL

GENERATING SYSTEM

SOUTHERN MANITOBA

)\
440 M.W

20 FT.

9,600 ES.tc.

)

HYDRO-ELECTRIC

FOR THE LOAD IN

ffiç'

""Ji.:

L.S.
9,300
s.F.M.

L.O.W.

gz,zoo

s.F.M.

r3,700 c.F.s.
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f970, November 1
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TABTE Ï
ÀSSUMED CAPÁ.CTTY åÐDTTIONS TO TIIE GEI..IERATING

STSTEM FOR THE LO.åD II'T SOUTIJERN I'IANITOBÂ

100 Ml{

L46 Mt''tr

92 NM

70 !fl{

Selkirk (thernal-"1. )
lùinnlpeg Rlver plants
additlons

Nelson River

NeLson Biver

L97L, December I 109 l'lW Grand Repids

L972, December I 9? MW Nelson BÍver

1973t December L L60 l,lhl NeLsoa RLver

L97l+¡ December l- 192 M!{ Nel-son RLver

1975, Ðecember I 96 MW Nelson River
i The surface area of ihe Grand Rapids reservoir changes

consid.erably wlth the el-evation. the ass,:mptlon of a constant

surface aree independent of the water surface elevatlon, whlch

r+ras consid,ered pernissible for Lake itllnnipegr wag therefore

not epplicable for the Qrand, Repids reservoir. å, further com-

pJ-ication, as compered to Lake i'lÍnnipeg regulatÍon, is that

the heed, ut'iL1zed. by the Grand, Rapid.s turblnes trLll be affec-

ted. by the reservoir level-. The mini¡nun reservoir level beloi.t

r¡hj.ch the Ced,ar Lake reserrroir (Figure 18, page 7l+) shoul-d not

be drarrrn, had to be decided upon flrst. The topographic f,ea-

tures of the Ced,ar Lake outlet ares faeilÍtated. the selection

of the minimum reservoÍr leveL. The outflqrc¡ ratiag curve of
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Ced.ar Lake fnd,lcated that the maximrfm outflow rate that

r¡oul-d be desirable at d.epleted. storage conditlons could' be

d.rawn from Cedar Lake at a t¡ater surface elevatÍon of 83I

feet. To allors for the back vteter effect of the raÍsed Cross

Lake ]evel, one half foot Ìras added, giving a minÍmun reser-
.voir leve} of 831.5 feet. This elevation does not represent

a definlte nlnimum. Drarsd.owns below this elevetion apPear

feasible, but the gain in storage capacity Ì¡ouLd be relati-

vely snall and. the red,¡¡ctj.on in d.íscharge caPaclty nlght

sometlùs s ::bê unde sirable .

The earlier studies had indicated thaü Baximum reser-

voir el-evations from 838 to 8116 feet v¡ou1d be economical'Iy

d.esj.rab}e" Hand. computations v¡ere made for the load year

]'6?/68 and. for storage capacitfes Linûíted. by maximum reser-

volr elevations of 838, 641 and Slrh feet. Dlgíta3- computer

use $fas flnally re'sorted to because the hand computatlons

proved, very ti¡ae consuming. In-spíte of the shlft to computer

applicatlon, several sirnplifying aþproxf.natlons !¡ere retained'.

The more inportant departures from an exact treatment were:

(f) The future storage benefits to the groerlng system were

estimated bJl appS-yingu to one Load year st a time, the re-

presentative perlod of past flow records fn chronological

or'J.er, repeatLng the same future Loed Jrear with each of the

flow yes,rs of the pest period lnst,ead, of progreJstng in the

actual sequence of load Years.

':: ,::
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(Z) About fifteen years of past records (lg]rg Lo Lg27) were

noü utilized,, lnstead, November 1, L92? was selected as the

beglnning of the fLow period,, assumed, representaüive for fu-
ture cond.ltlons. In the year 1927 very high river fl-ows ütere

experienced, 1n regÍons d,raining into Lake lrfinnlpegi conse-

quentJ-y, tt could be assuned, that all reservoirs wouLd, have

been fuIl on November 1, t.927. It night be argued that seLec-

ting a period,'whlch starté with a fuII Grand, Raplds regervolr

lntrod.uced, bies in fsvour of larger storege capacities. If

the flow period used ended ¡+tth low f,Iows and enpty reser-

volrs, lt would be Justified to obJect. However, the selec-

ted, flow perlod end,ed. in ùhe falL of 1955 after severaL yeers

of above average flow so that lt ¡{as expected. that the Grand.

Bapids reservoir ¡uouLd, again be filled conpS-eùely or almost

comp)-etely. The eLternetLve would have been to assume arbit-

rarlly the inltial'wa,ter contents of the reservoirs an,l. elso

apply the flolr records for the years preceding L927. In this

case, ft would have been advisable to d,Íscard, the fLrst few

years of the computer output until the influence of the error

in the assumed initiaL content could. be consÍdered. neglÍgibIe.

