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PRINCIPLES OF POWER BALANCE CALCULATIONS
FOR ECONOMIC PLANNING AND OPERATION
OF INTEGRATED POWER SYSTEMS

By Kjell Darin, Yngve Larsson, Carl-Erik Lind, Jan-Erik Ryman,
and Bertil Sjolander* ,

The purpose of power balance calculations is twofold, viz., first, to
determine an adequate capacity to be installed when planning an
extension of a power system, and second, to ensure an optimum
economical utilization of an existing system. In both cases, a careful
study of the utilization of the long-term storage reservoirs is neces-
sary. This problem has been dealt with by Mr. S Stage in the
Publication No. 464 of the Swedish Water Power Association. The
same subject is further developed in what follows, with special
reference to appropriate co-ordination of hydro-electric power and
various types of thermal power.

1. Hydrological Statistical Data

11. Use of Hydrological Statistical Data for Power Balance

Calculations

All calculations of draw-down schedules for storage resetvoirs, etc.,
are based on extensive hydrological statistical data. It is therefore
important that these statistical data should from the very outset be
collected and presented in a practical and readily accessible manner.
In order to establish a relation with future calculations of short-
term regulation, and with a view to securing an adequate accuracy
in calculations, while keeping their extent within reasonable limits,
it is recommended that weekly values of the discharge should serve
as a point of departure for all power balance calculations. The term
"week”, as used in this connection, should not be referred to the
calendar weeks. It should preferably be related to a division of
the year into seven-day periods reckoned from the first day of the

1 Prepared in collaboration with Torsten Bergstrom and Eimer Higgstrom,
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year. New Year's Eve, and possibly also February 29th, may be
disregarded without any appreciable inconvenience, and then a year
will consist of a whole number of seven-day periods. The weekly
values (seven-day values) of the discharge or the inflow can
appropriately be expressed in terms of the total number of daily
units per week.

Complete flow records for most watercourses in Sweden have
been available since 1925. It is to be recommended that the calcu-
lations which can be utilized for future comparisons between
different undertakings should for the present be based on the flow
records covering the period of consecutive water years from 1925
to 1955. This period is subsequently extended every fifth year,
Thus, the next period will comprise the years 1925 to 1960. In the
calculations to be used by the undertakings for their own needs,
longer periods of record should also be used, if possible.

Hydrological statistical data should represent the actual values
of the discharge or the inflow, and should not be subjected to any
manual operationis for the purpose of cutting off values above
a cettain definite utilized discharge, or the like. Such operations
should be performed in connection with the analysis of statistical
data. Then the value of the discharge to be utilized can easily be
vatried or the data can be used as a reference for estimating the rate
of flow in a neighbouring watercourse, etc.

Since most calculations can conveniently be made by means of
data processing machines, the primary data should be recorded on
punched catds, punched tape, or magnetic tape. Unfortunately,
a great variety of sizes and types of punched cards and tape ate in
use at the present time. In some cases, this will probably cause
difficulties in the interchange of 1nformatlon between undertakings
which employ different makes of data processing machines. In
order to reduce these difficulties as far as possible, it is recommen-
ded that uniform layouts of punched cards and punched tape should
be used in accordance with the forms proposed in what follows.

12. Punched Catd Form for Draw-Down Schedules

and Power Balance Analyses

For each period of time, e.g. a day or a week, primary data, such
as a water level indicated by a water level gauge, a discharge value,
or an inflow value, should be recorded on a punched card, together
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with the data required for identifying the time and place of obset-
vation, as well as other necessary data, e.g. a mark showing whether
timber floating is assumed to take place at the time in question.
Furthermore, blank spaces should be provided on the card for
punching the results obtained in a computet, e.g. the requisite
amount of storage, the amount of water drawn from the reset-
voir, etc.

In view of the design of punched-card data processing machines,
it is of importance that the cards should be punched in conformity
with a uniform system. This implies that the same record should
always be entered in the same space on the card, in terms of the
same number of digits, and with the same position of the decimal
point. For checking putposes, manual punching is usually petform-
ed twice by different operators.

Fig. 1 exemplifies the form for a 40-column punched card de-
signed for calculation of storage and draw-down on the basis of
time and inflow data. This card is of the so-called seven-day type.

There are several punched-card systems, in which the number of
columns varies from 21 to 130. Actually, however, each individual
uset has to choose this or those types of cards which his data process-
ing machines are designed to handle.

Special converting machines are available for transferrmg all the
data recorded, or only part of them, frorn punched cards to punch-
ed tape. : :

13. Punched Tape Form for Hydrological Statistical Records

Each punched tape should be used for recording obsetved values of
one quantity only, e.g. the water level as indicated by a given water
level gauge, the discharge at a given sectxon the useful inflow up-
stream of a given section, etc.

The observed values should be punched in chronological order:

s0 as to form an uninterrupted sequence, and should be separated
only by the code symbol which is required in order that they may
be distinguished by the data processing machine. All values should
be reduced to the same number of decimals. In that case, it is not
necessaty to punch the decimal point or the corresponding code
symbol., The number of decimals should be indicated at the begin-
ning of the tape.

In order that the punching of data and the reading of input by
the data processing machine may be verified, a check sum should




Fig. 1. Punched card designed for calculation of storage and draw-down.

1 Data obtained from manual computations or by means of data proces-
sing machines.

2 Results obtained with the aid of data processing machines.
Explanation of Column Headings

Period nr The number of the week (seven-day period). The week No. 1 s
reckoned from January st to January 7th.

Code The first column indicates by various numetical symbols the period
of timber floating, the period of ice covering, and other periods charac-
terized by special draw-down conditions. The second column indicates
whether the water stored in the reservoir is contained in the secondary
zone, in the primary zone, or in the minimum zone, or else at the
maximum or minimum permitted storage level, This indication is
obtained with the help of data processing machines.

The total inflow, in daily units per week, obtained by summation ‘of
2 Tup for the regulated lake in question and for the regulated lakes
situated upstream during the same period of time,

mation of 7 daily mean values, in cu.m. per sec.

The natural inflow, in daily units per week, obtained by summation
of 7 daily mean values, in cu.m. per sec.

A factor expressing the relation between the average values of the load
during the week and during the year,

Regulated water level, in cm., above a certain definite zero level.
Regulated discharge from the storage reservoir, in daily units per week.

The separate inflow, in daily units per week, calculated as the dif-
ference between X T, for the lake in question and 3 QO for the
nearest lake or lakes situated upstream. :

The natural rate of flow, in daily units per week, obtained by sum:
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be punched at regular intervals, and should be followed by the code
symbol which enables the machine to identify this sum. After cach
check sum, a short interspace should be inserted on the tape, so that
the tape may readily be pulled back to the extent of a check sum
length in case of error in the reading of input by the machine.
If the tape is used for recording daily values, then the check sum
should be punched at the end of each month, If the entries are
weekly values, then the check sum should be punched at the end
of each year.

2. Method for Determination of Basic Rule Curve

To begin with, we shall recapitulate some of the concepts introduced
by S Stage. In this connection, we shall confine ourselves to the
simple case where we have to deal with a single storage reservoir
and, at its outlet, a hydro-electric station which, together with a rela-
tively small thermal station, has to catty a given load.

In order to ensute that this power system shall be operated so as
to afford adequate safety against power deficiency during periods
of water shortage, and so as to give optimum economic results at
the same time, the storage reservoir is divided into two zones, viz.,
a primary zone or firm zone and a minimum zone, sepatated by
the basic rule curve. When the water level in the resetvoir is
within the primary zone, the discharge drawn from the
reservoir is determined by the rate of flow required in order that
the hydro-electric station may be able to supply the whole load,
with the deduction of the peak loads, if any, which shall be met by
the thermal station. This discharge is termed primary discharge in
what follows. When the water level in the reservoir is within
the minimum zone, the thermal station is operated at full capacity,
and the discharge drawn from the resetvoir is confined to the rate
of flow which is required for dealing with the rest of the load. This
discharge is called minimum discharge in the present publication.
The extent of the minimum zone is determined by the requirement
that a certain definite degree of security shall be ensured in ful-
filling the obligations imposed by the contracts for supply of power.

This section deals with the determination of that minimum zone
for long-term storage reservoits which cortesponds to a given avail-
able thermal plant capacity in an existing or planned hydro-electric
system catrying a given load. It is possible to obtain better economic
results if one or several zones in which only cheaper thermal power,
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if any, shall be utilized are superposed on the minimum zone, but
this question will be discussed in connection with the water value in
Chapter 4. An optimum capacity of generating plant can be found
by examining the costs involved in the alternative schemes under
consideration, Each of these schemes shall comprise a minimum
zone which is determined by means of the method described in this
section, and which is applied to a period of consecutive water years,

21. General Considerations on Determination of Basic

Rule Cutve

The calculation of the extent of the minimum zone, i.e. that volume
of water contained in the storage reservoirs at which the operation
of thermal plants shall set in, is a statistical problem. This amount
of storage must be determined on the basis of the inflow conditions
during a large number of years so as to arrive at a low value of
the probability that the reservoirs will be emptied before the end
of the period of water shortage and that it-will therefore be neces-
sary to resort to power rationing. It should be pointed out that it is
impossible to guard against power rationing so as to eliminate this
risk altogether. All that we can do in this respect is to keep its
probability low.

