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ABSTRACT

A study was made of ways and means to estimate the
benefits expected from the provision of storage capacity for
power purposes'in reservoirs with controlled outflow.

First, the problem was analyzed to establish the fac-
_toré having a bearing upon the magnitude of the benefits
from stofage capacity. These factofs are; runoff, precipita-
tion-evaporation-difference over the'resérvoir; load, rela-
tive resefvoir éize, methods of reser#oir operation; affected
head, cost rel#tions.of hydro-electric and thermalfelectric
generating and transmission facilities. Their relative.impor-
tance, the degree of predictability, and the joint effect of
influeﬁces in combinations were considered. |

| Then, methods of solution were studied, grouped, and

discussed. ‘As a représentative of the simple methods the mass-.
curve method was described in greater detaii. Methods éndeaﬁ-
'ouring‘to arrive at a more reliable estimate by means of si-
bmulating futuré_system and reservoir operations approximatel&
were described'featuring use of the basic rule éurve'and eco~-
nomy guide linés. |

Modifications and extensions were developed for two
specific applications. Namely, for estimating (a) the benefits

of regulation of Lake Winnipeg for assumed Nelson River power




deveiopments and loads, and (b) the benefits of storage capa-
city increments of the Grand Rapids reservoir.
The studies led to the following conclusions:

(1) Various different methods can be used to estimate the

benefits for electricity generation which can be derived
~ from water storage regulation, but the results from all me-

thods, even‘the most refined. ones, will be affected by the

assumptions which were made regarding future flows, loads,

-system composition, cost of energy ffom alternative sources,
'degree of downstream development, and other factors. |
(2) Becguse of the impossibility of knowing most‘of these

factors with any degree of accuracy far into the fﬁture, one

should resist the temptation to go to gréat refinements in

the methods solely for tﬁe purpose of estimating the future
,storage bénéfits.

(3) Every reservoir problem seems to be different in some
respect from the others. Many variations to the maiﬁ solu-

. tion methods are possible. Modification of the selected

‘.solﬁtion method,fto suit the reservoir problem to be'solved,

is advantageous.
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INTRODUCTION

As is well known, unregulated river flow is subject
to daily, séasonal,and year to year fluctuations. The demand
fér hydrc-electric power is also subject to daily, weekly, | @

seasonal changes, and to yeaf to year changes. Water storage

ranging froﬁ daily pondagé to long term storage, extending
over years,?is therefore an important means to match the wa-
ter supply more closely to the power requirements..

The provision of reservoir capacity for storage pur-
poses is often the by-product of providing head for a hydro-
'electric plant at the:reservoir outlet. In the planning of
most hydro-electfic power projects, however, additional e#-
-penditufes are being considered solely for the purpose of‘

providing storage capacity (or additional storage capacity)

for flow regulation. In order to make an economic selection

of the storage capacity to be provided, it is necessary to

weigh the costs of providing that additional storage against-
the benefi#s estimated to be derived from the additional sto-

rage., Therefore, for economic reasons it is lmportant to know

at leQSt approximately the benefits of different amounts of
storage capacity for the hydro-electric project under consi-

deration, in addition to the costs involved. Also knowledge
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of the benefits of storage for power purposes is often desi-

rable because other interests may press for a reduction in
the fluctuations of the reservoir level, forcing the power

interests to defend their position by emphasizing quantitati-

E vely the economic value of the storage at stake for future

-hydro~electric energy generation.

This thesis is restricted to the power benefit aspect

i of seasonai and over-year storage. In the first chapter the

factors having a bearing on the power benefits of storage

Eare discussed. The diffigulty or impossibility of predictiﬁg
ithesé factors is emphasized. The second chapter is devoted to
;the description of various methods of estimating the power
ibenefits of the storage capacity. The third chapter presents

the solution approaches which were developed for two specific

cases'in Manitqba, namely, for future Lake Winnipeg_regulation
and for the Grapd.Répids Reservoir. The illustration of the

methods is emphasized rather than the preséntation of the fef
sults. The Lgknginniﬁeg regulation study referred to was con-

éluded in 1958 using poténtial site developments on the Nel-

éon River and load assumptions as of that date. -



CHAPTER 1

FACTORS INFLUENCING THE AMOUNT OF
BENEFITS FROM STORAGE

The most important characteristic of the drainage
basin that inflﬁences the benefits from a given storage ca-
pacity is the runoff amount and its pattern. The most impor-
tant charactéristics of the power system with respect to sto-
rage benefits are the firm load and its variation with time,
the affected developed head, and the generation sources: -
hydro-electric plants with regulated flow, run-of-river
plants, conventional steam plants, nuclear plants etc.

| Aithqugh these fgctpfs are discussed separately in
the-following, iﬁ'iS'reglly the way these factors are combin-
ing that detgrmings the benefits from storagq. For instance,
if fhe high natqfal runoff season negrlyAcoincides with the
‘high 1oad-sea§on (as in Great Britain) * storage would tend

.to be less valuable than if natural flow pattern and 1oad

pattern were mismatched as is the case in Manitoba.

*Raised numerals designate references contained in the
Bibliography on pages 105 and 106.




RUNOFF AND
PRECIPITATION-EVAPORATION-DIFFERENCE OVER fHE RESERVOIR

The runoff'from a drainage basin may either constitu-
fe inflow’td a reservoir or a group of reservoirs, from which
fhe flow is then released in suitable magnitudes, or it may.
enter a river stretch between the reservoir outlet and the
downstream hydro-electric power plant as unregulated runoff.
In both situations, the runoff volume and its seasonal and
over-year fluctuations have a profound effect on the requi-
red storage capacity and the ﬁenefits accrueing from it. |
" The accumul#ted'difference between the inflow upstream of
.the reservoir dam and the outflow has to be accommodated in
the reservoir or released frbm'it.jThe unregulated runoff
dbwnstream of the dam calls for appropriate butflow changéé_
from the réservoir upstream and is thus influen;ing the va-
lue of the?upsﬂreaﬁ reservoir too.

Sinée the :ﬁnoff'is the most important factor in de-
termining storage capacity and benefits, tﬁe expected runoff ”
has receivéd the greatest attention in numerous studies.
Al@hough_it wouid be‘desirable to know the fuﬂoff'sequence'
in advance, for the useful life of the reservoir, it is ge-
herally recognized that it is impéssible to makehsﬁch predic-
Vtions,with any -degree of confidence. In attempts to predict
long térm weather éycles, the correlations betﬁeen sun sbot

cycles and low rainfall periods, or long term fluctuations
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in river flows, have been studied, especially during the

early 1930'3.13’14 In at least one reservolr study, the pre-
diction of sun spot maxima and minima (in conjunction with
past flow records) was utilized to construct a hydrograph
extending 20 years into the future.8

Most frequentiy, however, a repetition of past flow
records in chronological sequence, eventually modified for
expected future upstream water uses, is assumed. Some inve-
stigators, in studyihg long term storage problems on the Nile,
employed past flow récords as basic data for probability stu--
dies of the'expected‘range of the magnitude of accumulated

10,7 Their special approach was made possible by

deficiency.
the use of the year as time element. In the vast haJority of
storage problems this time unit would prove £oo large. Short
term rﬁnofftpredictions,;for instance, of the spring runoff
based on anéecedenﬁ flow conditions, snow cover, precipita-
tion and teﬁperatﬁre rise during the melting seaépn, are
fréquently émployed. Their significanée for the Subjedt of
the thesis, however, appears to be limited to the effect it
has on thebﬁethod of reservoir 6peration.

The precipitation—evaporation-differehce over the
reservolr area, positive or negative; can be considered part
of thé ihflow. The total inflow is then conveﬁiently refe:red

to as inflow-available-for-outflow. In general, the precipi-

tation-evaporation-difference over the reservoir is only a
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small fract;on of the inflow. However, evaporation from the
reser%oir surface is of importance in arid or semi-arid re-
gions, especially for long term storage reservoirs with largé
surface areas. In some regions, the long term averages of eva-
poration and précipitation balance. This is sometimes consi-
dered enough reason.to ignore the effecﬁ of evaporation and
precipitation over the reservoir. But even when precipitation
and evaporation balance over a long period of time, it is
very likely that during summer seasbns of low inflow evapo-
ration will predominate and during flood seasons in wet years
the precipitation will predominate, especially if the flood
season coicides with the low temperature season.

‘ Sincé the inflow component (positive or negative)
resulting from the'precipitation—evaporation—difference over
the reservoir isAa function of the reservoir surface area,
~ the total inflow-available-for-outflow is somewhaﬁ'influenced
by the changing storage content of the reservoir; In most
cases,.howevar, this influence can be neglected,iespecially
where the sﬁ?face area changes relatively 1ittlefwith the
water surface elevation. Long term predictions of precipita-
tion and evéporation appear just as impossible to maké at the
present time as runoff predictions, and repetition of past

sequences of occurrence is usually assumed.




LOAD, RELATIVE RESERVOIR SIZE AND
METHODS OF RESERVOIR OPERATION

The reservoir may be used to modify the natural river
flow into an outflow that should be as nearly constant as
possible or?it may have to transform a large spring runoff
into small épring and summer outflows and large winter relea-
ses. Many oéher variaﬁions, depending on the annual load curve
and the syéﬁem resourées, are possible., Depending on the re-
servoir sizé relative to the annual runoff, the reservoir may
'be used for:seasonal storage only, for predominatelj over-year
storége, or even long term storage extending over many years.

If the hydro-electric plant (or plants) served by the
reservoir supplies power exclusively to‘large industriél con~
Asumers; for instance, the load may be falrly constant the
year round indeed, If}the further condition of negligible
unregnlatéd inflow éetween the reservoir outlet and the power
plant is fulfilled, the reservoir will have to be regulated
to a constant outflow rate. The storage will be valued in
accordance'with the severity of the consequences of péwer
sﬁortage, or the coéts of alternative power (e.g., steam-
electric péwer), and the estimated extent of such shortages
which would occur without storage. As the ratio of required
outflcﬁ to‘mean inflow increases, the fregquency and extent
of shortages will increase and this will increase the benefits

of incremental storage at a given reservoir capacity.



Most reservoirs, however, are regulated for varying .
outflows; for instance, to supply a seasonally changing load,
to supplemeht the output of run-of-river hydro-electric plants,
or to compensate for the changes in unregulated local inflows
betwsen the reservoir and downstreams river plants. This requi-
red outflow pattern is frequently Jjust the opposite of the
inflow patﬁern; requiring large storage capacity, i.e., in-
oreesing the value of incremental capacity for a given total
storage capacity.

On the other hand, a large amount of conventional
steam-electric generating capacity in the system may permit
very flexible reservoir operation-end the adjustment of the
outflow pattern to the inflow conditions, the given reservoir
size, and‘momentary content, thus reducing the chances of
spiilage and shortage. Obviously, with such a method of reser-

oir operation, the value of incremental storage tends to
decrease. Nuolear plants in the system, by virtue of their
'requlrement of a fairly constant base load, have the ‘opposite
effect upon reservoir regulation requirements and therefore
tend to increase the benefit of storage. |

It appears that the methods of reservoir operation can
be grouped into three main types:

(a) Regulation for a constant outflow rate.

(b) Regulation for seasonally varying outflow rate

 but following a fixed pattern.
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(c) Flexible regulatlon with outflow rates adjusted

to requirements, taking into conélderation the
season of the year, the momentarj storage content,
.the cosis of energy from other sources, expected
future inflow, and eventually the consequences of
.power shortage.

'w_The'last mentioned type of regulation is the most
-importént, it permits the optimum use of the water resources.
The composition of most power systems calls for this type of
regulation.

In the foregoing, attention was given to regulation
for power requirements. Frequently; the regulation is influ-
epced by‘conflicting‘other interests as irrigation, naviga;
tion, recréation, malaiia control, etc. These constraints,_ 
imposed upon regﬁlatién, have to be taken into aécount when

assessing the benefits of storage.