Obviously, ühis alternatíve woul-d have required llore computer

tine. ç

e) The thernal-electric plants at SeJ-kirk, Brandon sn,i

Wlnnlpeg, and in the neighbouring provf.nces are supplylng

energy at dlfferent costs per kl{h. .û,s nentl.oned. in the
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section on refined solution methods, to take the dffferences

in Íncremental t,herrnal-electrÍc costs Lnto account hrhen simu-

lating the reEervoir operations ¡¡ou1d have necessitated. a

tfne consuming pre-study, preferably with digital computer

use, in order to d,etermine sets of economy guide ll-nes

(tines of equal incrementaL ¡rater value) tor every load year

fron L967 to 19? 5.416 To avoLd this work, it was assumed

that all electrLc energy other than that produced by the

hyd.ro-erectric plants in Manitoba for the southern Manltoba

system would be avai.Lable at one uniform lncremental cost.

Because the nNo-SplII Rule Curvestr (see appendix for d.efi-

nltion) vrere esti¡aated to be lower than the basic rule cur-
ves durlng most of the time, it, rras consfdered uneconomical

to conserve water that couLd be used to supply flr¡o energy

at a time when the süorage contents of the reservoÍrs were

above the basic rule curve, solely for Èhe purpose of in-
creasing the head at the Grand Rapids plant sJ.ightly. Tbe

frequency and volune of subsequent splIIlng wouLd more than

offset tbe gains from increased, head,. Consequently, only one

or more basLc ruLe curveE for every loa<i year need,ed, to be

d.eternlaed¡ no econony guÍd,e lLnes hrere required,. It would.

have been possibJ.e though to assume reasonable looking curves

as substitutes for acüualIy deternined economy guide Ilnes,
but it was felt that the ad,d,ltional progranming work was not

Justf.fled by tbe ninor lmprovement in accuracyo In fact,
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Ld.eal- sÍmulation would not have to work to economy gulde

llnes for the southern Manitoba system, but would have to
slmulate the future d,ecisions of the Leke of the l,Iood,s con-

tror Boerd. since rnost of these declslons ere not governed

by rigid ruJ-es, they can hardly be v¡ritten Ínto a computer

progran, The sinpliffed, way of regu}ation tend,s to. red,uce

spíJ.rage compared to what actually r¡rtLl happen. Tberefore,

èhe results wiLl be slightl,y biased, ln f avour of the lorer'
storage capacities.
(¿) Operation of Lake of the lfood,s and Lac seuL storage was

assuned to be possible wlthin the perraissible range of leke

Levels for the requirements of lfanitoba exclnsJ.vely, except

for the restrÍction that thl average nonthly outflow retes
from take of the woods and. tac seur v¡ere .not per¡uLtted, to
drop beLow 4,OOO cfs and.3rOO0 cfs respectJ.velyn In order to
sssess the nagnitqde of the error introduced by thts eseump-

tÍon, conputations were repeated, for three load yeers for
naxLnum Grand, Bapid,s reservoÍr levels of 8&1 end, SrlI¡ f,eet

'

¡sith ¡¡redetermlned, regu}atS.on of the winnlpeg Rlve:r. The re-
sults conffrmed, the expectation thet taklng,'into account

other interests ln regurating the reservoirs of th.e winnipeg

RLver basin increases the value of Grand Raptd,e regervoLr

storage

(¡) â,pplicatÍon of the constraÍnts: minimum outflow, mf.nLmum

and meximun plant output, minf.mum and maxl.nun, reservoir leveIs,
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ênd. one basic ruLe curve for the reservoir system Ln ühe

pert of the conputer study covering the years from Lg67 lo
Lg?L, d.oes not define ho¡¡ much each reservoLr Ls to be drawn

upon or repJ-enished,. app!-ícetlon of the baleucing principre
(see previous sectlon on ttBefÍned, Method.stt) rouId, have fil-
1.{ ¿hat need. ideaS-1y. However, another pre-study ¡vourd, have

been necessary to estabrish the ruLes for apportf.ontng d,rar

and rep}enishment based on'tbe criteri,on of most economis

balancing of reservoir contents. The reason which led to
d,lscard,ing the use of econony guld,e }ines prevented. also the

strict appricaüion of the baranclng principle, r,s a substi-
tutemeasure,whens1rauJ.atingreservoiroperationsfor,ühe

load. yeers Lg6? to 19?0e the storage conüent of anf reeêr-
voir was kept Ín the same pro¡rortfon to its sùorage capacLty

as the sun of the storage contents of alr reservoLrs beers

to the totaL storage capaclty of alL reEervoLrg. For thls
purpose the storage contents end, capaclties were taken ex-

clusive of any surcharge for flood, storagei
(6) rn the prelininary hand, conputatfon end, the computer

stud.y for the Loed years igOZ to I9?0, the räètor for con-

vertlng average nonthly Grand Rapids plant d,ischarge into
nonthly energy output was assuned, to be a function of
cedar Lake l-ever on]-y. Tbe effects of the changes in Lake

Ifinnlpeg revel and, of changing head rosses r{ere neglected,.