Since the inflow is subject to seasonal variations, the basic rule
curve is a function of the season. Under the cond1t1ons prevailing
in North Sweden, for instance, the storage reservoirs must be
maintained more or less filled during the summer and in the early
autumn, so as to minimize thermal power production. After that,
the basic rule curve slopes downwards, with the result that the
storage reservoirs may be allowed to be very nearly emptied towards
the end 'of April and early in° May, see fig. 2.

The determination of the basic rule curve at 4 given time can
be illustrated in a simple manner by examining how the volume
of water contained in a storage reservoir would vary during
a number of consecutive years if the discharge drawn from the
reservoir were always equal to the minimum discharge from that
time on. Fig. 3 shows as an example the family of curves which was
obtained in a certain definite case by calculating the draw-down
after November 15th. In order to meet the demand during all the
years in the course of the 30-year period under consideration, it is
necessaty to resort to minimum discharge if the amount of storage
at this time, i.e. on November 15th, decreases to a value correspond-
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Fig. 2. Example of basic rule curve,
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Basic rule curve

Fig. 4. The filling curves of a storage reserydir taken from fig. 3 and displaced
in a vertical direction so that their minimum points lie on the minimum per-
mitted storage level.

ing to the draw-down represented by that curve which descends to
the lowest level. -

This family of curves can be used to study the whole minimum
zone if the curves are displaced in a vertical direction so that the
minimum points lie on a horizontal line, and if the curves are
extended backwards in time, see fig. 4. It is now the uppermost
cutves that represent the most difficult years. If the basic rule cutve
is equal to the envelope of these curves, then we can cope with
the situation during all the years comprised in the period under
consideration. However, this does not imply that we can also meet
the demand in the course of all other years, and we know rather
little about the probability that we shall be able to deal with the
load. Nevertheless, by studying the whole family of curves, and
by taking account of the manner in which it thins off in an upward
direction, we can obtain fairly reliable results in estimating the
basic rule curve corresponding to a requisite degree of availability
of supply.

If it is desired to avoid subjective judgements concerning the
availability of supply, then the draw-down that would be obtained be-
fore the spring flood at a continuous minimum discharge must be
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studied statistically at each given time. For reasons which cannot be
discussed at length in this connection, the distribution function of
the above-mentioned draw-down may be assumed to be in con-
formity with the normal or Gaussian distribution. This assumption
can in some measure be verified if the values of draw-down obsetv-
ed during various years are represented in the form of a distribution
curve plotted on so-called normal distribution graph papet, which
transforms the normal distribution into a straight line. An example
of such a cutve is shown in fig. 5. If the number of points is small,
then comparatively large deviations can be tolerated, patticulatly at
the outer edges of the graph, without justifying the abandonment
of the hypothesis made in the above, cf. fig. 5. The basic rule
cutve corresponding to a requisite availability of supply can be read
directly from graphs plotted on this paper.

An even more teliable value can be obtained if estimated para-
meters in the statistical distribution function of the draw-down are
calculated from # observed values of the draw-down x;. Then we get
the mean value
17
N
"

i-1

X =

and the standard deviation

| _ 1 ( \ (2x;)2>
= l n—1 Zl (% — ) n—1 in - 7
z__.

After that, the extent of the basic rule curve is calculated by means
of the #-distribution, which also takes account of the uncertainty in
x and s, If it is required that the degree of availability of supply
shall be p per cent, then the extent of the basic rule curve in an
upward direction is given by

— 1

where 7, is the p-per-cent fractile in the #-distribution having
f =7 —1 degrees of freedom. This distribution has been tabulated,
eg. in A Hald: Statistical Tables and Formulas, New Yotk
1952, p. 39. The basic rule curve calculated in this way is
also somewhat uncertain, particularly in the region situated about
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Probability of a draw-down smaller than the abscissa value

99,99

0 Draw-down

Fig. 5. Distribution curve of draw-down.after a certain definite date. The hori-
zontal axis represents the draw-down before the spring flood in daily units (DU).
The vertical axis represents the probability that the draw-down will be smaller
than the value- indicated on the axis of abscissae. :
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one year eatlier than the spring flood, but this is nevertheless
the best result that can be obtained from the available statistical
data. Besides, the accuracy in this case may be expected to be more
than adequate. It is to be remembered that it is not required to
maintain a given availability of supply with an accuracy of 0.01 per
cent; it is sufficient if the accuracy is of the order of 1 or perhaps
even 2 per cent.

During the period in the immediate neighbourhood of the spring
flood, where some of the curves are missing, we have to deal with
a reduced statistical material which is mote difficult to handle in
calculations. But since the dispersion in this case is very slight, it
ought to be possible to content oneself with direct estimation.

If it is found that the minimum zone extends over the maximum
ermitted storage level, then it is not possible to keep the availability
of supply on the desired level.

In the management of the water resources available in an actual
hydro-electric system, the uncertainty in the load prediction can also
be taken into account by the aid of the calculation described in the
above. For this purpose, we calculate the mean value % of the draw-
down and the dispersion sy on the basis of a mean load foreca.t.
If the uncertainty in the load prediction is expressed in terms of the
dispersion 5o about the mean load forecast for the period extending
to the normal time of spring flood, then the resultant dispetsion in
the draw-down is

$12+ 5,2

which is substituted in the expression for x,. The risk of breakdown
in the thermal power stations can be taken into account in a similar
manner.

In principle, the method outlined in the above can be applied
not only to yearly regulation, but also to long-term regulation
extending over a period of several yeats. If the available thermal
plant capacity is small, and if the basic rule curve is calculated
by means of the statistical method, then we can obtain results
of the type exemplified in fig. 6. The point at which the basic
tule curve reaches zero lies two years backwards in time.
Consequently, "two-year regulation” is required in the present
example. But in order to determine the dischatge, we cannot actually
say that this year is the year 1, and in the next year we shall draw
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MAY 20
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Figs. 6 and 7. Example, of
basic rule curve applied: to
long-term regulation (in this
case "two-year regulation’),

JAN 1.

on the storage as if that year were the year 2. In fact, we have to
superpose the cutves corresponding to these two years, see fig. 7.
It is then seen that the deciding factor during the period extending
to October 15th is the risk of emptying the storage reservoir in the
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coutse of the present season. After this date, it is the risk of empty-
ing the storage during the next season that is decisive, ie. the
probability that the year will be unsatisfactory as a whole. The
basic rule curve never reaches zero.

22. Approximate Methods of Calculation for Hydro-Electric Systems

In order to form a general estimate of the characteristics of the
various river basins when studying the utilization of the total resour-
ces of an undertaking or an integrated power system, we can begin
by examining some individual regulation schemes scparately, while
taking into account a certain definite portion of the load and of the
available thermal plant capacity. After that, we should proceed to
a study of the entire system as an integral whole, which it forms
in actual fact. However, even if the computations ate to be made by
means of data processing machines, it is virtually impossible to stast
directly a petfectly correct calculation. Accordingly, we have to
begin by choosing an appropriate degree of apptoximation. It is
scarcely practicable to give any general instructions for such approxi-
mations, and they have thetefore to be adapted to each individual
case.

To illustrate the methods of calculation, a few examples of actual
calculations are adduced in what follows.

221. Example of Calculation of Basic Rule Curve for Single Storage
Reservoir and Single Hydro-Electric Station

This description deals with a case where it was required to deter-
mine the basic rule curve for a single storage reservoir
situated immediately upstream of an isolated hydro-electric station
which shall meet a given load alone but with the assistance of a
certain definite amount of thermal power. No inflow was available
between the hydro-electric station and the storage reservoir, and
the water level in the storage resetvoir did not influence the head
on the power station. The calculation was made in conformity with
the principles stated in Section 21. In this case, the calculation was
carried out by means of a data processing machine, but the same
method can also be used for manual computations. As a first
approximation, only yearly regulation was dealt with in the
calculation.

The basic data employed for the calculation comprised, first, the




inflow values covering a period of 35 consecutive years, and
second, the week-to-week values of the minimum discharge required
for the hydro-clectric station duting a year. The inflow values
which were obtained from the observed values of the water level in,
and the rate of flow from, the lake, were summed up in seven-da);
periods. The petiod No. 1 began on January 1st every year. The
minimum discharge to be drawn from the storage reservoir is the
rate of flow which is required, together ‘with maximum thermal
power generation, in order to produce the power needed for meet-
ing the firm load. The week-to-week variation in the minimum

Qmin

m¥s

Fig. 8. Week-to-week
variation in the mini-
mum discharge from
a  storage reservoir
0L 1 ] l 1 1 during a year.