AfFECTED HEAD;'GOST RELATIONS OF HYDRO-ELECTRIC AND
THEﬁMAL-ELECTRIC GENERATING AND TRANSMISSION FACILITIES
The magnitude of the develofed head at the feseryoir'
and downstream of the reservoir is one of the most important
facto:s.affecting’thé storage benefits. The storage benefits
may increase lihearly wiﬁh the develo?ed head or to a lesser
degree,‘dépending on the way the importance of the upstream

storage diminishes in a downstream direction, for instance,
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~ through the regulating effect of other downstream reservoirs,

natural lakes:and swamps, or just through greater diversity

in the runoff as tributaries enter and the size of the basin

draining into the river increases.
The flow regulation affects the cost of electric power
in two principal ways. Firstly, it usuaily permits‘the instal-

lation of larger amounts of firm hydro-electric cagpacity than

would be feasible without storage. This results in so-called
capacity benefits if the cheapest alternative of providing

?capacity costs more on a yearly charge basis than the addi-~

tional firm capacity made féasible by increasing the storage .

capacity. Secondly, flow regulation permits increased firm

hydro-electric energy production as it reduces spillage and

‘the production of interruptible hydro-electric energy. This

ﬁermits either increased revenue from lafger enérgy sales and
from a shift in the quality of/part of the energy or it per-
éits cost reductiop of producing the required amount of firm
énergy. Often the re§ult is a combination of both, increased
fevenue'from sales and reduced production costs. To distin-
guish fhese benefits from the capacity benefiﬁs, they are
commonly referred tc as energy benefits. In most cases of flow
fegulation; capacity and energy benefits are achieved.
However, it depends on the peculiarities of the situation
which benefit predominates. During the life of the reservoir
the relative value of the benefits may shift. Initially capa-
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city benefits could be of importance, later the energy bene-
fits may surpass the capacity benefits in importance. Even
et a certain time in the life of a reservoir, the incremental
capacity benefits could predominate if a relatively small
storage capacity for the reservoir were selected, but would
diminish with increasing reservoir volume at a faster pace'
than the incremental energy benefits to an eitent that the
energy benefits might bg more important when a large storage
capacity werevselected. |

T§ illustrate the effeét of cost relations, two cases
are conside;ed. |

Casefl: Ak reservoir serves a hydro-electric:plént which
was designeh for high capacity factor operation in spite of
favourable ?ite conditions for a larger plant. The annual
costs for ihcremental hydro-electric plant capacity are. rela-
tively smal;. The main purpose of additional reservolr capa-
city would be to increase the dependéble flows, thus making
the additional hydro-electric capacity firm. Further, 1e§ it

be assumed that the most suitable alternative to the hydro-

electric plant capacity addition would be construction of a

high'efficiéncyithermgl—electric base load plant near-thé

load center. The cost for electric energy from this source
ﬁould be relatively low but the annual fixed charges would

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

voir capacity are likely to predominate.
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Case 2: A reservoir serves a river where a new low

head development appears to be the only feasible addition

to the existing hydro-electric plants. The main purpose of

edditional reservoir capacity would be to increase the firm
‘energy output of all plants by decreasing the spillage of
water through improved regulation. Further, let it be assu-
med that the alternetive to increasing the reservoir capa~

city and construction of the low head hydro~-electric plant

would Be the construction of a steam-electric plant of low
efficiency for peaking, but to be base loaded when adverse
£iver conditions demand. In such case, the firming up of
additional hydro-electric capacity may not in‘itself result
in a cepacity benefit since the thermalfelectric capacity
may be cheaper, but the reduction in firm‘energy production

costs, made possible over the years by virtue of increased

reservoir capacity, is llkely to be important. Part of the
energy benefit may even have to compensate for an excess of

incremental hydro-electric capacity costs ober the costs of

thermal-electric capacity.
Chapter I shows that many factors influence the
amount of benefits from storage. These factors should be

known over the useful life of the reservoir in order to de-~

termine the optimum reservoir capacity to be selected by
comparing the benefits with the costs of providing additional

storage. All the factors, even the developed head and cost
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| relations, are subject to considerable change during the
useful life of the‘reservoir. Predictions of mos£ of these
factors are hardly more than speculation.

Nevertheless attempts have to be made to estimate the
‘benefits of storage over a prolonged time period in order to
get some guidance when assessing how mueh storage capacity |
appears economically warranted. It also happens that the
storage capacity of a reservoir allocated to power has to be
jﬁstified to enable rejection of claims of other interests.,

The next chapter describes and discusses“seﬁeral me-
thods in use for the purpose of estimating storage benefits
or capacity requirements. From the contents of the preceding
chapter, one may conclude that a high degree of refinement
-1n the mechanics of solution is hardly Justifled since even
the most refined procedure cannot give more reliable results

than the reliability of the assumptlons permits.



CHAPTER II
METHODS OF SOLUTION

In the following sections several methods that are
helpful in the assessment of the effect of storage capacity,
and cbnsequently of its benefits,-are described. The methods
ﬁn use are grouped according to the effort required rather

ihan according to applicability to different situations.

SIMPLE METHODS

One of the best known means for studying the effect
'éf storage capacity is the mass-curve. It was first suggested
by Rippl, a British engineer.l Figure 1 illustrates the me-
fhod. The cumulative inflows (preferably net inflows adjusted
for evaporation and seepage losses) in the appropriate units
tcfs-days; cfs-weeks, or cfs-months) are plotted as ordinates
j against the time‘(days, weeks, of months) as abscissas x.
The resulting curve is the mass-curve of inflows.

Usually, past inflows in chronolog;cal.order are em-
?loyed, assuming that the pattern would be representative of
the future; however, the'same_prbcedure can be used for any

‘predicted future inflow sequences.

The slope of the curve at any time represents the rate
of inflow (in cfs) at that date.

The outflows from the feservoir are represented in the

same way as the inflows. The simplest case is, of course,
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outflow from the reservoir at a constant rate, represented .
by the slope of the straight line outflow-mass-curve., Most
frequently, the mass-curve method is used in connection
with constant rates of outflows, but it represents no diffi-
cultiés to uée any other pattern of outflows, e.g., repeat-
ing seasonal variations as shown in Figure 2. In this case,
it is expedient to have the outflow-mass-curve plotted on a
separate sheet of transparent paper and to shift it over‘the
ianOWhmass—curve (in the direction éf the ordinate) to the
most unfé%ourable possible positions to deterﬁine the sto- -
rage requirements. The difference in slqpes between the in-
flow-mass-curve and ﬁhe outflow-mass-curve represents the
rate in c¢fs by which thé inflow exceeds the outflow, and is
the rate of‘replenishment of storage; if this difference is
negative, it represents the rate_of draw.frcm'storage. The
difference in the 6#dinates represents the accumulated sto-
rage (replenishment or draw) since the time of coincidence
of the two curveé, e;g., the distance A-I in Figure 1 repre-
seﬁts ﬁhe total storage :éplenishment during the éime inter-
val o to a. The outflow-mass-curve A-II has been drawn tan-
gent to the inflow—ﬁass-curve at A. The distance B-II repre-
septs the to£al draw from storage to malntain the rate of
outflow O-I during the time elapsed from o to b. Since at B
'fhe slope of the inflowamasé-burve equals that of the outflow-

mass~curve and increases with time near B, the distance B-II
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'may be representative of the maximum usable storage require-

ment for the outflow rate shown.

In view of the assumptions made in any storage study

‘regarding the future, results measured from the mass-curve

diagram may be adequate, but in general it 1s preferred to

use the mass-curve only for determination of the critical

:periods and to find the quantities of storage or outflow by

1computation using the accumulation data which were already

required for plotting of the mass-curve.

Often it is convenient to plot only the accumulated

_ﬂepartures from the mean flow line 0-C (Figure 1) as ordina- -

tes, the resulting curve is referred to as residual mass- .
curve. -
Assuning constant outflow requirements, the mass-

curve study gives the relationship between usable reservoir

‘capacity and maximﬁm'dependable'outflow.'This.relationship

can be'plotted and is represented by a series of straight
iines.AEach straight line stretch is representative for one
ﬁarticular critical stdrage depletion period. A4s storage and
outflow increase, the.time periods change abruptly to greater
length. Obviously, if there were many inflow records of simi~
lar length available as the one on which the storage depend-
able flow .polygon was based, many such polygons could be drawn
with the étraight line portions and the breaking points at

different locations. The series of polygons would be best
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represented by a continuous curve. It seems therefore justi-
fied to replace the polygon by a smooth curve, preferably
enveloping the points on the safe side (low outflowa)

(Ssee Figure 11, page 55)

The increase in maximum dependable outflow, associa-
ted with a storage capacity increase, is an indication of
the benefits associated with that storage increment when
circumstﬁnces are such that large dependablg.outrlow rafes,'
extending over periods of many years, are calledvforo

If, however, the method of reservoir.opération is on
a yearly re#érvoir depletion basis (yearly use of étorage))
the mass-curve method can be applied too. Certain storage
cap#cities would be assumed,'the_annual hydro-electric out-
put deficiences determined and averaged éver many years and
thus the effect of siorage capacit&,incremen@s‘evaluated;
Tﬁis method of évaluatibn would be morse apprdpriate when
alternative?power,supplies are av#ilable, 8eLey thermal-'
electiric plants.

The mass-curvé method can be very'éasily abplied as
long as the unregulated local inflow between reservoir and
powerlplant:is not exceeding the magnitude of the required
flbw at the plant minus the'minimum,permissibie outfiow_from
the reservoir, imposed for other reasonslthan'powar produc;
tion. As long as this ;ondition is.met, the unregulated lo-

cal inflow caﬁ be asdded to the actual inflow and the sum




20
suppiemented for the actual inflow in the mass-curve. The
trué outflow reqﬁired from the reservoir is then, of course,
the outflow used in the mass-curve study minns'the unregul a-
ted local inflow. Evidently, if unregulated local inflow is
in excess of the above mentioned limit, the excess has to be
first deducted Before application of the mass-curve procedu-
re since this excess cannot be stored but has to be spilled
(unless the excess local inflow will be pumped into the |

reservoir).
. {

When the power plant or plants are using éonsiderable
quantities of unrégulated flow, it is usually moreHconvenient
to use the hydrograph‘method for studying the effect of sto-
rage capaci?y, espgéially if the controlled inflow 1is rela-
tiyelyhsmall.l |

The énﬁlysis starts‘from the hydrograph of the'unre-
gulated inflow dowhsiréam of_éhe réservoir. With ihe avai;
lable watef'in storage in the upstreanm rese:vpir, augmented
by'the.inflow.to the reservoir, one tries to £ill the valleys
of the giveﬁ hydrogr&ph in such s w§yvas to get wﬁat one con-
siders the optimum flow patterﬁ at. the plant. Az the storage
capacity.is increaséd, the flow conditions at the plant can
be improved. The improvement.wili be an indication of the
storage benefité. .

Somgtimes'fhe change in the outflow duration curve

~ due to reservoir regulation is considered indicative of ths
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storage value., If the aim is constant outflow, this is justi-
fieds; but with variable outflow rates required or permissib-

le, the change in the duration curve or lack of change could

be very misleading. To make this clear, let it be assumed
that load and system conditions call for an outflow hydro-
graph exactly thg same as the inflow hydrograph except that
it is required in a different season and, further, that this

shift is accomplished with the help of a reservoir having a

certain storage capacity. Evidently, the outflow duration
1 curves, with and without the flow modification through the

reservoir, would be identical over a long pefiod of time.
f,§ (with appropriaté selection of beginning and end of the
:period for which the &uration curves are determined, the
qualification regarding length of time period does not
" apply.) |

The massfcu£Ve method and the hydrograph method re-

quife that the desired flow pattern at the plant is known

and are most suited if this is the highest possible constant

‘flow., In most actual cases, however, the optimum flow pattern
toward which regulation should aim is not given initially.
‘Therefore, these simple methods are likely to be of limited

évalué when studying storage benefits for power systems with

ialternative power and energy sources available and varying

loads. In the following section methods better suited for

more th6roughIinvestigations will be discussed.
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MORE ELABORATE METHODS

These methods are attempting to approximate the éx—
pected futﬁre system and reservoir operations for different
storage cépgcities, Increases in storage capacity will in
generél be accompanied by reductions in system operating
costs; These cost reductions are approximately computed and
represent the incremental storage benefits, which have to E
be weighedbagainst the costs of providing that storage . |
increment. |

In order to enable at least a rough simulation of the
expected future opefation of the reservoir (or reservoirs)
similar rules-will have to be observed as in actual opera-:
tions. N

"One of the most important conditions is frequentiy
imposed by‘the minimum hydro-eledtricAenergj output requi-
rements, These reqﬁi;ements will vary from wgek to week or
month to month in an annual cycle, frequently With a load
grgwth factor superimposed or they may also suddenly drop,

because of the commissioning of a new thermal-electric plant

or for other reasons.