The computer study for the load, years l9?l ro.Lg76, whf.ch

.l

...r1



:'a: -a:...:

.:r:. 
i

83

lnclud.es reguration:of lake wLnnlpeg, took into account that
the conversioa fector is not onì.y a. function of the ced,ar

Leke leve1 but aLso of the Lake trrlinnlpeg 3.eve1, the prant

d,ischarge, and the number of unl.ts running. 0n1y the back

r¡atet' effect of ùhe spillway dJ.scharge wss neglected. ThLs

omLssíon would tend to favour the Lower etorage capacÍtles
because the smaller the storage capacity the more frequentry.
and ln larger quantlties rrrould, spillige occur. -

(Z) The reservolr operation rules assumed, advance know3.ed,ge

of the unregureted. runoff exùendJ.ng over one tine unit used,

in the study (one nonth). .âlthough this assumed advance

knowledge resulted in less water rvastage than rcould,.actually

be the case, this was consid,ered. torerabLe rcfth reepect to
tbe obJective of ùhe süudy. The eff,ect of thls aesunptf.on

becolles.more ino.portent ia stud.ies d,ealing wf.th relati.very
snaIl reservoir capacities, use of snallen tLme unl,ts, ê.8.t
one week, x¡ould, red.uce ühe effect.
(s) To allou for, the possibiltty that 

" 
r"rg" porülon of the

marsh area east of The Pas (see Figure L8, page 7ü wouLd, be

reclained. d,uring the useful- Life of the Grenä'Repids p¡roJect,

only the southern portion of Moose Lake *r, ,""ated, as part'

of the Grand. Rapld.s reservoir d.uring all the load. years stu-

d.ied although it appears that. reclamatLon ¡silI not proceed,

1n the neer future.
The above I1st of approxlmetions glves en fnd,icatlon

.t i t;,!t.

ì:i.¡t:.ii,;
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thatr evon rith e powerful erectronic computer and, the assls-
tance of profesElonal progranÍiers, some sacrlflces ln accu-

tacy were consldered gdvlsable 1n order to reduce the otudy

c osts.

the lncluslon of Lake Wlnnipeg regulatLon into the

sfmuletion' stud,y represented a consid.erable conplicatlon.
For thls reason the study was tuitially restrlcted to simu-

lating systen operations for the load years Lg67 lo Lg7O.

ItJithout Lake tflnnipeg negu}etlon, onry a two reservoLr system

had to be regulated because the tuo large regervoirs of the

Winnipeg RlvEr basln couLd essentÍally be treated as one

reservoir,

For every load. year the conditions to be observed by

the reservol.r operatJ.ons were d.etermined, by hand calcula-
tlons end used as f.nput data for the computer, in additlon
io the other f.nput'd.ata required. Às an exampl-e, ,Table If
shotrE the lL¡qltf.ng conditions for the load year tg6?/6s tor
every qonth. Column I lists the basic rule curve values re-
ferred, to when d,lscussLng the sinpLlfying assunptíons. The

beslc rule curve data are not truly linlting values rather
they ere the criterlon for ¡ainimun or maximun hyd,ro-electric

energy output uithtn the lLnitations f.nposed, by the othef
J.inltlng condftLonE.

The Grand Rapid,s reservoir conprises large marsh areas

end a1.read,y exlstf.ng lakes. The more inportant ones of the

' . : Llirl
: tt-'ti
::-::l
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Key to abbrevlations used ln TabLe II:

MÂX. meximum 
t

MIN. minimurn

ENo €nergy

GB. R. Grand, Rapids

US. usable

Itf. B. hll.nni.peg Rfver

PL. plants

ehih Giga-!ùatthours (f O9Wrr)

Bela,tíons between column values in Tab1e II:

coI. ?: col. J f coJ-. 5 :col. 4 +eol. 9

For Àpr1l to November only:

cóI. !2: coI. 7- col. 6
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latter are: Cedar Lake, Cross l,ake, North and South Moose

Leke¡ ând MawdesLey Lake (s"e Figure 18, pêge 7IÞ).