! 10 20 30 40 50 WEEK

\

discharge during a year is shown in f7g. 8. The minimum discharge
was expressed in daily units of water per week. As has been
demonstrated in Section 21, the amount of storage which is required
at the end of a given week v, of a given year is equal to the
stored discharge with the deduction of the stored inflow during the
time interval from the week », to the time when the storage is
reversed, that is, ‘the time when the inflow becomies greater than
the minimum discharge, '

ﬂ/}
Alﬂ” =2 _(,Qmi/l -T )
v,
where ‘ o
M, = the amount of storage requited during the week v,,,
Quin = the minimum discharge, -

T = the natural inflow,

v, = the week during which the storage is reversed.
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M MAXIMUM PERMITTED STORAGE LEVEL

2000 |

1000
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Fig. 9. The amount of storage required in the course of an individual year.

The amount of storage M, was calculated from week to week

during all 35 years by storing slightly more than one year backwards
in time from the week in which the storage was reversed at the
beginning of the spring flood, see fig. 9. During certain years, the
conditions can be complicated by the circumstance that the storage
is reversed several times because the spring flood “breaks down”,
see figs. 10 and 11. If the storage is reversed several times but does
not become negative, cf. fig. 10, then the storage proceeds as usual.
On the other hand, if the storage becomes negative, cf. fig. 11, then
this implies that the storage reservoir may be allowed to be empty at
the time in question, without causing any shortage of water during
this year up to the spring flood time. It is therefore necessary to
restore the reservoir to zeto again, to find the next minimum point
backwards in time, and to resume storage once more by starting
from the zero amount of storage.

After that, the 35 different values of the requisite amount of
storage which were obtained during a given week v, — one value
for each year — were laid off along a vertical axis, see fzg. 12. The
highest of these values represents that amount of storage which is
required in order that shortage may not occur.before the spring
flood during any of the years comprised in the period under investi-
gation, on condition that a minimum discharge is maintained from
that time on. As is seen from Section 21, motre adequate infor-
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Figs. 10 and 11. Curves tepresenting the amount of storage during years in which
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mation can be furnished by a statistical analysis of the values. The
mean value of, and the variance in, these values wete determined
so as to calculate the amount of storage which was required in
order to ensure that the probability of shortage before the spring
flood should not exceed a certain level, in this case 5 per cent.
This calculation was made by means of the formula

A/[req :E—{—f]’ Sy ]/1 +%
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Fig. 12. The amount of storage required dur- T 1938
ing a certain definite week in the course of a 1 1948
period of 30 yeats.
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where

x = the mean value of all values,
s, — the variance,
»n = the number of values, in this case 35,
#, = a constant, which is equal to 1.69 for a probability
of 95 per cent,
= 34 in accordance with the tables of
the #-distribution,

This statistical calculation can be carried out for each week in
the course of the year. After that, all 95 per cent points are joined
together by a curve which represents the basic rule curve. However,
in otder to determine this curve, it is found to be fully sufficient
to calculate the "95 per cent storage™ for every fourth or fifth week.
‘The results of this calculation are shown in fig. 13. It is obvious
that the values relating to the individual years need not be plotted
in the way shown in fig. 12, but if use is made of data processing
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Fig. 13. Basic rule curve obtained when the probability that the amount of storage
will last out a period of time extending to the spring flood is assumed to be
95 per cent.

machines, then it may be desirable to check the results from time to
time in the same manner as in the case of the week No. 37 in fig.13.

The minimum zone determined by the aid of the method out-

lined in the above must comply with two requirements, viz., fitst,

that it shall not intersect the maximum permitted storage level,
and second, that its ascending branch shall intersect the minimum
permitted storage level, If it intersects the maximum permitted
storage level, then this implies that the requisite amount of storage
is not available, If it does not intersect the minimum permitted
storage level, then that volume of water which is requited in the
course of the draw-down period cannot be guaranteed with the
desired degree of security during the filling period. Accordingly,
it is necessary to resort to long-term regulation. In that case, the
storage must be run two or possibly several years backwards in time.
Then we obtain a basic rule cutve of the type shown in fig. 6, which
is dealt with in accordance with Section 21 and fig. 7.
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222, Example of Calculatiosn of Basic Rule Curve for Hydro-Electric
System Utilizing Both Unregulated and Regulated River Flow.
Two Dominant Storage Reservoirs Approximately Equal

in Degree of Regulation

This calculation deals with a hydro-electric system which comprises
power stations on several rivers in South and North Sweden. Some
of these rivers are wholly unregulated. Others are regulated in a
slight degree or so that the possibilities of free disposal of water are
restricted within narrow limits. However, the major patt of the
power generated in this system originates from two well-regulated
rivers. These rivers are approximately equal in degree of regulation,

and their catchment areas are similar in character. The amount of .

unregulated inflow to both these rivers between the storage reservoir
and the hydro-electric station is quite considerable.

The generation of hydro-electric power in this system has been
classified as follows:

a. Generation of power originating from the unregulated rivers
and from the comparatively small regulated rivers (in which the
flow is regulated in conformity with the respective normal schedules).

b. Generation of power originating from the two large rivers
owing to intermediate inflow and prescribed compulsory discharge
from the storage reservoirs.

¢. Generation of power due to discharge from the storage
resetvoirs in excess of the compulsoty dischatge in the two large
rivers. '

There is nothing to be done about the generation of power in
Groups a and b, and it can be calculated directly from the rate of
flow. For the existing power stations or groups of power stations,
this has been done on the basis of weekly values observed in practical
opetation, with the result that the effect of short-term regulation
was automatically taken into account. For those power stations which
are not yet in service, the corresponding relations have been estimat-
ed with the guidance of the available information about the possi-
bilities of short-term regulation. These relations were represented
by approximate expressions of the type

W:ﬂ -Q—b ‘Qz
W—'—— a - Q,,,gx - b ¢ ,Qmaxz

for OQ = ,,Q//mx
fOi’ ,Q > onax
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where

W = the electrical energy generated, in MkWh
per week,

O = the rate of flow, in cu.m./s.,

QOnax = the development rate of flow,

In many cases, however, it is possible to content oneself with
a linear relation for 0 < 0 < Q... .

The storage reservoirs in Group ¢ are dealt with as if they formed
a single reservoir, and this reservoir is divided into a primary zone
and a minimum zone, with the intention that the discharge from the
resetvoir shall conform to the schedule described in what follows.
When the total volume of water contained in the reservoir is
comptised in the primary zone, the discharge drawn from the
reservoir in excess of the compulsory discharge (fot log floating,
ctc.) shall be so great that the corresponding amount of power
generated in the hydro-electric stations on the two rivers in question,
together with the power generated in Groups a and b, is sufficient
to supply the whole load on the system. When the water stored in
the reservoir is contained in the minimum zone, the discharge from
the reservoir shall be so great that the corresponding amount of
power, together with the power originating from Groups a and b
as well as the power generated in the thermal plants operating at
full capacity, is sufficient to mect the whole load on the system.

The basic rule curve is calculated just as in the preceding example
on the basis of the week-to-week variation in the amount of storage
and on the assumption that the continuous discharge from the
reservoir is equal to that which would be drawn if the storage were
in the minimum zone. Accordingly, we have to calculate from week
to week a change in the amount of storage which is equal to

the inflow minus the compulsory discharge expressed in
terms of electrical energy

plus  the power generated in Group a

plus  the power generated in Group b

plus the power generated in the thermal plants operating
at full capacity

minus the load.
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If the sum of the last four addends is found to be positive, then
it must be put equal to zero, for an increase in the amount of storage
can never be greater than the inflow (except in the case of pumped
storage). Consequently, it is not necessary to utilize the full capacity
of the thermal stations under these circumstances.

For exptessing the inflow in terms of electrical energy, use can be
made of an energy equivalent of water which cotresponds to the
amount of energy that can on an average be generated by utilizing
the water drawn from the storage resetvoirs when the water stored
in the reservoirs is contained in the minimum zone. Now this energy
equivalent of water cannot be calculated before the basic rule curve
has been determined, and has been applied to a period of consecutive
water years in a power balance. It is therefore necessaty to begin
with an estimate, which is then successively corrected. As a rule,
a single correction will be found to be sufficient.

After the changes in the amount of storage have been computed
in this way for each week, the calculation can proceed in the same
manner as in the foregoing example, see Section 221.

23. Some Extensions of Methods of Calculation
Described in Section 21

The present section deals with some possible improvements in the
methods for calculating the basic rule curve.

231. Storage Reservoirs Involving Difficulties in Discharge

The method of calculating the extent of the basic rule curve on the
basis of “draw-down curves placed on the minimum permitted
storage level”, which has been described in Section 21, presupposes
that the discharge from the storage reservoirs does not present any
difficulties. If such difficulties are encountered, then it is necessaty
to make a special calculation for some weeks in the neighbourhood
of each spring flood so as to determine the minimum amount of
storage which is required in order to ensure that the outflow of
the minimum discharge shall be possible. This question is closely
bound up with the management of storage reservoirs which are
operated in parallel, and will be discussed at some length in Chap-
ter 5, Section 51.
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232. Calcnlations Taking Account of Storage Reservoirs in
Unregulated Lakes

The method for calculating the basic rule curve described in the
above does not take account of the "trends’ in the inflow. Certain
attempts have been made to use regression analysis in order to
determine the basic rule curve as a function of the existing inflow,
but these attempts did not prove very successful. A better approach
seems to be to assume that the unregulated lakes are included in
the water contained in the storage reservoirs. In that case, small lakes
of this kind are represented by some reference lake.