- To safeguard the minimum hydro-electric energy requi-
rements, ce#tain amounts of water will have to be kept in
storage at ¢ertain dates. These minimum storage amounts plot-
L,6

ted versus the date are referred to as basic rule curves.

(See also Appendix for definition). The basic rule curve
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may simply represent the envelope of the storage requirements
‘for the most critical dry periods on record,h or it may be
based on all flow peribds with storage requirements and incor-
porate the probability aspect. In the latter case a series of
basic rule curves are arrived at, each for a certain proba-
bility (expressed in percent) that the sforage prescribed by
this curve :or a certain date will be adequate in the future
with the saﬁe load and systen composition.6

Figure 3 shows a basic rule curve of the first type.
The storage content is expressed in MW-months, plotted against
time, It is found by plotting the accumulation, in reverse
order of time, of the deficiency-between the minimum requi-
red firm hydro-electric energy and the energy available from
recorded‘unregulated streamflow during periods of criti&ally
low flow. The accumulation starts from the end of the low
flow period. With reference to Figure 3, e.g., at the end of
_Januafy l9hl'(as abscissa), the sum of the March and Febru-
ary deficiency was plotted (as ordinate) because March 1941
- was the last month with deficient unregulated streamflow.
After this date the energy from unregulated streamflow is
greater than the minimum firm hydro-electrlc energy require-
ments. In this context unregulated streamflow is the flow at
the plant which would have occurred without the action of the
reéervoir, namely thé.sum of reservoir inflow plus unregulated

- local inflow between reservoir and plant adjusted’for time lag

S
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as required; Eich low flow period gives a.different plot.
The basic rule curve represents the enveloperf all the in-
dividual plots. The same reasoning as given on page 18 as
justification for replacing the storage-dependable flow
polygon by a smooth-curve is wvalid herevtoo. Consequently,
it‘is considered correct to draw a smooth curve (enveloping
cufve) instead of following exactly the highest individual
3 plots. ,

Figure 3 shdws an enveloping Easic.rﬁle curve toge-
ther with the storage requirements for the critical periods
on which it is bésed. | |

The basic rule curve may refer to a simple reservoir
or it may refer to the combined storage content of several
reservoirs. In the fbrmer case the ordinate may represent
the Qolume of water in storage or itsiequivalent energy if
i’used over a certaig developed heéd. In the casé of several
resérvoirs, obvibuslj the'storage contents have to Be ex-
 pressed in energy units, e.g., MWh, unless the flow from all
éthe reservoiré is utilized with equai developed héad. If at
.. any date‘the energy éontent of the reservoirs is at or below
';ihe basic:rulé curve the use of hydro ehergy should be redu-
;ced to the minimum requirements. While the total energy'con-
;tent is defined by the basic rule curve the total water con-
" tent of the reservoirs (or any individual reservoir) is not

"because the volume of water corresponding to the energy
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content depends on the distribution of the stored water among
the individual reservoirs.

The siored energy contents, called for by the basic

rule curve, are 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 storage stu-
Ady and deférmination of the benefits of increasing the sto-

rage range by lowering the minimum permissible reservoir

levels may be part of the study. Frequently, however, a phy-
sical limitation to this process is soon encountered. Usual-
1y, more freedom exists with respect to the selection of the
upper limiting reservoir level. The maximum permissible sto-
rége level for power'ﬁurposes may be constantbthe year round,
but frequently this level varies with the season, beihg low-
est during the time of_the'year when the largest floods can
be expécted in order to provide room for excessive‘flood
rﬁnoff. ‘

In evaluating the effect of incremental storage on

a certain reservoir, different maximum permissible reservoir
levels are assumed for this reservoir whereas for the other
existing or contemplated reservoirs of the system the maximum

and minimum permissible levels are assumed to be fixed.

Minimum permissible level, basic rule curve, maximunm
permissible level, minimum and maximum useble hydro-electric

energy, supplemented by some reasonable and simple assump-
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- ‘tions concerning storage distribution among the reservoirs,
if there is mére than one reservoir 1# the power system, de-
fine roughly the reservoir operations. The firm load feqni-
rementé and the available electric enefgy sources snéh as
hydro-electric and thermal-electric generating stations and
interconnections with other power systeﬁs determine the firm.
maximum and minipnn hidro-electric energy requirements toﬁbe
observéd in simuiating approximately the future reservoir
operations.:' o .
| In reality additional factors usually exist which may

influence the reservoir regulations. These are inierrnptible
power sales, cost differenqes in thermal-electric generation,f
and different price levels for energy interéhange with other
~powér systems. | |
' | In mény cases, it 1s necessary and justified t§ keep'
the work to a minimum by ignoring these influences. |

Even so, the amount of work required {rgquently turné,
out to be rather large and being of a repetitive nature the
use of a digital computer is Justified, even ﬁhoﬁgh it is
in general still possible, though rather timevconsuﬁing, to
perform the simulation.study manually. _

A representative period of past flow records (reser-
voir_infléws and nnregulated local inflows)»extending.oief
twenty or ﬁore years of the paﬁt (or as guessedifof_the ru-.

ture) are used in the simulation studies which determine the

“
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average annual operating costs for several storage ranges.
This method can be used in many sifuétions dealing with small
and large storage capacities and variable hydro-electric re-
quirements. The benefits from capacity increments of the
Grand Rapids reéervoir were estimated by this method.

Other méthods were developed to determine capacity

requirements for long term storage on the Nile, using stati-

stical approacﬁéé which are briefly 'described in the follo-

wing. The year was used as time unit which ié an indication
that "long term"™ means indeed storage over many years.

Dr. H. E. Hurst studied 75 phenomena aﬁd 690 series of years,
ranging from 30 to 2000 years.lo The characteristic studied,
the rangé R, is the difference between‘the highest and low-
est accumulated départures of observations from the mean.
When dealing with inflows to a reservoir this méaﬁs R is the
vertical diétance from the highest to the lowest point of

the residual mass-curve (working with mean annual flows and

R

the year as time unit). Hurst found that 1og—;7==.K 1og—g—

6 represents the standard deviation and N the number of -

events, K = 0.75 for river statistics.

?or the rgquired storage S to guarantee an outflow B

S _ M-B
he found —g=- = 0.94 - 0.96 | —=

where M is the mean of the observations. This equation too
was not only based on river discharges, but many natural phe-

nomena such as rainfall, temperatures, tree rings, etc.
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Noteworthy, with respect to storage evaluation, is the fin-

ding that records of natural phenomeha extending over long

periods show considerable variations of means and standard

“deviations from one period to another. This wquld indicate
the probability that:a storage evaluation which had to be
based on a past period of flow records could be somewhat in
error because the flows during the future life of the pro-

ject are different in an unpredictable way, even when every-'

thing else-w#s prédicted correctly.

A. Fathy and Aly S. Shukry in their treatment of the
long term‘storage probiém'worked with the deviations of the
arithmetic mean for groups of observations instead of the
deviation of one observation.7 E.g., mean flows for 3, 5, 7,
or 1Q year periods were uéed. This was done to allow‘for‘the
tendency of hydrological phenomena towardsrgroﬁping of high

or low years.

The main tool in this method is the "deviation curve®.

This curve is baéed on a plot of maximum relative deviations

/é/maximum versus the number of years in:the periods (groups)
for which the relative deviation was computed.
The maximum negative relative deviation, plotted

against, saj N = 10, is the difference between the absolute

(long term) mean flow and the mean flow for the 10 year pe-.
riod with the lowest average flow. Figure 4 shows the devia-

tion curve for the Nelson River (based on negative
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deviations only).
The relation is of the form /&/maximum = —%ﬁ .

.The question to be answered is: how much storage S is
required for a given constant outflow B. If Qiis the length
of period of maximum deficit and M, is the mean flow during

the deficit period then evidently S = N, (B - M,). If the

relative deficiency & = gﬁ—ﬁ-—lﬁ, and ﬂ = }-gé-i?{—g the rela-
A a : a

tive reduction of the:outflow B below the %absolute® mean

s
flow M., then — = N,;( & - .
a’ | | Ma_ d( /Q )

_Conséquently;.fhe deviation curve needs only to be multi-
plied by N to give curve N maxXimum in Figuré 4. The largest
distance of this curve from the straight line N - in the

direction of the ordinate'represents-%-, which answers the
. . a

question for the required éﬁérage, Figure &4 illusfrates the
.methbd; The rééulting dependable flow storage relationship
is plotted'dn Figure 11% for comparison with the correspon-
ding relation found from a mass-curve study. As can be seen,
the}Fathy-Shukry-method calls for higher storage caPacities.
Comparing the slopes of the curves in Figure ll,vwhich are

indicative of the benefits from storage 6apacity increments

(inverse relation), it appearsAthat the Fathy-Shukry method

| ?pége 55




gives highér values of these benefits for most,pfacticablej"
ranges on Lake Winnipeg. |

At first glance, the difference in storage require-
ments may ﬁppear excessive. However, comparisén of the
100% curve and ﬁhe 98% curve (both found by the mass-curve
method) shows, e.g., at 50,000 cfs dependéblé outflow that .
‘the relative change in storage>requirements from.98% to 100%
is larger'ﬁhan that from 100% to the Fathy-Shukry curve.

" Since the two methods developed for the Nile work with
the year aé the time‘unit, it is necessary to treat the sea-
sonal fluctuations, which occur in supply and demand; sepa-
rately in éddition._ |

In some dases, the methods described in this section
may be considered still too approximate and'additional fac-
~tors influenging system operation will be included in the

studies as described in the next section.

" REFINED METHODS - R

By using electronic computers, it is possible to simu-

-late the expectéd future system operations. Depending on the
importance of the'evélﬁation,-various degrees of refinement

may be selected and ﬂhe influence of varying assumptions

studied.,
Before the actual simulation studies can be performed,

it is necessary to establish the rules for the future systen
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operations, Basic rule curves, maximum permissible 1évels,
maximum And'minimum flows do not yet-define thé most econo-
mical operation; it»is necessary to supply additional para-
meters,'such as incremental water values at certain storage
conﬁents occuring at certain dates. For élarification, it is
pointed out that the term "incremental water value®™ does not
refer to the benefits from the storage capacity increments,
the estiméiing"of which is the theme of the thesis. The in-
cremental water value represents the probablé value of the
top increment of energy in kWh stored at a certain date and
is expressed in mills/kWh orA$/MWh, whereas the benefits of
incremental St§ragé capacity refer to the expected benefits
from the last increment of storage capacity, e.g., the upper-
most foot over a period of many years,preferably the life of
the project, and is conveniently expressed in average bene-
fits per annum per foot increment of the maximum permiésible
reservoir level. The lines connecting points of equal incre-
mental water value on_the.stofagé content versus time graph
are called economy guide lines” in a paper Ey Brudenell and
Gilbreath which presents also anvapproximaté method of deﬁer-
mining the incremental water values.é These lines indicate
up to which maximum incremental cost level thgrmal-electric

generation should be used depending on the storage content

*See Appendix for definition.
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at a certain date. At high storage contents (to which low
incremental water values correspond) the lines may indicate
whether interruptible load with a certain low reVenue rste,'

should be supplied or dropped.

The mentioned paper was found very helpful in establi-_»-

'shing reservoir operating rules and a brief desoription of
its content is therefore given. | o
Part I of the paper discusses the general theory of

}the economic operation of thermal-electric energy snpply
'isources with hydro-electric energy sources withvapprooiable'ﬁ
water storage posaibilitiea. . o .~

Part II discusses the applioation of the theory to thei-
Operation of the integrated Tennessee Valley Authority eystem'
of hydro-eleotric plants, reservoirs, and steam-electrio
plantso ,

.In‘Part I the theory was deVeloped starting from the E
simplest case, a hydro storage system withont auxiliary |

steam-electrio power snpply and for firm load only, progres-

~ sing in steps to a hydro storage system with a variety.'

(multi-cost) of auxilisry steam-electric power supply for

firm and interruptible type loads. The development of the

;operating rules had as its objective'long range storage Ope-_-"

Viration which would resnlt in minimum annual power produotion
'oosts, on the average, consistent with guaranteeing supply of

the. load under the most adverse runoff conditions on reoord
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v‘and without use of runoff predictions.