lis mentioned earliero a porti.on of the reservoir a¡eå,

Þ¡e,s assumed. to be reclained." Therefore, North Ûloose Lake,

l"lawdesley Lake, and the surroanding low-ryf.ng areas r{ere eN-

cluded f,ron the reservoår avail-ab1é for storage in the sinu-
IatÍon sudåes. cedar Lake and cross Lake &re so well connec:

ted hydraulicaLLy at the reservoir elevatlon ranges stud.ied.

lhat Ít appeared. Just,lfied to treet these storage 'fLuctua-

t'j.ons &s oeeurrlng si¡nul-taneousJ-y 1n one reservoir in the

regulation studåes r¡hich r¡sed the nonth ês the tine unít.
Unfortunately, South Msose Lake and the main bod,y of

the reservoLr are separated by higber ground et low reservoir
steges" The on3.y connectíon of south Moose Lake tb the ced,ar

Lake region ls via a s¡raLl creek, Moose Biver, whlch connects

to the Sumnerberry River, a branch of the Saskatchebran Delte.
.4.t' hígher stages very substantial overLand flow improves the

tie betrveen the reservoir bodies considerably.

In the prelimÍnary hand, coraputations, South Moose

Lake end. the ¡caln reservoir î¡ere treated, as one bod.y of wa-

ter r,¡ith a coüunon level, in spite of the gross violatíon of
the realities, to keep the r.¡ork in reasoneble lj-¡ríts. con-

puter e,ppllcation permit,ted, this oversimpLlfication to be

d.ropped.. Becognitlon of South Moose Lake as a separate

(tfrougn not separately controLled) reservoir neqelred.

:

l



88

determination of the nronthly volume of water f]-ol',ring to or

frorc. south l.Íoose Lake (våa Moose Ri-ver and. overtand.) rtt ord-
er to d.eternlne the díffering levels of ced,er Lake and of
I"Ioose Lake at the end, of eaeh month .

The knowled,ge of the ced.ar Lake Leve]- s¡å,a, of course,

neep.ed. for the observa'oLon of reguJ-ation Linits and, f,or the

determination of tbe averå,ge non*"hly head. at the Grand Bapid.s

pLant and the approprS.ate conversion fector for converting

n,onthly f]-ow through ?he hydro-e]-e-ctrlc units lnto nontbly
energy outpuù. The lfoose River discharge and the rate of
overLand, flow are both a functÍon of, ced,ar Lake and Moose

Lake stage. The Moose River discharge ís in add,ition influ-
enced, by the raÈe of ånfl-ov¡ *r,o tÈ¿e reservoir, ropresented.

by the d,Íscharge aL Tbe Pas .

Based. on tlme consumJ.ng hand. computations, one graph'

wås prepared for each different saskatche¡van Råver fLow

sbowing }foose Biver flor.¡ as ordinates, pJ-otted. versus Moose

T,ake elevatíons as abscLssaee usÍng ced.an Lake eLevatÍons as

paraneter. .&s i¿ turned out, the conpJ-etely r.rorked, out rela-
tionships were unsuitable for computer appLicatl-on bece,use

they required Ln e:(cessive amount of, storage spêce on the

computer. It rJas necessary to feed.the coppqterreXe,tLon'shlps

from en intermediete stage'of hand computations requiring
very litt,le storage and Letting the computer do the .rest of
t'he calculati.ons, when and. as required.
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obstruction of flol"¡ between south tr4oose Leke end.

cedar Lake due to ice condítions r"Ía,s roughly accounted for
by assueing that ovenl-end flo¡"¡ between these truo bodíes of
v¡e,Èer would be niL frorn January t,o Á,prl1 incLusive regard.-

l-ess of lake elevatÍons, and. negLecting the-back rireter effect
o.f, a possible lce cover on tbe Moose Råver fLor,¡,

Tabre rrr shov¡s &,n exau,ple of the caLcuratíons neces-

ss,ry to regulaie the reservoirs ín aecord,ance rsith the fore-
going for firn l-oad requirements only" The j.nfroru-avaílabre-

for-outflor,¡ was assumed equal to the past flou¡ reeord.s (a¿-

justed for knor¡n ma,n-me,de ehanges) ênd was lfsted. in columns

l-e 4e and 10 for Lake of t,he !"lood.s, Lac seul, and, the Grand.

Rap!cs reservoir respec'uive3-y. The unregulaied. runoff r,¡as

o,l-so assumed equeS- to the fror¡ observed, Ln the past end, wag

Låsted ån qoLumn 7. rhe computatlons started, 's¡lth November

]-927 r+Íth the essurnptien t,het alt regerrnoj.rs ?rere furL to
eepecåly, r"ecar¡se of the hågh f1s+¡s whích occr¡,rred. Ln LgzT .