In order to introduce this factor into the calculations, e. g. those
described in Section 222, use is made of the following procedure.
First, the change in the amount of storage in the regulated lakes is
computed from week to week. Then the actual changes in the
amount of storage in the unregulated lakes are added to these
values. After that, the actual water levels in the unregulated lakes
are taken into account in calculating the basic rule curve during the
weeks immediately preceding the spring flood. In principle, this is
done by the aid of the method outlined in Chapter 5, Section 51.

This procedure should also be employed in dealing with the rela-
tively small regulated watercourses which were reckoned among
unregulated rivers and therefore included in Group a, Section 222.
Then the errors caused by this approximation will for the most part
be eliminated.

233. Hydro-Electric Systenzs Which Comprise Several Storage
Reservoirs Differing in Degree of Regulation

If the discharge drawn from the storage reservoirs can be managed
in such a way that a reservoir never overflows unless the other
reservoirs are filled, then it is undoubtedly possible to use the
method of calculation described in Section 222. As a rule, this is
the case when storage reservoirs lying close to each other do not
differ too widely in the degree of regulation. However, this method
of calculation is also correct when the storage reservoirs differ in
the degree of regulation so long as none of these reservoirs has
a degree of regulation which is so low that the reservoir overflows
even in the coutse of the most unfavourable years. It is true that
some of the water which would in reality be spilled in years of
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plentiful run-off will then be included in the calculations. But this
is solely an advantage because the statistical distribution of the
draw-down is in this way prevented from being subjected to trun-
cation, which would cause difficulties in the calculation of its "tail”
represented by the dry years. '

234. Hydro-Electric Systems Which Comprise Some Storage
Reservoirs Having Low Degrees of Regulation

If a hydro-electric system includes some storage reservoir ot reset-
voirs having such a low degree of regulation that they overflow even
during the driest yeats, then these reservoirs must be specially taken
into account. One method that can be used for this purpose is out-
lined in what follows. First, a simple preliminary draw-down
schedule, which leads to large discharges during the spring, and
possibly also in the summer, is constructed for each of these reser-
voirs. Then the operation is adjusted with a view to obtaining an
empty reservoir at the time of early spring flood. After that, the
watercourse in question is dealt with as if it were unregulated, and
the amount of storage is taken into account in the same manner as
in Section 232.

If no account is otherwise taken of the water stored in unregulat-
ed lakes, then this procedure involves quite a considerable compli-
cation, In that case, the method described below seems to be more
convenient.

In principle, the problem to be solved can be stated as follows:
for the storage reservoirs having a low degtee of regulation, the rise
in the filling curve during the spring flood must be restricted to
that value which corresponds to the volume of storage. In so far
as the minimum load exceeds the amount of power generated from
unregulated sources, if any, in the system, this excess load should
be met by means of the discharge drawn from these storage reset-
voirs having low degrees of regulation to the extent that is permit-
ted by the flow utilized in the power stations situated downstream.
If the system comprises several storage reservoirs of this kind, then
this discharge should be. distributed among them so that these
resetvoirs may as far as possible be integrated in conformity with
the principles of drawing on storage reservoirs which are operated
in parallel. ‘
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In carrying out the calculations, use can, for instance, be made
of the following practical procedure. To begin with, as usual, the
minimum load with the deduction of the inflow for all storage
reservoirs taken together is stored backwards in time for each water
year until we reach the maximum point of the filling curve. From
that point on, the calculation is continued — still backwards in
time — in accordance with the instructions given below.

/7.
N

For each one of the storage reservoirs having low degrees of
regulation, it is necessary to obsetve the amount by which the
filling curve bends downwards (seen in a backward ditection).
When the filling curve of any one of the storage tresetvoirs has
reached down to a point which corresponds to the volume of
storage, then this reservoir is to be regarded as non-existent, that
is to say, the inflow is dealt with as if it were an intermediate inflow
downstream of the reservoir in question, see f7g. 14 . The discharge
which may possibly be drawn from these storage reservoirs is
distributed so as to cause the filling curves to "'run together” when
they bend downwards. Most frequently, however, on account of the
water required for timber floating, this discharge matters little or
nothing. It is therefore fully sufficient to base the calculations on
the dischatge drawn from all storage reservoirs in turn according’
to the ratio of the deflection of the filling curve and some quantity
which characterizes the magnitude of the spring flood, e.g. the mean
inflow during the spring months or simply the annual mean inflow.

TOTAL CHANGE OF
STORAGE CONTENT

WEEK NO.

Figs. 14a and b. Determination of the total change in the amount of storage in

a power system which comprises some storage reservoirs having low degrees

of regulation.(A,B and C are volumes for three storage reservoirs with low degrees
of regulation.)

If the total filling curve reaches its maximum point late in the
autumn, then the separate filling curve calculated by means of the
above method for a storage reservoir from which much water is
drawn for timber floating may sometimes bend upwards instead
of downwards. In that case, the permissible deflection will have to
be reckoned later on from the highest value which has been reached
by the curve, see fig. 14 &.

TOTAL CHANGE OF
STORAGE CONTENT

WEEK NO

3. Availability of Supply and Its Economic Aspects

As has been pointed out in a previous section of this report, the
utilization of the long-term storage reservoirs of hydro-electric
stations yields the best economic tesults if the start of those thermal
power plants which involve the highest runnig costs is delayed until
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the lowering of the storage reservoirs reaches the basic rule curve.
Now we have to distinguish between two types of thermal power.
First, thermal power is called "homogeneous” if it entails a single
value of the running costs. Second, thermal power is called “strati-
fied” if it is generated in several plants which differ in running
costs. In the general case, the situation of the basic rule curve is
independent of whether thermal power is homogeneous or strati-
fied. If thermal power is stratified, then the various thermal plants
should pick up the load at the points determined by the passage
over the limiting curves which constitute the boundaries of the
respective water values. The calculation of water values is dealt with
in Chapter 4.

97,5 7 AVAILABILITY OF SUPPLY

In accordance with Chapter 2, the basic rule curve can be deter-
mined so as to ensute that the volume of water contained in the
storage reservoirs, with the addition of a certain definite minimum
inflow, in combination with full generation of thermal power
during the remaining part of the draw-down period, shall be suffi-
cient to secure a certain fixed value of the probability that the
power system will be able to cope with a given load. Thus, for
inistance, if the basic rule curve has been calculated for 95 per cent,
then the probability that the supply of electrical energy undertaken
by contract can be effected without resorting to rationing of power
is exactly equal to 95 per cent when the basic rule curve has been
reached. The above-mentioned probability can serve as a measure of
the “availability of supply”’ (S). This expression is preferable to
the concept “risk of rationing” (R). (R =100-—3S per cent.)

o ! 1 1 o 3
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Fig. 15. Variation in the basic rule curve with the availability of supply.

to the cutve which is tangent to the maximum permitted storage
level is the highest guaranteed availability of supply that can be
maintained in this power system, inclusive of supplementary ther-
mal power. It is important that cach electricity undertaking or power
company should ascertain its highest guaranteed availability of
supply. k

As may fusrthermore be inferred from fig. 15, since the basic
tule curve increases as the availability of supply becomes
higher, a greater amount of energy must be supplied to the system,
from the thermal power stations, and since it was assumed here that
the capacity of the thermal power stations was given, it follows that
a higher availability of supply corresponds to a greater value of the
total production costs in the power system. This can also be inter-
preted in a different manner by stating that the basic rule curve
1s kept unchanged, but its availability is augmented by increasing
the total capacity of the thermal power plants.

As has already been mentioned, a 100 per cent availability of
supply in a predominantly hydro-electric power system cannot be
maintained in practice. Experiences relating to earlier years of heavy
drought have shown that the availability of supply in Sweden is
on an average perhaps 90 to 95 per cent. ‘

The first question that arises in this connection is what value of
the availability of supply should be chosen, that is to say, what
should be the basic rule curve. Fig. 15 represents these curves as
functions of the availability of supply in an arbitrary hydro-
electric power system, which is supplemented with a definite but
arbitrary amount of thermal power.