The concepts of basic rule curve, no-epill rule curve, °
economy guide 1ine’uere iutroduced progressing from the sim-
ple to the complex case as mentioned oefore;' | |
H Basic rule curve and no-spill rule curye preeeut no
particular difficulties as to understanding and determina- o
';tion, but some discussion of incremental water ‘value and

economy guide lines appeared useful,

.The simplest case in which an economy guide line would

»] be useful in guiding operation of the reservoirs is supply
of firm 1oad by hydro atorage system (with head affected by
' reservoir levels) with single-cost source of auxiliary
(e.g., thermal-electric) power supply. |
The firm 1oad is larger than the firm energy supply

of the hydro-electric system, but not greater than the firm;
_energy supply of the hydro-electric thermal-electric combi--
nation. If the content of the reservoirs is below the no-
_spill rule curve of that date, full use should be made of
the available auxiliary supply to iucrease the head oecausep
' there is no chance of spilling (based on past flow records);
Also, if the content of the reservoirs is below the basic'
‘rule curve, full use must be made of the auxiliary supply in

order to safeguard the firm load during the low flow period
vvthat may follow,

.Ir,.however, the storage content is above the noéspill




36
‘rule curve (and at the same time above the basic rule curve),
it may, or may not, be beneficial to operate the auxiliary
power source depending on what will predominate -~ benefits
from increased head or'the dieadvantage from spilling sub-
sequently the water first saved by using thebauxiliary ener- -
g8y source. The eriterion for economic operation is to achief
.ive the greatest usable hydro-electric output. If the flow |
were known in advance, optimum use of the auxiliary power'
could be determined :or_the "Governing Period". This period
was'definedlae the period ending with reservoirs just drawn
to the basie rule cnrve or just filled by the beginning of
-a subsequent periodlofvdrawdown, whichever'occnre later.
To maximize the head during the Governing Period would call .
for maximum use of the auxiliary'source until the date is -
reached from which on che storage content is sufficient for}'
the hydro-electric eyetem alone to carry the load for the |
remainder of the Governing Period. The period of maximum use
of auxiliary power within the Governing Period was called
"Determinant Period". The topvincrement of storage content :
at the’starting date of tne Governing feriod equivalent to
one kWh was retained in storage'with a gain in head until the
. end of the Determinant Period when it finally was used to
| replace the auxiliary power. Thus its replacement value equal- :
led. then one kWh of generation by the auxiliary source plus |

the energy equivalent to the corresponding average increase
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in head during the Determinant Period. Thus, it is evident

that this kWh of storage is worth more than the cost of a ‘
kWh from the auxiliary source. . _

| In reality, the flow is not'known-in advance as was
. sssumed above; but past flow records can be used for each
year and the ideal operation simulated and the incremental
, value for each year can be found and the average value for
all years with flow records determined. Depending on the |
:predominance of head gain or spillage the average value may
be more_or_1ess tnsn'the_cost:of one_kWh_from the auxiliary
“ source. By chobsing severel Ievels of storsge‘contents at
the various dates of the year, points, representing these

'storage contents and dates, can be labelled with the 1ncre--

.mental water values and the economy guide 1ine, corresponding

' to the cost of auxiliary power, can be drawn through the field

of points (like a contour line through point elevstions)
The more general case of multi-cost sources of auxie_
liary energy was_considered nexﬂ. Maximizing the usable
- hydro-electric ontnut cannot be thefcriterion for'economics
‘operation anymore. The objective in this case is to concene
trate the reduction of maximum auxiliary éeneration, made
poSsibie over a peniodvof years by the margin of average
hydro-eleceric generation over the minimum required hydro-
electric generation, as much as possible to the highest cost

' blocks of avsilsble suxiliary energy.,As in the previousj-
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case, the flow was assumed to be known in advance. Ignoring
the change in head, ideal operation in any Governing Period

would be a constant auxiliary output during the Governing

Period to draw the reservoirs just to the basic rule curve
~or to £ill without spilling. The foregoing statement assu-
med uniform availability of auxiliary energy and a gradual
increase in auxiliary enargy costs with the requiréd rate,

As in the case of a single cost auxiliary energy

source, increased use of the auxiliary energy sources in the
first portion of the Governing Period, at least tO‘thé'méxi-
mum of the particular price block:which must be used anyway,
is beneficial because of the head gain. Depending on the
circumstances there ﬁay be also justifiacation for replacing
.some lower cost auxiliary power at the end of the Governing‘
Period by higher cost auxiliary power at the start in order
to gain additional head. Using the same methods as described
for,thevsimpler case, several economy guide lines are found,

one for every cost block of auxiliary power.

If not only firm load but also load interruptible at
the will of the supplier is served, the case is not further
complicated since dropping of interruptible load is analog

to using a (fictitious) equivalent suppiy of auxiliary energy

at a cost equal to the revenue from the interruptible load.
Part II of the paper deals with the application of the

principles déveloped in Part I to the system of the
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Tennessee Valley Authority. Necessary and permissible sim@-

lifications are discussed and the "Storable Energy Curves"
' as a tool for the approximate determination of the system '
economy guide lines are dntroduced. The Storable Energy
Curves are‘mass-curves:of hydro energy which is avallable ’
:or storage. Consider first aimass-curvs of system'hydro
~energy based on a repetition of the streamflow records assu- .
ming eVerage constant heads et}the hydro-electric plsnts‘asd
unlimited generating capacities. From this mass-curve'deduct‘f
the mass-curve for a constant hydro-electric load. The re-
mainder. curve is easentialiy‘ a Storable Energy Curve ‘and
represents a simplified version of the TVA Storable Energy
'Curves..Tﬁe actual oﬁrves used took into account’the head
iﬂvariations and downstream spillage effects. The appendix of
' .the TVA paper gives practical information on the prepara-
tion of the Storable Energy Curves.

Figure 5 shows portions of Storable Ecergy'curves -
which‘were.determined for the WinnipegiRiver in Manitoba
in ordervto estabiish approximate econonmy guice iines;for
‘the Winnipeg River upstream storage (Lake of the Woods and
’<Lsc_Seul) witﬁvrespect to the use of Winnipeg River £low in.:
_Manitoba. ' A | | g

The use of the Storable Energy Curves for estimating
_ the incremental water value at a certain storage content ié.

- and date is then described. By superimposing a bsse graph
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consisting of'the system basic rule curve end system spiil
line for future load yeefs'over the Storable Energy Curves,
thateStorable Energy'curve is selecteeywhich remains within'
the.space between the two curves of the base graph furthest
into the future (without cutting the curves in the mean-

" time). This requires‘interpoletion between the drawn Storab- |
‘le.Energy Curves.'Figure 6 illuStratee'the procedure.

| ' From the difference between the energy requifemeets
and the hydro-electric supply corresponding to the selecﬁed
Storable Energy Cerve-the sgpplementary.thermaleelectric-
‘energy requirements are found. The highest cost thermal-
electric energy that must be used to meet the demand deter-
mines the water value of the top increment of storage at
that particular date_in the flow.yeaf. Adjueimente for loss
.of efficieney through spillage at downstream'plants'are na-
de as requiyed.- .‘ | |

The sverege of the ineremental weter'yalnes for the

‘same date and same content for eil eeneidered flow years is - -

the most probable incremental water value for that date‘and'
content., Figure 7 shows a storage cententvverens time graﬁh
with the average'iﬁcremehtal waeef values entered, which
:‘esefve.as the baeis forndrawing the'eeenem§ guide lines..
| Further refinements and improvement pessibilities are
;discnssed. Since publication of the paper, the Tennessee

'1Valley Authority has_fnrther developed and applied_improvemehte
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of the methods for system operating purposes.5 However, the
amount of work'is'prohibitive'for estimating the benefits
of additional reservoir capacity.

References 6 and 14 suggest/water value computations
based on successive approximation procedures. For the case
of a single reéervoir, different cost blocks of thermal-
electric power and interfuptible load, they suggest to assume
water values as function of date and Storage content at a
number of points which are uniformly distributed over the
storage content versus'time graph between the basic rule‘
curve and the spill line. To find a second approximation of
water value for a point (date .and storage content) one
starts f:om that point and computes the subsequent storage
contents correspbnding to system operation as dictated by
the previously assumed water values being passed (inter-
polating the water value between points asvreQuired). The
calculation is discontinued after some twenty weeks (the
week was used as time unit) or earlier if the storage con-
tent reached the:upper permissible limit or the basic rule
curve. This is done for.thg same poiﬁt for every flow year,
e.g.;.30 years. As second approximation of the water value
for the point in question is £aken the mean water value of
all the‘termination points reached. It is therefore advi-
sable to find the closer approximations starting at points

of later dates so that the correction of water values at
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earliervdates can benefit from these closer approximations |
- as the system~operating calculations proceed in'chronologi—
 ¢al order and are influenced by the water values of the
later dates. 4 L 4 :
Application of‘the trial and error’method is pos- .
sible also for a.system with several reservoirs with draw-
down distribution among the reservoirs avoiding unnecessary
| spillage . ‘
'Regardless of the method of water value determina- .
tion, rules for proper.distribution of storage among several
reservoirs may be required to keep the reservoir ¢ontents |
"in balance" 13 In balance means that the storage contents
are” such that a unit of stored energy would have the same
probable future Valne to tne systen, regardless of into

which of- the reservoirs it is placed. This is approximately:

the case if the contents of the reservoirs.are snch'that the =

chance of future spilling is the same for all reservoirs..'

Obviously, to establish the rules of operation for

.the simulation study is an extensive computer study itself. L

The main purpose of it would be to establish the rules for
economic, actual long range operation of a combined hydro- .
- thermal system, the use of these rules for the storage bene- ‘
it evaluation being of secondary importance; The rule cur- |
" ves and economy guide 1ines will vary somewhat with the -

_assumed storage capacity.»Consequently, for evaluatingbthe
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benefits from incremental storage capacity more than one set
of rules will be required. The operation of the reservoirs

can be done according to these rules without incorporating
‘runoff forecasts. In reality, however, these rules will fre-
quently be modified by giving some weight to"runoff predic-v'
tions; for instance,.for the spring runoff. Further refine-
ment would be to incorporate these modifications of the
operation into the simulation program. Fixed rules for this'
have to be established, based on the known conditions at
that time as antecedentbrunoff magnitudes, snow cover,'pre-'
~cipitation, temperature, and other suitable indices.
nlthough the simulation runs on the computer can bei
"~ done for a nearly unlimited variety of assumptions, using
past flow records or speculation on future flow pattern, E
different 1oad growths and system composition, and diffe-
rent capacities of the reservoir whose storagc benefits are
to be assessed, economic considerations and time 1imita—

- tions will impose restrictions in this regard‘ Finally, it
nay happen that the variations in the_assumptions yield- '
different answers with the resuitltnat-needyfor applying
judgment will not be completely eliminated, but judgment
will have to be exercised in giving different weight to thep
ivarying answers in making a decision on the storage capacity

to Be provided.

In the next chapter, two‘specific casesiare discussed,




47

illustrating the application of simple and of more elabo-

rate methods.




CHAPTER III
~ SOLUTION APPROACHES USED IN TWO SPECIFIC CASES

For the first case, Lake Winnipeg regulation, the
mass-curve method was further developed for application
'to'specificAproblems of regulation. | |
o - The second case, dealing with the Grand Rapida reser-
voir capacity, is more typical of the storage benefit prob-
-,lems generally encountered, and an approximate eimnlation |

approach was used.

| ~ LAKE WINNIPEG REGULATION o

' The studies of the Lakes Winnipeg and Manitoba Board,i.

.undertaken from 1956 to 1958, included an appraisal of the
.:benefits to be expected from lLake Winnipeg regulation.‘12

| Benefits from lake regulation are, of course, not thei

same as the benefita from storage capacity, but the problem

of evaluating them is quite similar. The difference between-r" a

storage benefits and regulation benefits lieshin the'origi-l
nal situation to which'the'improvedAcondition ie'compared. N
- When evaluating storage benefits the: improvement is counted
from a negligible or emall uncontrolled storage capacity to
" ‘a large’ controlled storage capacity. When evalnating lake ﬂj
'.regnlation benefits the large ‘storage capacity already ex-
. ists and the improvement consists only in eontrolling ite .

nee, ‘which may increase, leave nnchanged, or reduce the
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natural live Stofage capacity (range of lake level fluctu#-
tions).