For the nonth of November and. severaL subsequent months i.i
r,¡as evid.ent wl,thout check$.ng that the storage content of the

reservoårs ws,s above the basíc rule cutrve ve,Lues in coLunrn g

of Table II even when regui-atf.ng to the maxinum hyd,ro-electrfc
output (co3-unn 3, TabLe rr). The toteL nonthly storege d,re,r¡-

do-øn required for maxinum hydro-erectric output Ïras computed

end taken from lhe three reservolrs i.n proportion of their
storage capacitles. Thus the end of November storage contents
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Ì¡'ere found.. The sane rr,"@s tried, for Deceraber Lg27, but the

resu,IÈfng 'u'lånnípeg Biver ftor.¿ would. ha.ve exceed.ed the reaxi-

ttus, 1¡6e,ble amount ån colu¡nn 11 of TabLe II. It ïÍês therefore
necesss,ry to êraw aore r¡ater from the Grand RapJ.d.s reservoir
t,b¿en v¡ou].d cor:res¡:ond to balaneed. reservoír contents, onLy

thq Leke of the l{ood.s end. r,ac seul content !¡ere kept r-n the

proper proportion '0o eech o',,her.

Jenuary and. February 192s outfLows were found, in the

saÍûe era.fe but ån Manch the Gnand Bapid,s storage bras e:chaus-

ted. aad, the Grand Bapíd.s output so much red.uced. that the

steem-electråc ou.tpul had to be increased to the vah¡e re-
quåred t,o compS-ement the Grand Repid,s output in order to
meet 'Lhe nininum requírement of column 6u Table Iï.

Tiie A,pril inflol¡ '.,o. the Grand. Rapíds reservoår per-

r¡i.Èted to neet the condi.üion of, minimun cosbined, Grend

RapÍ.ds and stean-electrie output r¿ith minLnun stearn-eLectric

ou'r;pc'b.

CondiÈions during lulay permåtted,, v¡íth naximum hyd.ro-

eLeetric output, to get the content of the Grand. Bapid.s Ð€:

servoir at the end. of the nonth lnto the appropri.ete propor-

ëåon to the sam of Lake of the tr{ood.s and, Lac seuL reservoi-r
content, but ít ¡¡as not possibLe to get the Lac seuL. eontent

r¡p to ihe proper proportíon to the Lake'of the t{ood.s content

because this r¡oul-d, bave required red.ucfng lhe Lac seul out-
fl-o¡r beLoi.¡ the set linÍt of 31000 cfs.
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Ðurång June the outflotr i_å¡rite.i;Íon prevented agaín a
fester sÈorege repS-enisirment of Lac seul-. July infLor.¡s Led.

Èo fii-i-ing'of the L¿ke of the i'Joods and Grancl R,apíd,s. reeer-
voir to ltre nexinum permåssÍble l-eveJ-sr

End of Augusl and Sep'oeriber sav¡ eJ-L reservoirs f1Ll"ed.

Èo -cepe.cåty and arbitrary disÌ;ributåon of firn hyd.ro-electråc

energJr oetput r¡ithi.n the Li-nftatioas of Tab1e II.
Column 6 of, TabLe II formed the eriterion for the

aLlocetåon of, hyd,ro-eLectrLc output d.urÍng october and No-

vember !928 due to the high ånfLows to Èhe winnipeg RÍver

resenvoårs eomnared to the Grand. E,epíd,s reservoår ånf1olu,

Ðuring December L928 ma:cimum energy output ?r&,s taken

fron the winnípeg RÍver and the rest reqgired, to get mexfmum

total- hydro-electric output was taken from Grand, Rapid,s. The

storage drar.¡down of Lake of the lrloods and Lac seul was med,e

proportionaL to the respective capacåties of the tv¡o reser-
voårsg depLetion of the Grand, RapÍd.s reservoír was mueh more

severe.

The remainíng flow yeers , Lgzg to rg5it hÍere proces-

sed si.nåLarl-y to the above. The annuaL output figures were

ihen averaged. This lras d,one for three d.ífferent storage

eapaciËåes of the Grand Rapids reservoir, and the d,lfferences

in the avers,ge annual th'er¡aaL-eLectric requirements conputed,

for the Load. year L96?/65"