As is seen from fig. 15, the availability of supply corresponding
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31. Optimum Availability of Supply

u
From the point of view of over-all economy, the availability of supp- 8 - —
ly should be maintained on such a level as to ensure that the cost of 90 J
95, 97,5 99 % GUARANTEED

energy generated in the thermal power stations shall offset the costs
which commercial and industrial undertakings as well as the public
would have to bear on account of the power rationing that would
otherwise be required. It is obvious that the inconveniences which
are caused by power rationing to commercial and industrial under-
takings or to the public are very difficult to evaluate in terms of
money. It seems probable that moderate rationing of power can be
achieved without involving any real cost simply owing to the
increased tendency to economize which always manifests itself in
a crisis. However, in order that the above-mentioned inconveniences
might be estimated in an example, the sum of the cost of thermal
power generation and the cost of energy eliminated by rationing has
been calculated as a function of the guaranteed availability of supply
for an ordinary power undertaking. In this calculation, it was assum-
ed that power rationing is carried out so as to result in the least
possible amount of “unnecessary rationing”, ie. that no power
rationing is resorted to until the storage reservoirs have been defi-
nitively emptied. (‘This assumption is much too idealized, but the
procedure in question can be used as a first approximation.) The
walue of energy eliminated by rationing was varied within the limits
from 0 to 40 Swedish re! per kWh on an average for the whole
amount of energy eliminated by tationing. The results of this
calculation are represented in principle in figs. 16 and 17. Fig. 16
shows the total annual cost of thermal power, with the addition of
the cost of energy eliminated by rationing, and with the deduction
of the revenue derived from surplus energy as a function of the
capacity of the thermal power plants for several values of the avail-
ability of supply on the assumption that the energy eliminated by
rationing is valued on an average at 20 Swedish 6re per kWh. This
diagram is used for determining that capacity of the thermal powet
‘plants which corresponds to a minimum total cost in the powet
system for each value of the availability of supply. The results
obtained in this way are represented in fig. 17 for 20 Swedish Ore
pet kWh as well as for the other assumed values of the cost of
energy eliminated by rationing.

AVAILABILITY OF SUPPLY

LOWEST AND OPTIMUM CAPACITY OF
THE THERMAL POWER AT A GUARANTEED
AYAILABILITY OF SUPPLY OF 95 PER CENT
AND SO ON

| S 1. 1
25 30 35 407
THE CAPACITY OF THERMAL POWER (N
PER CENT OF THE HIGHEST VALUE OF THE
LOAD DURING ONE HOUR
Fig. 16. The total annual cost of thermal power, with the addition of the cost of
enetgy eliminated by rationing, and with the deduction of the revenue derived
from surplus energy, as a function of the capacity of the thermal power plants
for several values of the availability of supply.
Example. Thetmal power: 75 Swedish kronor per kW per year -~ 5 Swedish dre
per kWh.
Surplus enetgy: 0.5 Swedish ére per kWh.
Eoergy eliminated by rationing: 20 Swedish dre per kWh.

PERCENTAGE
INCREASE IN COSTS

COST OF ENERGY ELIMINATED
15% BY RATIONING

40 sw. ORE PER kWh

20 SW. ORE PER kWh

5 W

5 Sw. ORE PER kWh

0 sw ORE PER kWh

L L 1 f !

80 85 90 95 1002

GUARANTEED AVAILABILIFY OF SUPPLY

Fig. 17. The sum of the cost of power and the value of the energy eliminated by
rationing represented as a function of the guaranteed availability of supply by
using the price of energy eliminated by rationing as a parameter, This diagram
is based on the assumption that the capacity of the thermal power stations in the
power system is an optimum which is comprised in the range from 25 to 35 per
cent of the one-hour maximum demand of the load.

11 Swedish dre = 1/1gp Swedish krona ~ 0.2 d ~ 2 US mills,
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The cutve relating to the case where the energy eliminated by

" PERCENTAGE * ‘ (N
rationing is valued at 0 Swedish &re per kWh represents the pet- '

"INCREASE IN COSTS
8x

centual increase in cost which the electricity undertaking must incur

in order to raise the availability of supply from 80 per cent to higher Tk
values extending up to 100 per cent. To indicate the order of 6 |
magnitude of this increase in cost caused. to the electricity undertak-

ing, it may be mentioned that the cost increment associated with St
an increase in the availability of supply from 90 to about 98 per cent 4 L
amounts to 4 or 5 per cent in the undertaking in question. If the

value of energy eliminated by rationing is supposed to be as r
moderate as slightly over 10 Swedish 6re per kWh on an average, 2
then the ""national economic cost” is practically constant irrespective '

of whether the availability of supply is as low as 80 per cent or is i
raised to about 98 or 99 per cent. If the energy eliminated by ration- o L

ing is valued at a higher cost, then it is perfectly obvious that
society as a whole will gain by maintaining the availability of supply
on a Jevel of 98 to 99 per cent. (In fig. 17, the optimum capacity of
the thermal power stations, expressed in per cent of the one-hour
maximum demand of the load, is comprised in the range from 25
to 35 per cent.)

L ] 1 l J
80 85 90 95 1007
AVAILABILITY OF SUPPLY

- Fig. 18. Increase in the cost of power production as a funétion of
the availability of supply.

obvious that the availability of supply in power systems should lie
somewhere in the range from 95 to 99 per cent. -

At the present time, the actual state of affairs in Sweden seems
to be characterized by the fact that most electticity undertakings
plan and operate their power systems more ot less consciously so
as to ensure an availability of supply (as defined in this report)
ranging from 95 to 99 per cent, and run their thermal power plants
in accordance with their expectations concerning optimum economic
results. :

A similar calculation has been cartied out in another power
undertaking, where the share contributed by thermal power is dif-
ferent, and where this share is divided in a different way between
“low-cost” and “high-cost” thermal power. The results of this
calculation are shown in fig. 18, whete the curve represents the in-
crease in the cost of power production as a function of the availability
of supply, i.e. on the assumption that the value of energy eliminated
by rationing is equal to 0 Swedish 6re per kWh. In this case, the
relative increase in the cost of power production is still smaller than
in the preceding example. The inctease in cost is only about 2 to
3 per cent when the availability of supply is raised from 90 to 98
per cent.

32. Recommended Factor of Availability of Supply

In Section 31, it was found that the basic rule curve should
be determined so as to ensure an availability of supply ranging
from 95 to 99 per cent. Now we assume that the cutve has
been based on, say, § == 95 per. cent. In the course of a cettain
definite water year, the water situation can. for instance have been
such that the minimum zone ‘was not reached” during: the period
extending from the spring flood to. January inclusive. This means
that no thermal power plants have-been operated up to this time
during the water yearin question: Siippose;-firthermore; that a spell

As a final result of these two investigations, it appears quite
evident that, when the capacity of the generating plants is appropria-
tely proportioned, the increase in costs incurred by the electricity
undertakings is very moderate so long as the guaranteed availability
of supply is not raised above a level of 98 to 99 per cent. If an
attempt is made to vary the value attributed to the energy eliminated
by rationing, then, as this value increases, it becomes even mote
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of severe cold weather occurs in January and Februaty, the rate
of inflow decteases, the load increases above the level predicted by
normal calculations, and the draw-down extends into the minimum
zone. The thermal power plants are run to full capacity, but power
has perhaps nevertheless to be rationed towards the end of March.
It may be regatded as obvious that it would be difficult for the
electricity undertakings in such a situation to excuse themselves in
the eyes of industtial consumers and the public. On the other hand,
if the minimum zone had been entered as eatly as in the autumn,
and if the thermal power plants had been operated to full capacity
during the whole winter, then the reaction against the same ration-
ing would have been much weaker. '

A method of avoiding all this trouble is to introduce a minimum
zone corresponding to a value of § which is variable in the course
of the year. For instance, this can be done as follows:

The basic rule curve is based on a value of §=295 per cent
during the period extending from the spring flood to about Novem-
ber 1st, which is the normal time of ice formation in the water-
courses situated in the northern regions of Sweden. Starting from
this date, the basic rule curve is drawn so that the curve correspond-
ing to §=97.5 per cent is definitively reached about January Ist.
The latter curve is followed up to about March 1st. After this date,
it is advisable to change to a cutve which constitutes an ample
envelope of all summation cutves, see fig. 19.

The electricity undertakings which do not use any thermal power
‘must also calculate their basic rule cutve in this manner, and must
check it so as to make sute that it does not reach the maximum per-
mitted storage level. In such undertakings, the fact that the storage
passes into the minimum zone implies metely that all supply of
’secondaty” power must be discontinued.

AMOUNT OF
STORAGE

100%™

ENVELOPE
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BASIC RULE CURVE
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Fig. 19. Effect of the variation in the availability of supply on the situation of
the basic rule curve,

operated in such a manner as to ensure that no rationing will be
resorted to until the storage reservoirs have been completely emp-
tied. If the basic rule curve is determined in conformity
with the principles which have previously been outlined in the
present report, then this implies that the power supply to industrial
consumers will perhaps have to be interrupted for a period of about
one week in 1 to 5 years per 100 water years. However, it is not
a prioti certain that this programme is to be regarded as an optimum
for the country as a whole.

Alternative rationing procedures can be illustrated by means of
fig. 20. This diagram shows a simplified example, in which it was
decided to introduce the first stage of rationing when the instan-
taneous availability of supply, S, has decreased to 40 per cent.
In this case, the amount of energy to be eliminated by rationing is
determined so as to increase S;,,; to an extent at which the proba-
bility that further stages of rationing can be avoided is equal to 60
per cent, and so forth. Rationing can of course be resorted to at high-
er or lower values of the instantaneous availability of supply than

33. Availability of Supply and Rationing Conditions
below Basic Rule Cutve

As has been indicated in the above, the choice of power rationing
method is dependent on the total costs as a function of the amount
of energy to be eliminated by rationing and the time at which
rationing is to be introduced. If we make the simplified assumption
that the amount of energy to be eliminated by rationing should on
an average be as small as possible, then the power system shall be
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amount of storage at the instant under consideration to the basxc
rule curve, and so on.