In order to assess the expected benefiis, assumptions
had to be made regarding the use of hydro-electric power to
be produced using the outflow from Lake Winnipeg. Lake Winni-
peg is drained by the Nelson River which flows into Hudson
Bay (Figure 8). Over a distance of 410 miles, the river
descends 7l2'feet; Many-potential power sites, totalling
more than 600 feet in head, exist (Figure 9). Depending on
the degree of.development and the nature of the market to be
supplied with ﬁélson River power, the benefits from lake
regula&ion will vary. Regulation of Lake Winnipeg was there-.
bfore studied for three different situations: first, partial
development of the available head for the southerﬁ Manitoba
system; second,_development of all pbwer sites for ﬁn uﬁ—
changing ﬁonﬁhiy load having a load f@ct§r of 0.8; and
thiid,-pgrtial development, combined with regulation per;
~mitting postpbnement or-élimination of development of less
favourable sités,'for an aésumed load type as~in §ituati6n
ﬁwo above. |

Thé first situation was considered the most likely to
"becéme-reaiity, More effort and time was devoted to its stu-
dy than to the other two situations combined. In_priﬁcipal,"
the study was conducted along the same lines és the Grand

Rapids reservoir study, dispussed in the next section.
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 Further discussion of the benefit evaluation fof this situ-

ation is therefdre.omittéd; except for the remark that.the
sfudy was done without the heip of anbélectronic épmputer
and with a considenablé degree of arBitrariness in simula-
-ting expected regulation of the reservoirg of the system as
comparéd to the Grand Rapids study.. A |
The load assumptions for the other twq-siﬁuations

made'it possibleﬂio evaluate the potential benefits of dif-
~ ferent étérage ranges by methods based on the uée of the

1nflow=avéilable-for-qntfloﬁ mass-curve.

- The Ezglugtiqn of the Regulgtion Benefits grterlnevelppmeht'

- of All Nelson River Sites

In evaluating the regulation benefits it was consi-

dered that an increase in hydfo-electric energy prbduction :

will always be advantageous provided there is a market, but

the value of firmihg'up capacity will'depend on the:nature
. of the market and on the cost of incfemental_hydro—elecfrié

~and thermal-electric capacity. Not knowing the reqﬁireménts

of thé.future market the behefits of regulation were-studied.

for outflows (a) dependable during 100% of the time and
(b) dependable during.90% of the time. The procedure was as

follows:

Using the mass-curve and the tabulation of cumulative

inflow-available-for-outflow (from which the.maas-cnrva>was¢
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vplotted) the maximum iOO%Idependable flows corresponding to
certain storage_éapacities were found in the usual manner.
The reiationship between storage and outflow of'feduced

dependability was determined as folloﬁs: A ceﬁﬁain desifed_
uoutflow was assumed and combined with various reservoir
cqpacifies all-inédequate to‘make the flow 100% dependable
 using the inflow records of the p#si.,Further, regulation
 was gssuméd such that the outflow equals the inflow when- -
.ever the IOWef or upper limit of regulation was reached,
: kéeping the reservoii'1evelnconstant. Figureilo f1lustrates
the method used to find the percent;age of time the flow
would be dependaﬁle with a certain storagé'capacity and the
'aséumed inflowé.vAs sﬁown in the sketch, the time periods
during which thé.reserjoir would remain "empty"™ (at its
‘lower permissible 1eve1) and the inflow less than the desi-
red outflow werebdétérﬁined for the totai period or=record;v

verified with the tabulated figures and deducted from the

 total time of record. Desired outflow and storage capacity = =

represented a point on the plot of<sto;age versus outflow .
" which was labelled with the percéntage'of/time the outflow
would equal or exceed the plétted value. This was done for
many storage and_oﬁtflbw combinations, each yielding a la-
belled point.vSm§oth equi-percéntage‘iines,weré then drawn

just like one wéuld draw contour lines_using'the perceqf&gq'

iabels as elevations. Figure 11 shOstthe'relationships
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between outflow and regdlatioh'range for different degrees
of dependability. In vlew of the large surface area of Lake
Winnipeg this area was assumed constant,*independent of sur-
face elevation, This permitted subetieution of thepregula-.
tion range in feet for the storage capacity wifhout defining‘
the actual elevations.

The next step was to convert the dependable\outflews
into capacity and energy gains{ This was done in a somewhat
'different ‘way for 100% dependability and for 90% dependab1~ -
1ity: | | | | |
(a) For'dependability during 100% of the time,the-installed
capacity was based on the maximum outflow dependable'during
1007 of the time, assuming repetition of past inflow patterns
in the future, except for anticipeted"men-made medifieatiens..f
Applyingxthe earlier mehtioned load factor of 0.8, lb% spare
<capacity; and a developed head of'655 feet, the installed cegi
pacity ﬁhat cen‘be sepported by a certain stgfage fange was -
found. If the same hydro-electriec inetallation were provided’lrr.
%o make use of the uncontrolled ontflow from Lake Winnipeg,_
a certain amount of stand-by capacity (an auxiliary power
source) would be required and a certain amount of energy
. would have to be supplied from it. The elimination of the
| ennual costs associated with_the auxiliary powerband energy
‘source is representative of,fhe benefiteifrom eontrelling |

»Lake'Winnipeg oﬁtflowsfoyer a;eerteiﬁ rahge‘for;pOWer purposes.
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To find approximately the magnitude of the power and energy'

.required from-the auxiliary source, with Lake Winnipeg unre-

gulated, the change in the outflow duration curve, or more

correctly the change in- “the corresponding producible power

and: energy (associated with Lake Winnipeg regulation), could

be considered in this case, because of the assumptions made .

'.regarding constancy of load. It was further assumed that all_lar

n]plante will have adequate pondage to permit study of the

' lake . regulation on a monthly basis. Figure 12 illustrates
‘the principle.

As long as head and efficiency (or etrictly speaking
their product) can be assumed to remain the same for all ;-"J

flews,;the same curvesvin.Eigure-lZ can serve for flow rates

“through the turbines'and power outputs there being only a

difference in scale. In reality the head'usefulifor power

| production, and to some extent'also'the erficiency, will
- change with the flow. This is indicated in Figure 12 for the
higher flowso Evidently, some compensation ror this effect is _if

'possible by temporarily encroaching upon the 10% spare capa-

city provided. In view of all the other assumptions made, and
because of inadequate knouledge of the increase in head los- i
ses; ignoring'the change in.head appeared justifiable. It-

was found expedient to plot the energy gain area (hatched in
Figure 12), expressed in cfs, versus the corresponding depen-

dable flow,also in cfs, in order to get a continuous




Outtlow in 1000 cfs.

e

it
%*“\ 58
o
o)
A
“
M 3
S \ Duration Curve of controlled outflow S
N \ “ N Y
o \ , \,zf__ﬂf_..mfga?wzzzez?ﬁ{ﬁ
2t \ Duration Curve .9/ rares Q
e Uncontrolled Outflow 3
N | ﬁ
' o
Q Hatched Area represen-|Q
ST tative of Energy Gain 1
e &t
~ r/,'/k' W 4“_ —— T
4 :/"/” ——_\: > gu §>
Q-h // \ '{: g -n-(\'
\0 . AV \(\\ S
] ‘ SNDIvS — N
N Yok oy g e
Y SR Y s s
\Zndication of T B Si>dw Y1 R’ §& N
Q YRy 5% a3 8 o8 N
N Eﬁ‘ecf of reduced 3 3 NEESERS ¥ SXx 2 %(‘ YRS
_ , N ! % = PRt VI Y LYo
head at /)/_q/‘7;‘/0#;«5\Qs X< SN SxS Y X
Ol on Power output N Nig O AN L S
4+ SN o8 L S Q'
“T a¢ controlled : &g %’ | ;’} f N gg Ry \4! | -§
- - - QS N i Y q’]
Q Q§ .
~t and urcorntrolled g N § X P g § ? N gg‘;’o\:\, “g\)
e N ( o
Lake outflows S 3R N 8% G P %’Sg TN
ot ‘Q N S ¥« ™ L is
N Sy A Q QO N N >
Q CAaG QNS O
S + + + | + V + 1‘ } o

0 /0 20 30 40 &0 60 70 FO §0 100
Yo of time flow Is exceeded

F/:g, /12 Use of Duration Curve for Estimating
Value of Pegulatiorn (Lake Winnipeg)

Effect of reduced head and left portion of controlled
Outflow Duration Curve ossumed only for Hustration



' o 59
reiationship between energj,gain and maximum 100%'dependeble‘
outflow which iteelf is reieted io the regula}ien range on
Lake-Winnipeg (Figure 13). The capacity gain is proportional
to the dif{epence between maximum 100%.dependable outflow
'gnd’the minimum mean monthly eutflow on record, as long as
t@e.chahges in head losses can be ignored. This was assumed
to be the'case.'v o | | 7
“(b) For dependability during 90% of the time, the capacity
gain (analog to the above) is proportional to the difference.”
.ebeiween the 90% dependable outflow (dependable during 903 of
the time) and the lowest mean montbly natural outflow,
| To findlthe energy gain, use was made of tﬁe plot of
energy gain, expressed in cfs, for 100% dependable flow ver-
sus the 100% dependable flow. From this graph (Figure 13) the,
flow increase corresponding to a 100% dependable outflow of
the same magnitude as the 90% dependable outflow was read.
From this value the deficiency in inflow, occurring during
10% of the time, had to be‘dedncted; This shortage was found
from the inflow mass-curve (or more acenrately'frem_the table
‘f of‘accumu1a£ed inflow—available-for-outflow from which the
mass-curve.was plotted) as in&icated in Figure 14. It is re- -
ecalled that the determinefion of the 90%_de§endable‘outf10§
" Wwas based on the'assnmption that the outflow equals the |
, inrlowaavailable-for-outflow when the lower limit of'regula;

tion is reached as long as the inflow-available-for-outflow
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does not exceed the 90% dependable flow;
| The period of record was divided into sub-periods
like the one illustrated in Figure 1l4. For each sub-period
having a shortage X, same was computed from equation
nD = 12 1

where n number of monﬁhs in the considered sub-period

- I, -5-X
D the 90% dependable outflow in cfs
12 accumulated inflow—available—fqr-outflow in efs-
months up to time 2.
S available storage capacity in cfs-moﬁths for po-
wer purposes (excludes flood reserve capacity) ’
X  flow deficiency accumulated in the considerea
sub—period; in cfs-months.

Having determined X from all sub-periods,.fhe total
average deficiency in flow was computed aS'%-cfs where N is
the total numbef of months of the period of record. This is
the amount bj which the energy gain, found as‘deséribed ear-
lier, had to be'reduced to get the‘energy gain when-regula-
ting for 90% dependable outflow. The rest of the evaluation
procedure was the same whether regulation for fuli or for
reduced dependability was assumed. The flow rate increases
in cfs representative of capacity gain and §f energy gain,
were first convérted into MW and "cohtinuous MW"  respecti-
vely and finally into average annual dollar-benefits.'(For‘

convenience, energy was not expressed in MWh but in
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icontinuous MW" representing the average power output over
a time period.

A constant developed head of 655 feet, an overall

efficiency of 0.8, and a capacity factor of 0.727 (0.8 load
factor and 10% spare capacity) were assumed for the first
conversion. Figure 15 shows the benefits in MW and conti-

nuous MW as a function of the regulation range.

Expressing the benéfits in terms of money 'permitted

combining capacity and energy benefits into total benefits.
The foiiowing considerations guided this last step of the
evaluétion;

In order to achieve the same power and energy output
without\Lake Winnipeg regulatidn as with regulatidn, it was
assumed that Neléon River power would be supplementéd by

_convehtional'steam-glectric power. Two possibilities of

supplementing-Nelsén River power under natural storage con-
ditions (Lake Winnipeg unregulated) were compared:

(1) Duplication of that portion of hydro-electrie

capacity that is not dependable (90% or 100% of the time) by
steam-electric cgpacity.
(2) Hydro-electric plant instsllation under unregula-

ted conditions is limited to the dependable capacity for g

natural Lake Winnipeg outflows (including 10% spare capacity).
Since in the first case the same amount of hydro-

electric capacity would be installed with Lake Winnipeg
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unregulated as under the range of regulation belng evaluated,
the energy gain from regulation would be reiatively small,
but the cost of having a large portion of the installed
hydro-electric capacity dupliéated by steam-electric capa-
city would be high. ' | |

: In the second case there would be no duplication of
capacity. The investment cost for ‘the Qombination of hydro- -
electric and steém—electric capacity.was expected to be less
than the investment costs for an #11 hydro-electric develop-
ment. The amount of energy to be supplied by the steam-elec-'
tric plants'would be.much greater than in the first case.