The øhoLe proeess &íes repeated for oÈher l-oad years
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yieldi-ng the values for the t,hird col-u¡nn of Tabl-e IV, nanely,

the Íncreases in average annual lherr¡ral-eLectråc energy re-
quirenents r"¡hen 1o'a;ering t,he ful-} supply leve1 by thnee

feeÈ. To tr,hese di.fferences a unft cost of 4.2 nil-ls per k'i,Ih

tras applåed. gåving 'i:he everage e,nnual Lncremental system

operating cos!, l.e" i,he *¡a1ue of ttre storage i.ncreraenf . The

unåt costs åree o.f, course, not knor^¡n 1n ad,vênce. rt ire,s esti.-
mated. ""hat ti¡e d,i.ffereaee Ln íncrenen,tal- costs for thermaL-

el-ectric ahd hyd.ro-eJ-ectr^ic generatS-on would. a\rerage tþ"2

nilLs/kÏ'¡h d.urång t,he load. years studied. (rn add,itíon to the

firin energy ouùput eomputations shor,¡n in Table rrr, the coÍr-

puter progråm ÍncLud.ed. com.putetion of the prod.ucíbIe surpJ-us

energy") To the d.ifferer¡ces ln prod.ucf.bJ-e surplus. energy @

value eo¡¡ld. elso be assignedo taking {nto eccount thet on3-y

e, fraction of tÌre surplus night be sol-d at Lou' interrupt,ible
power r&,teg "

åt this stage Èhe studåes could have been termj.nated.

However, it i.ras thought that regulation of iake $Jinnipeg

nlght reduce the benefits of tire Last increments of Grand

Repids storage capecity. For this reason the flrst five load.

yeêrs u¡ith I,ake Winnipeg regulated, L|TL/?Z to Lgl5/76, were

studLed subsequently. The coraplicati,ons arisíng from the

add.ítion of Lake üJinnipeg as I reservoi.r rsùth control-led

outflo$r led to a d.ifferent approach, especielS-y r¡1th regard.

to the conputer progrem"



ÎÁBLE TV

åVEBÂGE é.NITUfIL INCBEÌ,íENTA.L THERMåL-ELECTRIC

ENERGY RESIJTBET"ÍENIS ÁND CORRESPONDING COSTS

Lcad
Yeer

F.SOL.
Feet

95

ï^fi.nnipeg Biver
Beguletlon for
Ivlanitoba
Gi,Ih $t, ooo

Tdinnipe6 Blver
Begulatlon fåxed

Gidh st, ooo

L967 / 68

L968/6e

L969/70

L9.7o/?L

36 i-51

66 ?77

56 235

48 202

Bhl+

8¿,r

834

84¿r

84r

838

(l44

8+r

838

8l+4

84r

838

52

50

2rÉ

2L0

306

386

t)

92

n30 546

92 386

9L 382
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Inetead. of one oveyalL basåc rule curve (ci:anging

from loed. y€ar t,o loed year) three basic rur-e c'ü,rves r,rere

needed; one for the totar mínimun b.ydro-electric energy out-

Þut, referring to the aggregate of Èhe klfh in storage in
l,ake of the l{ood,s, Lec seul, Grand Rapid,s reservoir, e,nd,

Lek-e winnípegå one for the hyd.ro energy Ín storage avaålable
for use in the trLbutary plants (Hinnipeg River group end

Grand, Rapids); the third beisle rule curve referred. to the

total, contenù of aLL reservolrg conbined,o in cfs-¡uonihs" The

purpose of these three basf.c ruLe curves w&s to guarantee,

under the hrorst flow cond,ítfsns on record., ed.equate t,otaL

hyd.ro-electri.c prod.uction, adequate outpret of, the tributary
p]-aats, and adequete outpu.'b from the tíeLson River plants
respeeiively.

Åpert fro¡a the cLrcumstence thet d.uring rnost of, tl¡e
Load yeers stud.iedu the d.eveloped. hee,d, l,ras f-ncneasing d.ue to
newly deveJ-oped si.tes coming i.nto service, rabich lnürod.uced

uncertai-nty in establishfng the basic rule curvese this set.

of three basic rure curves referring to severar reservoirs
(ti+o of them to all- reservoirs) creaied. prograninf.ng d,ifflcuL-
ties" Because lt is J.mpossible to fullfirl all tirree basÍc

ruLe curve cond.itions si.multaneously, regulaÈion of the sto-
rage reservoj.rs ïJû.s intend.ed, to approach as closel-y as possi-
ble the storage cond,íÈåons cal-Led. for by the besic ruLe cur-
v€s. Ilovrever, it is nueh simplero though less d,esirable
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(theoreticali,y at least), to rvork v¡ith e separate rule cur,¡e

for eech reservotr. Therefore, ano"rher secrj.fice of accuracy

Èn favour of expediency tras made; 'Lhree separate rule curves,

one for tJJ-nnipeg Biver storage, one for the Grend Baplds re-

servoir, and one Lake Winnipeg n¡l-e curvee vrere subsiåtuted.,

S.pplyi-ng judgnent, the first detersined basÍc rul-e curves,

d.escribed. earlfer, ?rere used as a basís for se}ectlng the

substitute rule curveso 
,

ConcernJ-ng disÈrÍbutLon of drarrr and replenishment of

the reservoirs, the foLlotrlng rules were appS-led ss a substi-
tute for the baJ-ancång prineiple:
(a) Siorage excess ebove the ruLe curve lJas dlstributed, arnong

the reservolrs in proportion to their storo,ge capaclty bet-

r"reen rul-e curve eleveti.on and naxÍeun permissibLe elevatíon.
(U) Storage deficiency beLo"*r the rule curve krês d,istributed

,Ê,Bong the reservoårs fn proportíon to thej.r storage capacity

bett¡een nul,e curve eLevation and nínimun permissibLe eleva-

tion.