34. Average Availability of Supply

According to the above definition, the availability of supply § is
determined as the probability that the volume of water available at
the basic rule curve, together with the supplementary energy
from the thermal power plants operated to full capacity, will be
sufficienit to supply the demand during the yeat in question. If, at
the chosen value of S, the basic rule curve is not situated so that it
reaches the maximum permitted storage level — because the power
supplier has found for engineering and economic reasons that an
optimum is teached when the capacity of the thermal power plants
in the system is greater than that which corresponds to a minimum
at a given availability of supply — then it is evident that the draw-
down will not extend into the minimum zone every year. How often
the minimum zone will have to be utilized is a question which
depends on the composition of thermal power as well as on the
make-up and the amount of “secondary” power supply, i.e. power
exceeding contracted firm supply. For instance, thermal power can
be generated in nuclear power plants, back-pressure power plants,
conventional condensing steam power plants, gas turbine power
plants, etc.

If the above-mentioned factors are taken into account then
practical system operation implies that those thermal power plants
which entail the lowest running costs are started before the basic
rule curve is reached. (For further particulars, see Chapter 4.) This
partial start of the thermal power plants prior to the utilization of
the minimum zone means that the availability of supply is tempo-
rarily higher than that which corresponds to the basic rule curve. It
is possible to calculate an average availability of supply, which must
obviously always be higher than the guaranteed availability of supp-
ly, because an early start of thermal power stations increases, just as
a lowering of the storage reservoirs for the purpose of secondary
power supply decreases, the temporary availability of supply, and
hence also its average value

This average availability of supply, wh1ch can be calculated theo-
retically, is difficult to compute in practice, since the effects produc-
ed by certain factors, especially by the “’secondary” power supply,

THEORETICAL AND

ACTUAL FILLING CURVE OF
STORAGE RESERVOIR AFTER
ELIMINATION OF POWER BY
RATIONING

~
/\ ~__APRL
’ THEORETICAL FILLING CURVE OF

STORAGE RESERVOIR WITHOUT
j . X. ELIMINATION OF POWER BY RATIONING

Fig, 20. Effect of power rationing on the filling curve of a storage reservoir.
A reduction of the load by power rationing is carried out at "'x”.

that which is exemplified in the above. If rationing is introduced at
an earlier date, then the amount of energy that must be eliminated
by rationing can be small, and the cost that is incurred by society as
d whole in"abstaining from energy consumption is perhaps very low
at that time, but there is a certain probability that the available
power would have proved to be adequate even if it had not been
rationed. On the other hand, if the probability that no further stages
of rationing will be necessary after the first stage of rationing is
required to be very great, then the amount of energy to be eliminat-
ed by rationing at an early date must be slightly latrger. Assume, for
instance, that we have to deal with a minimum zone having the
extent shown in fig. 19, and that rationing is contemplated about
January 1st. Suppose, furthermore, that the probability that no
turther stages of rationing will be needed after the first stage is
required to be equal to 97.5 per cent. In that case, the amount of
energy which shall be eliminated by rationing during the period
extending to the spring flood is equal to the distance from the




352

fore scarcely be calculated in advance by each separate power undet-
taking., Furthermore, it is probable that in an integrated power
system, which offers reasonable possibilities of power exchange

dual undertaking will reach the minimum zone at approximately the
same time. Consequently, it is desirable that all power undertakings
should calculate their respective minimum zones on the basis of the
same principles and the same guaranteed availability of supply.

4. Methods of Determining Watet Value

Chapters 2 and 3 dealt primarily with the question how the available
power resoutces should be managed in order that it may be possible
to cope with the load in a situation which is met with during a dry
year. On the other hand, if the storage conditions are more
satisfactory, then the question to be solved is whether it may never-
theless be profitable to save water by utilizing thermal power
generated in those plants which entail the lowest running costs
(e.g. nuclear power stations and back-pressure plants), or whether
it is perhaps more economical to increase the volume of water drawn
from the storage reservoirs for occasional power supply. This
‘question arises not only in the operation of existing power systems,
but also, and not least, in power system planning. For instance, this
question is of paramount importance in studying the possible utili-
zation of nuclear power.

In each given situation, a power system should be operated with
due regard to the probability of reaching the minimum zone (which
involves the highest cost of thermal power) or the maximum
permitted storage level (which means spillage). These probabilities
determine an expected incremental value of the water such as it
is stored in the reservoirs, the “water value’’, If we start from this
water value, as well as from the incremental efficiencies of the
hydro-electric stations, and from the possibilities of short-term
regulation, then we have a basis for calculating an absolute value
of the incremental cost of generated electrical energy (the price of
the last kilowatt-hour), which shall be compared, on the one hand,

other hand, with the running cost of thermal power.
The water value in a given power system can be determined by

ate dependent on the entire integrated power system, and can there-

between the interconnected undertakings, the storage in each indivi- .

with the ruling price of power for occasional supply, and on the -
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means of several methods. The choice of method will be dependent
on the requisite accuracy in calculations and on the possibilities of
representmg the actual power system by an appropnate approxi-
mation, Some of these methods are exemplified in what follows.

41. Single Storage Reservoit, Homogeneous Thermal
Power, Small Secondary Power Supply

We consider a power system which can approximately be represent-
ed by assuming, first, that it compnses a smgle storage reservoir,
second, that the thermal power is homogeneous, i.e. entails a single
value of the running costs, and third, that the amounts of secondary
power to be supplied are small In this case, the simplest method of
calculating the water value is to start from the time under con-
sideration and from the volume of water stored at that time, and
then to investigate how the amount of storage would develop if the
primary discharge continued to be drawn from the storage reservoir
durmg different water years. If P years, out of m years, prmc1pally
give rise to operation in the minimum zone, while the remaining

years mostly involve spillage, then the water value can be put
equal to

® =~

TR

2
wn

where . is the water value at the basic rule curve, and is
equal to the cost of full-capacity thermal power generation divided
by the cotresponding reduction in the draw-down of the storage
reservoirs on the assumption of normal short-term regulation. The
water value can conveniently be expressed in Swedish 6re per kWh
of natural energy.

It may be questioned whether it is correct to use the whole water

value 3 for those years which bring about operation in the mini-
mum zone. In fact, the problem under discussion is to determine the
consequences of a slight change in the draw-down at the point of
departure. It is therefore conceivable that the filling cutve of the
storage reservoir is lowered by a small amount at that point. This
implies that the filling curve will reach the minimum zone at an
earlier time than would otherwise be the case. In other words, the
thermal power plants will be started in advance of the usual time.
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The amount of this advance, and hence the increase in thermal
power generation, will be dependent on the angle at which the
filling curve intersects the basic rule curve. The increase
in thermal power generation is frequently smaller than that
which corresponds to the initial lowering of the filling curve; a cer-
tain residual lowering is produced when the filling cutves passes
through the basic rule curve. Past of this residual lowering can in
the same way cause an increase in thermal power generation as the
filling curve leaves the minimum zone, and so forth. Finally, there
will pethaps remain a part of this lowering which corresponds to
a reduction in spillage. Consequently, this reasoning would justify
a reduction of the water value.

However, what may be objected to this reasoning is that the
residual lowering of the filling curve during its passage through the
basic tule curve implies a decrease in the availability of supply. One
method of evaluating this effect is to reckon with the thermal power

curve, in spite of the fact that this is impracticable on account of the
limited thermal plant capacity. In other words, the whole lowering
should be evaluated in terms of thermal power if the filling curve
passes into the minimum zone.

By investigating the accuracy in the calculation of the value of x
with the help of the method outlined in the above, it is found that
this accuracy is rather low if the calculation does not cover more than
30 water years. A better result can be obtained by calculating
a power balance on the basis of several values of the volume of
water stored in the reservoir at the time in question, and by plotting
a smoothed curve which represents the cost of supplementary power
as a function of the amount of storage. The first derivative of this
curve gives the water value.

42. Single Storage Resetvoir, Homogeneous Thermal
Powet, Large Secondary Power Supply

If, in addition to the small quantities of secondaty power on account
of which it is required to calculate the water value, the power system
has to supply an amount of secondary power which is so large that
it appreciably influences the filling curve of the storage reservoir,
then it is necessary to introduce a special secondary zone which shall
be located in the uppermost part of the storage diagram. When the

generation which would be needed in order to raise the filling
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water stored in the reservoir is comprised in this zone, then the
draw-down shall always be so great that it is also sufficient to cover
the secondaty power to be supplied.

The boundary between the primary and secondary zones may be
calculated by means of successive approximations. A cettain definite
boundary is assumed, and then the economic result is calculated by
applying the draw-down schedule to a series of watet years. After
that, the boundaty is successively displaced by a small amount at
a time, until we arrive at that zone which yields the best economic
result.