Whichever of the two methods of steam-electric sup-
port, of combiﬁation thereof, results in the lowest overall
~costs should be used for the benefit eﬁﬁimate. When evalua-
‘tiﬁg Lake Winnipeg regulation cpmbinations of the two me-:
thods were not investigated. Duplication of the not depen-
dable hydro-electric capacity was found to result in lesser
overall costs for regulation ranges of at least two feet.

Evaluation of the regulation benefits using the_éosts'
of steam-electric power was based on the assumption that no
alternative sites exis£ for hydro-electric plants that could
supply firmtpower cheaper than steam-electric plants. A

| In accordance with the foregoing, the benefits of

regulation, for regulation.rangeg of tﬁO'feet and greater on'

Lake Winnipég,-were dgfinedvas the-cbst of'plqctrical'eﬁergy'
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from stéam-?iectric‘plants, and the cost of prov{ding the
steam—elect}ic capacity required in combination with the
‘Nelson Rivef plants to yield the same amounts of firm power
and energy Qithout Lake Winnipeg regulation as the Nelson
- River planté alone coﬁld supply with Lake Winnipeg regula-
tion.’ : |
| Figure 16 shows these benefits as a function of the
regulation range as fbund in the studies for the Lakes Winni-
'peg and Maniioba Board.

One of the most important assumptions on which this
benefit evaluation was based was development of all sites to
the same utilization bf flow, i.e. equal plant discharge
dapacity. However, itimay be more advantageous not to deve-
lop some of the more expensive sites and to compénsate for
the lost hgad bj incréasiﬁg the capacity of the less costly
‘sites and increasing_ﬁhe'regulationlrange as requifed:gccor;'
dingly. Regulgtion benefits based on this criterion were

determined as describéd in the next'section.

Potential Bégefits of Regulation After Partial Development

Trough Postgohemegt of Development at the Less Advantageous

Sites
&s.long‘aﬁ the power demand is less than the power~:

potentigl of tﬁé Nelson River (power available at full deve-

lopment of all sites with the largest practicable Lake
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Winnipeg regulation range for power purposes) it may be pos-
sible to supply the demand either by adding capacity at exi-
sting plants and providing the necessary increase in storage
capacity or by development of additional sites without in-
crease in storage.'Although it is likely that a combination
of both would be the cheapest provision for.certgin increased
power demands, the benefits of storage were estimated by com-
paring only the abqve mentioned two waj; of adding capacity.
The cost advantage of extending existing plants may be consi-
dered as the benefit of regulating over the required rangéo
Caleulations wére perforéed.foriload conditione requiring
90% dependability.’ | |

The same approach could have Begn used for 100% de-
pendability. | |

Estimating the benefits proceeded as follows:

The potential energy production dependable during:
90% of the time was determined:assuming all sites developed
ahd the lake regulatéd over a nominal range of one foo£ in
1ieu of‘using the'natural outflow rates ffom Lake Winnipeg.‘
This expedient was uéed because the attempt to.base the be;
nefits on the unregulated state showed that many ofvthg low
"head plants could be eliminated by compensating with addi-.
tions é@ the remaining sites requiring only a'#ery small
regulation range (around one foot) until the "Limestone

Rapids" project with the largest head concentration
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(186 feet) would have to be_dropped as being finally the most
expensive of the remaining sites. Elimination of such a large
portion of the head would have required an excessive range
of regulation. As already mentioned earlier, a load factor
of 0.8 and 10% spare capacity were assumed as well as con-
stant méan monthly energy demand'and constant‘mbnthly peak
demand. The. following basic figureé (for one foot regulation
range) were found: | |
Flow rate dependable during 90% of the time 60,000 cfs,
Rate of average flow usable for conversion into energy
58, 000 cfs (determined as described in the previous section).
With a total developed head of 655 feet and assuming 80%
efficiency, the total installed capacity amounts to 3, 660 MW
»producing 3,330 MW of peak power.

The eliminafion of the mrst expensive project,
"Whiskey Jack", reduced the head by 25 feet from 655 feet to
630 feet. To compensate for the head reduction, the_?O% de- j
pendable flow and the average flow convertible into energy
have to be increased. The power output, which is to remain
uncharged, is proportional to the product of flow rate timés
head. The flow rates required with decreased head were there-
fore found to be 62,400 cfs and 60,300 cfs for 90% depgnda-
bility and for average energy output respectively. From the
dependable flow'curvés.it was found that a reguiation rdngeb

of two feet would yield a flow of 63,200 cfs dépéﬁdabldv
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during 90% of the time. The average flow deficiency (found
as deécribed in the previous section) would be 2,250 cfs.
Accordingly, the flow representative of the possible energy
production would be (63,200 -~ 2,250) cfs = 60,950 cfs.
Comparing these flows with the required flows showed that
adeguate energy production potential is the oriterion for
the required regulation range. Interpolating linearly gave

the required increase

é’%%j%%%-f-%%:%%% x (2 - 1) ft.= 0.78 ft.)
of the nominal one-foot regulation range. Thus it was found
that an increase of the regulation range from one foot to
1.8 feet would pefmit elimination or postponement of the
costly "Whiskey Jack™ development. In'ofder‘to,utilize_the',*
,.improved flows and to have'the samé.tptal planf dapacity'on
the ﬁeisoﬁ RiverAwithout the Whiskey Jack piant; the capa-
cities #t the remaining sites have to be largér by

%%%—:—53 - 1= 43.

The cost of the Whiskey Jack plant was estimated to be

$67,000,000, whereas the cost of the incremental capacity
at the remaining plants was‘estimﬁted at oﬁly $23,000,000.
Applying 8.3% annual charges on the investment‘dirferenqg,
‘the annual bégefitifor ihcreasing'the.regulatioh rhﬁge'froﬁ,.
one foot to 1.8.feet was found.

This procedure was repeated a few timea;'at qach'i'
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repetition eliminating the most eXpensivevsite to develop |
from those remaining. The resulting benefit regulation range
relation is shown in Figure 17 for a 90% dependable output

of 3,333 MW.

The same method can be applied to other power outputs
(degree of development). A second curve; for a smaller power
output, was determined for the Lakes Winnipeg and Manitoba }

Board.

The benefit estimates for Lake Winnipeg regulation

referred tovpossibleedevelcpment in the distant future andl
assunmed fixed load and sjstem conditions. In reélity loads
and power systems will be changing, requiring sequences of
loae years to be analysed. |
The laet‘portion of the thesis describes the methods %

used for eveluating the benefits of incremental storage at

the Grand Rapids plant considering & period nearer in time,

namely from 1967 to 1976,

BENEFITS FROM CAPACITY iNCREMENTS

- OF THE GRAND RAPIDS RESERVOIR -

Several studies eneavoured to determine the optimum

upper storage level for the Grand Rapids reservoir, /21152

The following deals with the last study as an illustre-

[k
i
i
B

tion of nmore elgborate methods for estimating the benefits of
storage capecity increments.

The Grand Rapids plant is under construction at the
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;mouth of the Saskatchewan River (Figure 8, page 50, and Fi-
1gure 18). The first two units, of 150,000 h.p. each, are
scheduled for commissioning in the fall of 1964. The useful
life of the plant is.expected'to extend well into the next
century. For'purpdses of selecting the "Full Supply Level"
(i.e. the maximum reservoir surface elevation permissible for
storage of water for énergy broduction), the storage benefits
vwould have to be estimated over the useful life of the faci-
iities; Such a comprehensive study would be very time con-
éuming and costly. The influencing factors would have to be
?stimated far into the future. Consequently, the study was

?estricted'to the early years (1967 - 1975) of the develop-

ments life. The assumptions to be made for these early years

have a greater chance of being close to the actual conditibns
ﬁhan speculation about a more distant future. Further, the
annual costs and benefits in the near'future are mére impor-
tant than those in tﬁe later years, i.e. their reduction to
ﬁresent worth.is.less.

The first step in the study was to estimate the future
ioad growth of the southern Manitoba power system and to
éssﬁme additions of new generating stations and eitension of
exlsting plants to meet the estimated load growth. Accordiﬁg
fo theée assumptions, the Grand Rapids reservoir would be,
up to 1971, thé only reservolr regulated eXclusivgly by

Manitoba Hydro. The last five years (1971 - 1975) studied
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show the effect of Lake Winnipeg regulation and the efféct
of increasing Nelson River power production on the value of
Grand Rapids storage.

No attempt was mede to forecast the inflows to the
reservoirs, instead a period of past flow records (1928 to -
1955), containing dry and wet cycles, were applied in chro-
nological order to fufure load years. The Grand Rapids re-
servoir inflows were adjusted to sllow for increased up-
stream irriéation use as estimated by the Prairie Provinces
Water Board and the Prairie Farm Rehabilitation Administra-

t
-Figufe 19 shows schematically the system of rivers,
reservoirs; and hydrbfelectric plant groups of which the
Grand Rapids project becomes a part. The hydro-electric
generating capacity is supplemented by<thermal;electric
generating capacitf; increasing from 290 MW to 390 MW net
output. Also presented on ‘the scheme are: the averége river
flows for.the flow period used in the study, the storage
capacities os the major reservoirs, the existing and assumed
future insfalled generating capacities; and the héads of the
hydro-electric plant groups and of the Grand Rapids plaﬁt.
The growth in installed generating capacity and head is indi-

cated by the ranges ﬁoted. In the following table are listed

. the assumed capécity additions.
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ZERO TO 620 M.W.
55 TO 195 FT.
5,300 TO 24,800 SFM,

70,600 C.F.S.

N

19,200 CFsS.

'
47,000 TO 101,000
S.F.M,

330 TO 440 Mw.

AVERAGE HEAD 120 FT. 7,400 CFS..

9,600 C.FS.
L.S.
59,300 _<_
SFM. .
. 560 TO 706 MW.
N.R. NELSON RIVER 255 TO 261 FT.
G.R.  GRAND RAPIDS -
LW.  LAKE WINNIPEG
W.R.  WINNIPEG RIVER L.OW.
LOW. LAKE OF THE WOODS ' 82.700
L.S. LAC SEUL S.EM.
13,700 C.Fs.

Fig.!Q |

SKETCH OF HYDRO-ELECTRIC GENERATING SYSTEM - |
~ AVAILABLE FOR THE LOAD IN SOUTHERN MANITOBA ~  /
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TABLE I
ASSUMED CAPACITY ADDITIONS TO THE GENERATING

SYSTEM FOR THE LOAD IN SOUTHERN. MANITOBA

1967, December 1 100 MW Selkirk (thermal-el.)
1968, December 1 146 MQ Winnipeg River plants
’ ' additions ,
1970,»November 1 92 MW Nelson River .
| " December 1 70 MW o Nelson‘River
1971, December 1 109 MW Grand Rapids
1972, December 1 97 M4 Nelson River
1973, December 1 160 MW Nelson River
1974, December 1 192 MW Nelson River
‘ 1 96VMW Nelson River

1975, December
| The surface area of the Grand Rapids reservoir changes
-éonsiderably with the elevétion. The assumption of # constént
éurface area independent of the water surfacé'eleVation, which
#as considered permissible for Lake Winniéég, was therefore
hot applicable for the Grand Rapids reservoir. A further. com-
plication, as compared to Lake Winnipeg regulation,.is that
the head utilized by the Grand Rapids turbines will be affec-
ted by the reservoir.level. The minimum reservoir.level below
which the Cedar Lake reservoir (Figure 18, page 74) should not
be drawn, had to be decided upon first. The topographic fea-
tures of the Cedar Lake outlet.area facilitated the selection

of the minimum reservoir level. The outflow rating curve of
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Cedar Lske indicated that the maximum outflow rate that

would be desirable at depleted storage conditions could be

drawn from Cedar Lake at a water surface elevation of 831

feet. To allow for the back water effect of the raised Cross
vLake level, one half foot was added, giving a minimum reser-
voir levé; of 831.5 feet. This elevation does not represent
a definite'minimum.‘Drawdowns below this elevation appear

;feasible,‘but the gain in storage capacity would be relati-

vely small and the reductioﬁ in discharge capacity might
~some£imqsr5é undesirable. |

| The éarlier studies had indicated that maximum reser-
voir elevations from 838 to 846 feet would be economlcally
desirable. Hand computations were made for the load year

1967/68 and for storage capacities limited by maximum reser-'

voir elevations of 838, 841 and 844 feet. Digital computer
use was finally resorted to because the hand computations
proved very time consuming. In spite of the shift to computer

application, several simplifying approximations were retalned.