Sínce thås ?¡ay of allocating drarv and replenishment

took into account the position of the basic ruLe curve, it
?ras considered, superÍor to the nethod used for the earlier

load years.

Table V, for ttre load yeax lgTL/|z for every month,

shou¡s the conditions ëo be net or to be eppro¿ched as ciosely

as possible by the openatlon of the reservoj.rs. In colu¡ans 9e
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10 and l-8 e,re l-isted the desired storage values correspon-

d.ing Èo o¡,he ihree bas{c rule curves described. on pe,ge 96.

(.{s r,rentÍoned. earJ-ier, ind.lvid,ual reservoir ruLe curves }rere

used âs subsitutes owÈng to programming d,ifficulties,)
The unii costs to be applied to the dÍfferences i.n

the.rmal-erdctrÍc energy output requLrements å.s found. in thås

second sinul-ation study &re, of coì¡rsee uore uncertain Èhan

those epplied to the reeults of ihe first sÍ¡nuLation stud,y.

rn .tir{ s connectåon ít j.s Ínterestång to note that even one

year in advenie, Èho costs of sone fuels and the purchase

price of economy energy from nej-ghbouring provinces is fre-
quen'cLy unknov,'n. For lack of beûter kno+¡Iedge, the ss,rce unit
coste &s used .f,or the earLler load yeêrs &rere e,pp3.1ed, al--

though one någht specuJ-ete 'bhet the tbernal-erecÈrLc energy

costs coul-d. go d.o?Jng en ineresse of these costs êppeared,

un3-ikeIy.

In spiÈe of the very Large efforto on3-y nine consecì.¡.-

i;ive J.oad. years rrere investigated.. å.Lthough tb.e íncremental

sÈorage values blere found to re¡saln fafrly stabLe ove¡" the

load years consi.dered, there remains doubt irhether the sto-

re.ge velue found for so snal-L a sanple wiLl be truLy repre-

sentatåve for the rcuch longer 1ife of the reservoir.



SUI{}.Í¿\RY Å.ND CO}TCLUSIONS

discussed in the introductionrthe Bain reeson for
estÍmeting the benefit,s expected. frour dj.fferent amounts of
reservoir capacJ.ty is the need for weighf.ng these benefits
against the costs of provld,ing dÍfferent amounts of reser-
voLr capaclty.

' Chepter ï focussed atÈention to the many varlous fac-
tors that have a bearÍng on the amount of benefits to be d.e-

ri-ved from e,n i.nstalled storage capacity. Runoff and. precl-
pLtation-evaporation-difference over the reservoir; 3-oad,

relati.ve reservoir siser;'3,ûd. method,s of reservoir operation;

af,f,ected, head,, cost rel-atf ons of hyd.ro- and thermal--electrLc

generating snd. transmission facÍLitÍes wetre d,lscussed, as thc 
i

cacity 
i

Theneed'to,makeassumptfonsb'aspoin!ed'outbecauseruenyof
ithe factors are unpredictabl-e over perlod,s of many yeårs.

Chapter Iï deelt with methods of solutLons. Ubd,er the

b.ead.fng sSÍ.nple Method.ssr the mass-curve method, hydrograph-

analysf.s, and change 1n outflot¡ duration curves vJere discus-

sed and, attention was drawn to the linitations of these me-

thocis. nÌ,fore eLaborate methodsts were consi.d.ered. next. Future

power system and reservoir operation can be roughly approxi-

mateC by the use of basic. rule curve, maximun permissible

reservoir Levelsr.':avld, maximum and, mÍnimum florfs. The benefit,s
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from reservoir capacity increments are then approxinated by

the differences in system operating costs over many years

fsr the d.Ífferent reservoir capacities. The basic rule curve

and its preparstion was discussed. Ä,3-though several factors

influencing the storage beneffts are still ignored. in this

m,ethod, of estiraating storage benefits, the amount of rsork

caLls already for d,igital computer use.

Briefly d.escribed. and discussed, ïrere und.er ühe same

heading two other methods thet t¡ere used for capacÍty requl-

ment deterninaëÍon for long ter¡n regulation of the NlIe.

Flnally, nRefi.ned, method.ss?, which d,epend' on the use

of high-speed. conc.puters, were described. Because of ft,s irc.-

portance for the estabLishment of reservoj.r, operating rul-es

to supplenent the basic ruLe curvee ebstracts fron pertinent

references Írere included. Tbe vast amount of work lnvolved

in using refined methods was stressed.