The water value can now be calculated by using the same pro-
cedute as in Section 41. In the secondaty zone, the filling cutves ate
calculated on the assumption that the above- mentioned large amount
of secondaty power is to be supphed but all curves are followed up
to the point where spillage sets in or to the point where the thermal
plants have to be started. In this case, it is not justifiable to pay any
special regard to the angle at which the filling cutve intersects the
boundaty of the secondary zone, since this boundary has been chosen
as an optimum, and it is therefore quite possible that a slight dis-
placement of the boundary in question is of no great importance.

In prmaple the procedure described in the above may possibly
also be used in the case where the power system comprises two (but
scatcely' more than two) types of thermal power plants, e.g. nuclear
power stations and conventional steam power stations.

43. Single Storage Reservoir, Stratified Thermal Powér,
Large Seécondary Power Supply in Various Price Ranges

In the present case, we have to resort to a draw-down, ¢, which may
convemently be regarded in general as a function of the water value,
% , and, in view of the seasonal variations in load, also as a function
of the time of the year, #, that is to say,

g=q (% %)

If the effect of the short-term regulation is distegarded, then it
is readily seen that ¢ is a stepped function whose steps correspond
to the prices of thermal power and secondary power in the various
blocks or 'strata” as well as to the thicknesses of these strata. If the
shott-term regulation is taken into account, then this function

L
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becomes nearly continuous. In fact, at certain definite water values,
it may be profitable to operate the thermal plants in a given stratum
during the day-time only, and sometimes it may be economical to
sell secondary power in the night-time only, etc. In most cases, it

ought to be possible to content oneself with a relatively simple

expression for the function 4 (¢, » ).

In this case, the water value cannot be determined separately at
each point of time and each amount of storage, since the develop-
ment of storage in the future will be dependent on the water values
which will be passed, and these water values are unknown at the
outset. Instead, we shall regard the water value, », generally as
a function of the time of the year, ¢, and the volume of water stored
in the reservoir, M, that is to say,

w==ux (¢, M)

To begin with, it is only known that this function is an annual
periodic function, that its value at the maximum permitted storage
level is equal to zero, and that its value at the basic rule cutve is
#; , which corresponds to the stratum where the cost of thermal
power is highest.

It is possible to deduce a general functional relation between
the functions x at different points of time, but a numerical solution
based on this relation seems to be wvery intricate. It is therefore
recommended that numerical calculations should rather be carried
out by using successive approximations and by applying the Monte
Catlo Method making use of the observed values of inflow, This
procedure is exemplified in what follows.

We assume a value of » (7, M) at a number of points which are
uniformly distributed in the region under consideration. We sup-
pose now that the storage reservoir has in some way or other
reached one of these points, for which it is required to determine
a second approximation. We start from the point in question, and
we follow the development of storage governed by the values of
inflow observed during a certain definite year in the past and by the
draw-down determined by the water values which are passed (these
water values are calculated by interpolation in the chosen set of
points). The calculation is discontinued after some twenty weeks
or eatlier if the storage reservoir attains the maximum permitted
storage level or the basic rule curve. Then the calculation is repeat-
ed by starting from the same point again and by using the inflow
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values relating to the next year, and so forth, until the whole
available water year series (e.g. 30 years) has been utilized. The
water value to be determined is put equal to the mean value in
which the development has terminated during the various water
years. As soon as a new value has been calculated, it is substituted
for the old one, and is utilized in the calculation of the following
points, and so on. It is advisable to go through the points backwards
in time.

The character of the function ¢ (% ) which is normally met with
in practice is such that the convergence in this method is fairly
rapid. Acceptable accuracy can often be obtained as eatly as after
3 to 4 successive approximations. This method is only approximate,
and will therefore always involve a certain residual error regardless
of the number of approximations. The magnitude of this error is
dependent on the number and the extent of discontinuities in the
function g (7, » ), and on some other factors.

The water value calculated in a case in hand is represented in
fig. 21 by curves of equal water value, or ”equi-water-value curves”,
in a storage-time diagram.

It may be questioned whether it would not be possible to dispense
with the minimum zone in calculations of this kind, and alter-
natively to put an incremental value of the water value in the case
of an empty storage reservoir equal to the total cost caused by ration-

AMOUNT OF
STORAGE

MAXIMUM PERMITTED STORAGE LEVEL

MINIMUM ZONE

21 A 4 5101 11 0 WEEK NO.

Fig. 21. Expected water value in a storage reservoir.
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untegulated lakes, bogs, marshes, etc. (which are for practical
reasons represented by a single or a few reference lakes). If the
statistical records required for this purpose are inadequate, then the
amount of storage under consideration can be corrected by adding
to it a volume of water that corresponds to the deviation in the mean
inflow during a few weeks to come, which is determined with the
aid of regression analysis, and is represented as a function of the
existing inflow.

ing of power. However, this incremental value would be very high
in comparison with the water values which are normally met with
in practice, and the spacing of the points used in the calculations
would therefore have to be unreasonably close in otder to enable
satisfactory interpolation.

44. Calculation of Water Value Taking‘Account of
Increase in Load, etc.

In the preceding sections, it was assumed that the water value
function is an annual periodic function. Strictly speaking, this is the
case only if the "degree of development” does not change duting
the year dealt with in the calculation and during at least the next
year after that. If it is desired to allow more accutately for the fact
that the load increases continuously, whereas the power stations
come into existence as discrete units, then use can be made of the
method of calculation described in what follows. We assume that
the water value is to be calculated for the year No. 1. Then, to
begin with, we calculate the basic rule curve for all years ranging
from the year No. 1 to, say, the year No. 4 inclusive. Next, we cal-
culate a rough approximation of the water value for the year No. 4
in accordance with Section 41 on the assumption that the thermal
power is homogeneous. After that, a slightly closer approximation
for the year No. 3 can be calculated with the aid of the general
method by following the development of storage in the coutse of
a period extending into the year No. 4, while taking account of the
relation between the draw-down and the water value. The cal-
culation is carried out week by week from behind. By proceeding
in this way, we can obtain a still closer approximation for the year
No. 2, and finally for the year No. 1.

This supplement to Section 43 is of great importance in dealing
with present-day operation of power systems, but is, as a rule, not
necessary in calculations for system planning purposes.

46. Calculation of Water Value in Power System
Comprising Different Storage Reservoirs

The methods described in the above are primarily applicable to the
simple case where the power system is assumed to include a single
watercourse and a single storage reservoir. Actually, a power system
most frequently comprises several watercourses and different storage
reservoirs. Strictly speaking, an individual water value is obtained
for each storage reservoir. This water value is a function, not only
of the water level in the storage reservoir under consideration, but
also of that in all other reservoirs, and is therefore very difficult to
calculate. ,

However, if we assume that the total amount of draw-down is
distributed among the storage reservoirs so that no spillage is
unnecessarily produced in any of them unless the other reservoirs
are full, then the water value can approximately be expressed by
a function of the time of the year and the total volume of water
stored in the reservoits. In other words, this is in principle the same
assumption as that which served as a basis for the treatment of
theoretical case referred to in the above. All the same, unregulated
generation in the power system must specially be taken into account,
but this. does not present any notable difficulties.

It is obvious that the above-mentioned unnecessaty spillage can
never be completely avoided, but it can be limited if the total
draw-down is distributed in an appropriate manner among the
various storage reservoirs. This question is dealt with in Chapter 5.

45. Calculation of Water Value Taking Account of Inflow Trends

To begin with, the water value was assumed to be independent of
the trend in the inflow. One method of making a correction for this
trend is, just as was done in the calculation of the basic rule curve,
to assume that the water contained in the storage reservoir includes




5. Distribution of Draw-Down

of that amount of residual water which will probably be lost by
among Different Storage Reservoirs

spillage during the spring flood. The calculation of this cost per
MWh is complicated by the fact that some storage resetvoits present
limitations in discharge, and by the circumstance that several storage
reservoirs can influence one another when they are situated one
after another on the same river ot on different tributaries of the
same river. The calculation of this cost of energy is dealt with in the
following sections.

This detailed control of the storage resetvoirs prior to the spring
flood may be said to imply that a basic rule curve in each storage
reservoir is calculated for the period of time immediately preceding
the spring flood.

s1. Detailed Treatment of Storage Resetvoirs Prior to Spring Flood,
with Special Reference to Power Balance and Limitations in Discharge

One of the objects pursued in the operation of a hydro-electric
power system which comprises a number of different storage
reservoirs is to distribute the total amount of draw-down among
them so as to ensure that the respective probabilities of spillage due
to the spring and autumn floods shall be equal, or at least as nearly
equal as possible, in all reservoirs. Accordingly, if the power system
includes one storage resetvoir having a high degree of regulation
and several storage resetvoirs having low degrees of regulation,
then it would be desirable to have the last-mentioned reservoirs
completely emptied in good time before the spring flood. All water
remaining in storage, would then be concentrated in the first-
mentioned reservoir, where the security against spillage during the
spring flood is evidently greatest. However, if it is assumed that one
or several hydro-electric stations are situated downstream of each of
the storage reservoirs, then the concentration of the whole amount
of water in a single storage reservoir can lead to the result that the
quantity of hydro-electric energy which is available per week will
be insufficient — even if the thermal power plants are operated
to full capacity. The teason is that the quantity of hydro power is
limited by the rated discharge through the hydro-electric stations
situated downstream of the storage reservoir having a high degree
of regulation. (For brevity, the rated discharge through the hydro-
electric stations situated downstream will be termed “rated dis-
charge” in what follows.) In that case, in order to maintain the
power balance, particularly during the last weeks before the spring
flood, it is necessary that a certain volume of water should also be
kept in the storage reservoirs having lower degrees of regulation.