The more important departures from an exact treatment were:
(1) The future storage benefits to the growing system were
estimated by applying, to one load year at a time, the re-

presentative period of past flow records in chronological

order, repeating the same future load year with each of the
flow years of the past period instead of progreésing in the

" actual sequence of load years.
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(2) About fifteen years of past records (1913 to 1?27) were |
not utilizéd, instead November 1, 1927 was selected as.the
beginning Of the flow period, assumed repfesentative for fu-
ture cdnditions. In the year 1927 very high river flows were
experiénced in regions draining into Lake Winnipeg; conse-
quently, it could be assumed_thét all resérvoirs would have
been full on November 1, 1927. It might be argued that selec-
ting a pgriod=ﬁhich starts with a full Grand Rapids resefvoir |
introduced bias in favour of larger storage capacitiés. If

the flow period used ended with low flows and empty reser-
voirs, it would be Justified to oﬁject. However, the selec-
ted flow period ended in the fall of 1955 after several years
of above average flow so that it was expected tﬁaﬁ the Grand
Rapids reservoir would again be filled completely or.almost_
completely. The alternative would have been to assume arbit-
rarily the initial water contents of the feservoirs and also
apply the floﬁ records for the years preceding 1927. In this
case; it would have been advisable to discard the first few
ye#rs of the computer output until the influende of the error
in the assumed initial content gould be considered negligible.
Obviously, this alternative would have fequired more computer
time. _ | ..\k
(3) The thermaléelectric'plaﬁts at Selkirk, Bran&on aﬁd
Winnipeg, and in the neighbouring provinces are supplying

energy at different costs per kWh. As mentioned in the
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section on refined golution methods, to take the differences
in incremental thermal-electric'costs into éccoun% when simu-
lating the reservoir operaiions‘would have necessitated a
time consuming pre-study, preférably with digital computer
use, in ordér to determine sets of ecbnomy guidé lines
(1ines of equal incremental water value) for-evefy load year
from 1967 to 1975.4’6 To avoid this work, it was assumed
that all electric energy other than that produced by the
hydro-electric plénts in Manitoba for the southern Manitoba
system would be‘available at one uniform incremental cost.
Becaﬁse the "No-Spill Rule Curveé" (see‘appendix for defi-
nition) were estimated to be lower than the basic rule Eur-v
ves during most of the time, it was considered uneconomicél
to conserve water that could be used to supply firm energy
at a time when the storage contents of the reservoirs were
above the basic ruls curvé, solely for the purpose of in-
creasing the head at the Grand Rapids plant slightly. The
frequehey and volume of subsequent séilling,would more thaﬁ
offset the gains ffom increased head. Consequently, only one
- or more basic rule curves for evéry load year needed to be 
determined; no economy guide lines were required. It would
’h#ve beén possible ihough to assume reasbnabls lookiﬁg curves
‘as sﬁbstiiuﬁes for acﬁually determined economy guide lines,
ibut it was felt‘thaﬁ_the additional programming work was not

Justified by the minor improvement in accuracy. In fact,’
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ideal simulation would not have to work toveconomy guide
lines for ﬁhe southern Manitoba system, but would have to
simulate the futﬁre decisions of the Lake of the Woods Con-

- trol Board. Since most of these decisions are not governed

bj rigid rules, they can hardly be written into a computer‘
program., The simplified way of regulation tends to reduce
.. spillage compared to what actually will happen. Therefore,

the results will be slightly biased in favour of the lower’

storage capacities. _ v

(4) Operation of Lake of the Woods and Lac Seul storage was
assumed to be possiblevwithin the.permissible range of lake
levels for the reéuirements of Manitoba exclusively, except
for the restrictioﬁlthatlthe averége'menthly outflow rates -
from Lake of the Woods and Lac Seul were .not permitted to

~drop below 4,000 cfs and 3,000 cfs respectively. In order to

assess the‘magnitude of the error introduced by this assump-
tion, computations were repeated for three load years for

maximum Grand Rapide reservoir levels of éhl and 844 fest

with predetermined regulation of the Winnipeg River. The re-

sults confirmed the exPectatlon that taking into account

Al

other 1nterests in regulating the reservoirs of tbe Winnipeg

River basin increaSes‘ﬁhe value of Grand Raplids reservoir .

‘storage. ‘
‘.(5) Applicatlon of the constralnts- minimunm outflow, minimum

and maximum plant output, minimum- and maximum reservoir levels,
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and one basic rule curve for the reservoir system in the

part of the computer study covering the years from 1967 to

'1971, does not define how much each reservoir is to be drawn

upon or replenished. Application of the balancing principle

(see previcus section on "Refined Methods") would have f£il-

- led that need ideally. However, another pre-studyvﬁould have

been necessary to establish the rules for apportioning draw
and replenishment based on the criterion of most economic
balanCing of'reservoir contents. The reason which led to
discarding the use of economy guide lines prevented also the
strict appiication'of the balancing principle. As a substi-
tute measure, when‘simnlating reserroir operations for'bhe
load years 1967 to 1970, the storage content of any reser-

voir was kept in the same proportion to its storage capacity

~ as the sum of the storage contents of all reservoirs bears

to the to?al storage capacity of all reservoirs, For this

‘purpose the storage contents and capacities were taken ex-

ciusive_of.any surcharge'for flood:storageaf

»(6) In_tne preliminary,hand computation and the computer

study for the load years 1967 to. 1970, the factor for con-

-vertinc average monthly Grand Rapids plant discharge into

monthly energy output was assumed to be a function of the
Cedar’ Lake level only. The effects of the changes in Lake
Winnipeg level and of changing head losses were neglected;

The computer study for the load years 1971 to 1976 which
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includes regulation of Lake Winnipeg,vtook into‘aecountvthaf'
the conver51on factor is not only a2 function of the Cedar
Lake level but also of the Lake Winnipeg level, the plant
discharge, and the number of units running. Only the back
water effect of the spillway discharge was neglected. This
'lomiSSion would tend to favour-the 1ewer storege capacities

' because the smaller the storage capaclty the more frequentlyi
and in larger quantitles would Spllllge occur.; u"

'(7)-The reservoir operation rules assumed advancebknowledge
of. the unregulated runoff extending over one time unit used
__in the study (one month) Although thls assumed advance

| knowledge resulted in.;ess uater uastage than would actually
be the case, this was considered tolerable'with respect to
the objectiue of uhe study, The effect of this assumption

_ becomes-mofe_importaut in studies dealing with‘relatifely
'emell/reeervoir-capacities. Use of.smaller'time‘uniis, e.g.;
‘one week, would reduce the effect.

(8) To allow for. the posslbility that a large portion of the
" marsh area east of The Pas (see Figure 18, page 74) would be
.Areclaimed during the useful life of the Grend Rapids:project,
only the southérn portion of Moose Lake was treated as paru
of ‘the Grand Rapide reservoir duriug all the load yeers'stu;
died altheugh it appears that reclamation will not proceed
in the near future. | |

The above list of approximations gives an indication
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that, even with a,powerfulvelectronic computer and the assis-
tance of profeésional programmers, some sacrifices in accu-
racy were considered advisable in order to reduce the study
costs.

‘The inclusion of Lake Winnipeg regulation into the
simulatioh‘study represented a considerabie complication.
For this reason the study was initially restricted to simu-
lating systeﬁ operations for the load years 1967 to 1970.
Without Lake Winnipeg regulation, only a two reservoir system
had to be regulated bécause the two large reservoirs of the
Winnipég River basin could eésentially be treated as‘oné
reservoir{
| For every load year the conditions to.be bbserved by
the reservoir operations were determined by hand.calcﬁla—
tions and used as input data for the computer, in addition
to the other input ‘data required. As an eiampie,uTable-II '
shows the limiting conditions for the load year_1967/68'for
every month. Column 8 1ists.the basic ruie curve vslues re-
ferred to when discussing the’simplifying aésumptipns. The
basic fule curve.Aata are not truly limiting values rather
they are the criterion for minimum or maximu@ hydfo-eléctric
energy output within the 1imitationé imposed by the other
limiting conditions. | |

The Grand Rapids reservoir comprises large marsh areas

and already existing lakes. The more important ones of the
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Key to abbreviations used in Table II: |

MAX. " maximum

MIN. minimum

EN. energy
GR. R. Grand Rapids

Us. ~ usable

- W. R, Winnipeg River
PL. plants
GWh Giga-Watthours (10%Wn)

Relations between column values in Table II:
_ éél, 7==col. 34+ col. 5 =col. 4 +col,. 9

- For April to November only:

col, 12 = col, 7 — col. 6
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latter are: Cedar Lake, Cross Lake, North and South Moose
Lake, and Mawdesley Lake (see Figure 18, page T4).

Ls mentioned eaﬁlier; a portion of the reservoir area
was assunmed to beireclaimed. Therefore,‘North Moose Laﬁe,
Mawdesley Lake, and the surrounding low-lying areas were ex-
cluded from the reservoir availasble for storage in the simu-

lation sudies. Cedar Lake and Cross Lake are so well conneci

ted hydraulically at the reservoir elevation ranges studied

that it appeared justifiéd to treat these storage fluctua-
tions as occurring simulitaneously in one reservoir in the
regulation studies which used the month as the time unit.

. Unfortuﬁately, South Moose Lake and the main body of
the reservoir are separated by higher ground at low reservoir
stages. The only coﬁnection of South Moose Lake 1b the Cedar
Lakg region is via a small creek, Moosé River, which connects
to the Summerberry River, a branch of the Saskatchewan Delta.
&% higher stages very substantial overland flow improves the
tie'betweenvthe reservoir bodies considerably.

In the preliminary hand computations, South Moose
Lake and the main reservoir were treated as'one bb&y of wa-
ter with a common level, in spite of the gross violation of
the realities, to keep the work in reasonable limits. Com-
puter application permitted'tﬁis oversimplification to be
dropped. Recognition of South Moose Lake as avseparate‘

(thdugh not separately controlled) reservoir required
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determination of the monthly volume of water flowing to or
from South Moose Lake (via Moose River and overland) in ord-
er to determine the differing levels of Cedar Lake and of
Moose Lgake &t thé end of each month.

The knowledge of the Cedar Lake.level was, of course,
needed for the observation of regulaﬁion limits and for the
determination of the‘average monthly head at thé-Grand Rapids
plant and the appropriate conversion factor for converting
nonthly flow through the hydro-electiric units iﬁto monthly
energy output. The Moose River discharge.énd the rate of
overland flow are both a function of Cedsar Lake'and Moose
Lake stage. The Moose River‘discharge is in addition influ-
enced by the rate of inflow to the réservoir, represented
by the discharge at The Pas; |

Based on time consuming hand computations, one graph
was prepared for each different Saskatchewan River flow
showing Moose River flow as ordinates, plotted versus Moose
Lake elevations as abscissae, using Cedar Lake elevaiions as
parameter. As it turned out, the completely worked out rela-
tionships were unsuitable for computer_appiication because
they required an excessive amount of storage space on the
.computer. It was necessary to‘feedlthe:compﬁter*rélationéhips'
from an'iniermediaﬁe stage 'of hand computations reéuiring
very littie storage and letting the computer do the rest of

the cgleculations, when and as required.
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Obstruction of flow between South Moose Lake and
Cedar Lake due to ice conditions was roughly accounted for
by assuming that overland flow between these two bodies of
water would be nil from January to April inclusive_regafd—
less of lake elevations, and neglecting the back water effect
of a possible ice cover on the Moose River flow.

a Table III shows an example of the calculations neces-
sary to regulate the reservoirs in accordance with the fore-
going for firm load regquirements only. The inflow-available—
for-outflow was assumed equal .to the past flow records (ad-
justed for known man-made,changes) and was listed in colunmns
lsnh, and 10 for Lake of the Woods, Lac Seul, and the Grand
Rapids reservoir respectively. The unregulated runoff was
also assumed equal to the flow observed in the past and was
listed in column 7. The ¢computations started with November
1927 with the assumption that 2ll reservoirs were full to
‘capaciﬁy, because of the high flows which occcurred in 1927.
For the month of November and several subsequent months it
was evident wifhout checking that the storage content of the
reservoirs was above the basic rule curve values in column 8
of.Table II even when regulating to the maximum hydro-electric
output (column 3, Table'II). The totel monthly storage draw-
dowﬁ required for meximum hydro-electric output was compuied
and takén from the three reservoirs in proportion of}their'

storage capacities. Thus the end of November storage contents
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were found. The same was tried for December 1927, but the
resulting Winnipeg River flow would have exceeded the maxi-
muz usable amount in column llrof Table II. It was therefore
necessary tg draw more water from the Grand Rapids reservoir
than would correspond to balanced reservoir contents. Only
the Lake of the Woods and Lac Seul content were keptAin the
proper proportion to each other. -

January and February 1928 outflows were found in the
same way, but in March the Grand Rapids storage was exhéusA
ted and the Graﬁd Rapids output so much reduced that the
steam-électric output had to be increased to the value re-
quired to complement the Grand Rapids output in order to
meet the minimum requirement of cblumn'é, Table II.