Chapter III showed the soLution approaches used for

irro cases of benefit estfunates. the flrst case, LaRe l{fnnf-

peg regulatlon, served. as an LLlustratlon of ad'apllng the

aass-curve method And, use of flor'r durAtion curves to A pure

byd,ro-e3-ectri.c system wLth an unchanging n'onthJ.y loed, and'

ê single reservoÍr. The second cs,se, benefits from capecity

increments of the Grand, Rapids reservolr, served, to illustra-

te tbe app].icatfon of more elaborete nethods, invo}vlng use

of an high-speed. dlgÍtaI couputer, to the probLen of

a



7A-j

esi'ï nal;ing th,e increner¡tal- siorege benef its in e conblned.

hycro-erectrÍc end, s'lee--electric systen :¿iih groi+ing, sei-
sonel'r jr va:rying l-oad. anc. several ¡"eservoirs " The neny sin-
i:iifyrng essuraptions nad.e, in spite of conputer use, lrere

oo{nted. out and. t,he reasons for ihe sacrifices in eccuracy
'iI€rê giVen.

The foiloruing conciusions rreïe d,rer,;n fron ,,,he s.buciy:

(i-) various d.ifferent i:et,hod.s cen be used. to estirrate .¿he

benefits for eLectrici"by prod.uction l¡hich can be d.erived

fron ¡te,ter s'borage regu)-aiicn, br:t the result fron ¿r1 ne-
'bhods, even the raos-il refined., lv{3-i be affected. by the sssËr-
ptiorrs r'¡hich T;?@Fs ned,e regercing future fJ.olrs, Load,s, systen
conposition, cos'b of energy Íron eLternetåve soì¡rces, d,egree

of Co',,'nsì;rea¡r d,evel-cr:nent, and. olher fectorg .

(e) sece.ì¡se of the inpossibårit,y oî linor,rÍ.ng n,ost of Èt¿ese

J¿cio¡s 'ç.'i'tlh eny degree of êccurä,cy .f er into the future, one

sbould, resist the Èeiaptation to go to great, refinenents in
the nethods sorery for t,he purpose ,o.f estinating the future
storage benefits"

ß) Every resèrvo-ir probr-en appee,rs to be d,ifferent. in soÌle

respect fron:. t!:e others" Ì'le,ny variatj.ons to the nain solu-
tion nethods ere possi-bJ.e, I.Iodificaiion of the selected,

soluti-on nethod,, to suLt the special reservoir problen to be

solved, is advantageous"
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DEFINIÎION OF SOME OF THE TERMS USEDTå

Baslc Rul-e Curve

The term, baslc rule curve, is glven to the dfagrara

tbat shows the storage requirements as of any d,ete vith a

repetltion of the most adverse stream flows. rt represents

the accumulation, in reverse ord,er of tLne t of d,efJ.cLenoy

between the remal.nd,er of the fLrn load, after suppry wLth the
maxlmum assured amounts f,ron aII the aurÍIiary sourcee end

the energy available from recôrded unregulated, "t"".^ frow
in criticaLly dry periods.

The basic rure curve ls construct,ed, to guarantee that,
with tbe reservoin contents above such a curve, the content,s

will not be exhausted before the end of a repetl.tlon of the

most adverse flor*s Ín carrying nJ.nlaun hydro load"

No-SpiIl Rule Curve

--

The term, no-spilI rule curve, ls gf.ven to the dLe-

grem of storage contentEr êe of, any date, that would guaran-

tee that alr the inflow in exèess of the outflou requlred
for n¿xinun hyd,ro l-oad, can be contained Ln the perr.od,s of
hlghest inflow experienced Ln the past.

ra many cêses, the no-spLrl ¡rule curve wourd ca1l for
negative storage contents ind,Lcatf.ag tþe Lnposaf.bfltty of not

i'

*Adapted. from reference (4).
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spf.Illng v¡lth the avaiJ-abJ.e reservoir ".pr"ïty.

Ucsno$y Guide_I$3eÊ

,, , TP¡e term, r€coltonf gufd.e f ine, is glven. to the curve
:

connectfng alJ- poånts of a certaÍn storage vaLue, e.8.,
,. h rnil-ls per kI'Jh stored, for the veríous dates of the year.

libove this guf.de line, the incremente,l storage value: . ..:.:...-:
':::-:;_::: .i,';.,Ì,i,,:: rrlould, gverage (over the period of past records used, Ín'its

.,,,:.;,.1,i d.erivatS.on) less than l¡ ni3-1s per klfh;. beLo¡v thÍs guid,e Line
' ì 1t wou1d. average more than 4 nills per kblh.

'