The April infiow to the Grand Rapids reservoir per-
-mitted to meet the condition of minimum cogbined Grand
Rapids and steam-electric output with minimum steam-electric
cutput.

Conditions during May permitted, with maximum hydro-
electric output, to get the content of the Grand Rapids re-
servoir at the end of the month into the appropriate propor-
tion to th? sum of Lake of the Woods aﬁd Lac Seul reservoir
content, but it was not possible to get the Lac Seul content
up to the proper proportion to the Lake of fhe Hoo&; content
because this would have required reducing the Lac Seul out-

flow below the set limit of 3,000 cfs.
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During June the outflow limitation prevented again a
faster storage'replenishment of Lac Seul. July inflows led
to f£illing of the Lake of the Woods and Grand Rapids;reser-
voir to the maximum pernissible levels. |

End of August and September saw all reservcirs filled
to .capacity and arbitrary distribution of firm hydro-electric
energy output within the limitations of Table II. |

Colﬁmn 6 of Table II formed the criterion for the
allecation of hydré-electric output during October and No-
vember 1928 due to the high inflows to the Winnipeg River
‘reservolirs compéred to the Grand Rapids reservoir inflow.

During December 1928 maximum energy output was %taken
from the Winnipeg River and the rest required to get maximum
total hydro-electric output was taken from Grand Rapids. The
storage drawdown of Lake of the Woods and Lac Seul was made
proportional to the respective capacities of the two reser-
voirsg depletion of the Grand Repids reservoir was much mére
‘severeo

The remaining floﬁ years, 1929 to 1955, were proces-
sed similarly to the above. The annual output figures were
then averaged. This was done for three'different storage
capacitles of the Grand Rapids reservoir, and the differences
in.the average annual'tﬁermal;electric rsquirementé computed
for the load year 1967/68. |

The whole process was repeated for other load years
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yielding the values for the third column of Table IV, namely,
the increases in average annual thermal-electric energy re-

guirements when loWering-the full supply level by three

feet. To these differences a unit cost of 4.2 mills per kWh
was applied giving the average annual incremental system
operating cost, i.e. the value of the storage increment. The

unit costs are, of course, not known in advance. It was esti-

rated that the difference in incremental costs for thermal-~

electric and hydro~electric generation would average 4.2
mills/kWh during the load years studied. (In addition to the
firm energy output computations shown in Table III, the com-
puter program included computation of the producible surplué
energy.) To the differences in producible surplus energy a
value could slso be assigned, taking into.acccuﬁt that only

e frection of the surplus might be sold at low interruptible

power rates.

At this stage the studies could have been terminated.

However, it was thought that regulation of Lake Winnipeg

mighﬁ reduce the benefits of th¢ last increments of Grand
Replids storage capacity. For this reason the first five losd

years with Lake Winnipeg regulated, 1971/72 t6 1975/76, were

studied subsequently. The complicatibns arising from the

addition of Lake Winnipég as a reservoir with controlled
outflow led to & different approach, especielly with regard

to the computer program.
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TABLE IV

AVERAGE ANNUAL INCREMENTAL THERMAL-ELECTRIC

ENERGY REQUIREMENTS AND CORRESPONDING COSTS

Load F.S.L. Winnipeg River Winnipeg River
Year Feet Regulation for Regulation fixed.
Manitobe
GWh $1,000 GWh $1,000
1967/68 . 8uy
36 151 56 235
841 '
66 277 - -
838
1968/69  8uL |
52 218 L8 202
841
50 ' 210 - -
838
1969/70 844 -
73 306 130 546
8L
_ 92 386 - -
838 '
1970/71 - 844 A
. ' 92 386 - -
841 ’

91 382
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Instead of one overall basic rule curve (changing
from load year to loead year) three basic ruie curves were
needed; one for the total minimum hydro-electric energy out-
put, referring to the aggregate of the kWh in storage in
Lake of the Woods, Lac Seul, Grand Rapids reservoirg.gnd
Lzke Winnipeg; one for the hydro energy in storage available
for use in the tributary plants (Wiﬁnipeg River group and
Grand Rapids); the third basic »ule curve referred to the
total content of &ll reservoirs combined, in c¢fs-monihs. The
purpose of these three basic rule curves was to guarantee,

- under the worst flow conditions on record, adequateltdtal
hydro-electrié producﬁiong adequate output of the tributary
plants, and adeguate 6utput from the Nelson River.plants
respectively.

Apart from the circumstance that during most of the
lcad years studied; the developéd head was increasing due to ?
newly developed sites coming into service, which introduced
uncertginty in establishing the basic rule cur#es, this set
of three basic rule curves referring to several reservoirs
(two of them to all reservoirs) created programming'difficui-
ties. Because it is impossible to fullfiil all three basic

rule curve conditions simultaneously, regulation of the sto-

rage reservoirs was intended to apprcach as closely as possi-
ble the storage conditions called for by the basic rule cur-

ves. However, it is much simpler, though less desirable
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(theoretically‘at least), to work with & separate rule curve
for each reservoir. Therefore, anotherlsacfifice of accuracy
in favour of expediency.was made; three separate rule curves,
one for Winnipeg River storage, one for the Grand Rapids re-
servoir, and one Lake Winnipeg rulelcurve, were substituted.
Applying judgment, the first determined basic rule curves,
described earlier, were used as a baéis for selecting the i
substifuté rule curves. “

Concerning distribution of draw and replenishment of

the reservoirs, the following rules were applied as a substi-

tute for the balancing principle:

(a) Storage excess sbove the rule curve was distributed among
‘the reservoirs in proportion to their storage capacity bet-
ween ruie curve elevation and maximum permissible elevation.
(v) Storage défieiency below the rule curve was distributed
among the reservoirs in prpportion to their storage capacity

between rule curve elevation and minimum permissible eleva-

tion.

Since this waj'of allocating draw and replehishment
took knto account the position of the basic rule curve, it
was considered superior to the method used for the earlier

load years.

Teble V, for the load year 1971/72 for every month,
shows the conditions to be met or to be approached as closely

as possible by the operation of the reservoirs. In columns 9,
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10 and 18 ere listed the desired storage values correspon-
ding to the ﬁhrge basic rule curves described on page 96.
(4s mentioned earlier, individual reservoir rule curves were

used as subsitutes owing to programming difficulties.)

The unit costs to be azpplied to the differences in
thermal-electric energy output requirements as found in this
second simulation study are, of course, more uncertain than

those gpplied to the results of the first simulation study.

In this connection it is interesting %o note that even one
year in advance, the costs of some fuels and the purchase
price of economy energy ffom neighbouring provinces is fre-
quently unknown. For lack of better knowledge, the same unit - ?
costs as used for the earlier load years were applied, al-
though one might speculafe that the thermal-electric energy
costs could go downg an increase of these costs eppeared
unlikely.

In spite of the very large effort, only nine consecu-

tive load years were investigated. Although the increméntal

storage values were found to remain fairly stable over the

load years considered, there remains doubt whether the sto-
rage velue found for so small a sample will be truly repre-

sentative for the much longer 1ife of the reservolr.

—_



SUMMARY AND CONCLUSIONS

_ Ls discussed in the introduction,the main reason for
estimating the benefits expected from different amounts-of
reservoir capacity is the need for weighing these benefits
against the costs of providing different amounts of reser-
volr capacity.

Chapter I focussed attention to the many various fac-
tors that have a bearing on the amount of benefits to be de--
rived from an installed storage capacity. Runoff and preci-
pitation-evaporation-difference over thelreservoir; load,
relative reservoif size, and methods of reservoir operation:
affected head, cost relations df hydro- and thermal-electric
generating andvtransmission fécilities were discussed as'the
main factors influehcing the'benefits from storage capacity.
The need to make assumptlions was pointed out because many of
the factorslare unpredictable over periods of many years.

Chapter II deslt with methods of solutibns. Under the
heading "Simple'Methods" the mass—curve,method; hydrograph-
analysisavand change in outflow duration curves were discus-
sed and attention was drawn to the limitations of these me-
thods. "More elaborate methods® were considered next. Future
power system and reservoir operation can be roughly approxi-
mated by the use'Sf basic rule curve, ﬁaximum-permiésible

reservoir levels, - and maximum and minimum flows. The benefits
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from reservoir capacity increments are then approximated‘by
the differences iﬁ system operating costs over many years
for the different reservoir capacities. The basic rule curve
and its preparation was discussed. Althoughvseveral factors
influencing the stofage benefits are still ignored in this
method of estimating storage benefits, the amount of work
calls already for digital computer use. -

Briefly described and discussed were under the same
heading two other methods that were used for capacity requi-
ment determination for long term regulation of the Nile.,

Finall&,.“Refined methods®, which depeﬁd on the use
of high-speed computers, were described. Because‘of its im~-
portance for the establishment of reseryoir;operating rules
to suppiement the'basic rule curve, abstracts from pertinent
references were included. The vast amount of work involved
ip using refined methods was stressed.

Chapter III showed the solution approaches used for
two cases of benefit éstimates. The first case, Lake Winni-
peg regulation, served as an illustration of adapting the
mass-curve method and use of flow duration curves to a pure

hydro-electric system with an unchanging monthly load, and

'a single reservoir. The second case, benefits from capacity

increments of the Grand Rapids'feservoir, served to illustra-
te the application of more elaborate methods, involving use

of an high-speed digital computer, to the problem of
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estimating the incremental storcze benefits in a2 combined
hydro-electric and steam-electric system with growing, sec-
sonaliy'varying load and seversl reservoirs. The nany sim-
plifying assumptions made, in spite of compﬁter use, were
pointed out and the reasons for the sacrifiées in accuracy

were given.

(1) Various different methods can be used to estinmate the

benefits for electricity production which can be derived

¥,

be affected by the sssum-
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ptions which were made regerding future flows, loads, systen
composition,cost of energy from alternative sources;, degreec
of downstream develcopment, and other factors.

(2) Beceause of the impossibiliity of knowing most of these
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racy far into the future, one
should resist the temptation to‘go tovgreaf refinements in
the nethods solely for the purpose of estimating the future
storage behefits.

(3) Every reservoir proBlem appears to be different. in sone
:espéct from the others. Hany variations to the main éolu—
tion methods are possible. Modification of the selected
solution method; to suit the speciél-feégrvoir problen to be

solved, is advantageous. '
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DEFINITION OF SOME OF THE TERMS USED#

Basic Rule Curve

The term, basic rule curve, is given to the diagram
- that shows the stbrage requirements as of any date with a
repetition of the most adverse stream flows. It represents
the accumulation, in reverse order of time, of deficiency
between the remainder of the firm load after supply with the
maximum assured amounts from all the auxiliary sources and
the energy available from recorded nnreguiated séream flow
in critically dry periods. |

The basic rulé curve is constructed to'guaranteé that,
with the reservoir contents abové such a curVe;‘the‘contents
will not be exhausted before the end of a repetition of the

most adverse flows in carrying minimum hydro load.

No-SQill'Rule»Curve

The term, no-spill rule curve, is given to the dia-
gram of storage conﬁents, as of any date, that would guaran-
tee that all the inflow in excess of the outflow required
for maximum hydro load can be contained_in the periods of
highest iqflow experienced in the past. |

In many cases, the no-spill ruie curve wquld call for

negative storage contents indicating the impbssibiiity of not

*Adapted from reference (4).
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spilling with the availagble reservoir capécity.

Economy Guide Lines

The term, .economy guide line, is given to the cgrve
connecting all points of a certain storage velue, e.g.;
L mills per kWh stored, for the various dates  of the ye#r.
| Lbove this guide line, the increﬁental storage value
wouldvaverage (over the period of past records used in its
| derivation) less than 4 mills per kWh; below this guide line

it would average more than 4 mills per kWh.