It may furthermore be requitred to keep a certain amount of
water up to the spring flood in the storage reservoirs whose
discharge capacity at the limit of lowering is so small that the
requited weekly quantity of hydro power cannot be produced.

In principle, this residual water shall be stored in those reservoirs
which involve the lowest cost per MWh of electrical energy that can
be generated before the spring flood. The "cost” in this case consists

511. Cost of Energy. Single Storage Reservoir on River

We considet a storage reservoir on a river which does not comprise
any other storage resetvoirs situated upstream. We assume that a cer-
tain definite volume, or “layer”, of water, 4 cm. in height, is kept
in this reservoir in order that it may be released during a certain
definite week. In most cases, it is possible to ensure that the value
of energy after the spring flood shall be equal for all storage
reservoirs. Then the cost of keeping a definite layer of water in a
given storage reservoir will be proportional to the probability that
precisely this reservoir will overflow. Furthermore, this cost is
proportiona] to the volume of water and to the energy equivalent
of stored water for generation in downstream hydro-electric stations.
Consequently, this cost can be expressed by the formula

K= 3%1 cheA-p-s Swedish kronor

where Cq = the value of energy, in Swedish kronor per MWh, in
the whole power system after the spring flood,

b = the height of the boundary layer, in cm.,

A = the area of the storage reservoir, in sq.km.,

p = the energy equivalent of 3,600 cu.m.of water (1 cum.fs.
during 1 hour), in MWh for generation in hydro-
electric stations,

s = the probability of overflow, in per cent.

The quantity of energy which can be generated during one week
from the residual boundary layer in the storage reservoir is propor-
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tional to.the volume of water and to the energy equivalent of stored
water for generation in the hydro-electric stations situated down-
stream of the reservoir. However, this quantity of energy is limited
by the rated discharges at the hydro-electric stations and possibly
also by limitations in discharge from the storage reservoir. Within
the limits which are determined by these factors, the ut1hzable
quantity of energy is

100

W=
36

cheAp MWh

Therefore, the cost pert MWh of residual water is

K

o Cy-s5-107 Swedish kronor per MWh

that is to say, d1rectly proportional to the probability of overflow
of this storage reservoir.

As regards storage reservoirs presenting limitations in discharge,
it is conceivable that, in order to ensure a sufficient discharge, and
hence an adequate quantity of energy, during the week in question,
the requisite height 4 of the boundary layer will be so great that
the whole volume of water contained in this layer cannot be dis-
charged in the course of this week. In that case, the expression for
the cost of energy will be the same as that deduced in the above,
while the utilizable quantity of energy will be limited to

W=168 - &0, p MWh

where A @, is the increase in the mean weekly rate of flow in
cu.m./s., which can be discharged.
In this case, the cost per MWh is

K _ b 4
W 36-1.68 - A Q.

(A O, is limited to 36” - A

.+ Cy - 5 - 10% Swedish kronor per MWh

because this is the maximum mean

weekly rate of flow which the boundary layer can yield.)

512. Cost of Energy. Several Storage Reservoirs in Series on River

We assume that the river includes two storage reservoirs, one of
them being situated upstream of the other. Futthermore, we suppose
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that the downstream reservoir presents limitations in discharge.
In this case, it may be necessary to keep a residual boundary layer
of water in the downstream reservoir in order that a sufficient
quantlty of water per week may be drawn from the upstream
reservoit. Then the boundary layer in the downstream reservoir will
remain untouched, and the water will be “transited” from the up-
stream reservoir through the downstream reservoir. Under these
conditions, the total cost of the energy whose generation is rendered
possible in this way is equal to. the sum of the cost of the residual
watet which is kept in the downstream reservoir and the cost of the
watet which is drawn from the upstream reservoir. Hence we obtain
the expression

k:%./],,.A,,.p’-;d+cl.1.68-AQ, p s

where Cy = the value of energy, in Swedish kronor per MWh,

in the whole power system after the spring flood,
hs = the height of the boundary layer in the downstream
storage reservoir, in cm.,

A, =the area of the downstream storage reservoir, in
sq.km.,

ss = the probability of overflow of the downstream storage
resetvoir, in per cent,

s, = the probability of overflow of the upstream storage

. reservoif, in per cent,

AQ, = the increase in the mean weekly rate of flow which
can be discharged from the downstream storage
reservoir,

p = the energy equivalent of stored water in MWh per
unit discharge, for generation in downstream hydro-
electric stations.

The quantity of energy which can be generated per week is
W=168 - AQ. - p MWh ‘
Consequently, the cost, in Swedish kronor per MWh, is
.5_: bﬂ'.Ad 'Cl"rd
W 36-1.68 -1 Q.-

*In this case, the magnitude of A @, is limited by the margm
with reference to the rated discharge.

102 4 Cy - s, - 102
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If we have to deal with several storage reservoirs in series o
the same river, and if these reservoirs do not present any limitations
in discharge, then the situation does not involve any special circum-
stances which must be taken into account. In this case, the whole
amount of residual water to be stored should simply be concentrated
in that storage reservoir which is situated farthest upstream, because
the probability of overflow of the water is then smallest. It is pos-
sible, however, that this rule needs to be slightly modified in the
cases where power stations are situated downstream of the storage
reservoirs as well as between them.

If the hydro-electric stations situated on the lower reaches -of
the river have a higher utilized discharge than those on the upper
teaches, then it may be advantageous to keep residual water also in
some intermediate storage reservoit, so that full rate of flow may be
maintained at the stations on the lower reaches without giving rise
to any spillage at the stations on the upper reaches. In this case,
the upstream storage reservoirs and the intermediate storage reser-
voirs can be regarded and treated as if each of these separate groups
of reservoirs were alone on the river. For the last-mentioned
reservoirs, however, it is necessary to calculate the rated discharge
as the difference in the utilized discharge between the downstream
and upstream power stations.

513. Cost of Energy. Several Stonage Reservoirs in Parallel on River

In this case, the various storage resetvoirs can be dealt with as if
they existed alone on the river. It is to be noted, however, that the
sum of the amounts of water drawn from the different storage
reservoirs shall not exceed the rated dischatge.

S14. Calculation Procedure

In principle, the check calculation made in order to ascertain
whether the power balance can also be maintained during the weeks
immediately preceding the spring flood is carried out in the same
manner as the calculation of the basic rule curve. However, for
reasons which have been adduced in the introduction to the present
section, it is not sufficient to determine a basic rule curve for the
total amount of storage during these weeks. It is necessaty to cal-
culate a basic rule curve for each one of the storage resetvoirs under
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consideration. The procedure to be used in these calculations is
described in what follows. :

For each one of the years included in the series of years under
investigation, the following expression is written for each week
about and immediately before the spring flood:

W= Wb —WM'—' W}/_ I’Vv

where W = the energy generated by using the water drawn from
the storage reservoirs, in MWh per week,

W, = the load, in MWh per week,

Wy = the inflow to the storage reservoirs minus the com-
pulsory discharge from the storage reservoirs, exptes-
sed in terms of electrical energy, in MWh per week,

W, = the inflow downstream of the storage reservoirs plus
the compulsory discharge from the storage reservoirs,
expressed in terms of electrical energy, in MWh per
week,

W, = the maximum amount of thermal power which can be
generated in the power system, in MWh per week.

This is the same expression as that which was employed in the
calculation of the basic rule curve. In the present case, however,
the magnitudes of Wy and W, must be checked for each storage

- reservoir and for each river. It is necessary to make sure that the

magnitude of W,, does not exceed the difference between the dis-
charge capacity and the compulsory discharge or the difference bet-
ween the rated discharge and W,

For each one of the years under investigation, we find the latest
week during which W is positive. Then it is permissible to assume
that the total amount of storage is equal to zero, i.e. all resetvoirs
are empty at the end of this week. Accordingly, the total volume
of water contained in the storage reservoirs at the beginning of this
week must correspond to W MWh. Now it is required to distribute
this water among the various storage reservoirs so that the total
volume of water contained in the reservoirs may really be discharged
in the course of the week in question. Consequently, as a first
approximation, we assume that no residual water must be kept in
the reservoirs during the “last” week in otder to ensure a sufficient
discharge in the course of this week.
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The above-mentioned conditions should be satisfied at a cost that
is as low as possible. Therefore, a diagram which represents the cost
of energy (calculated in accordance with the preceding sections)
as a function of the amount of storage, expressed in MWh, is
plotted for each storage reservoir or each group of reservoirs.
Furthermore, the maximum weekly quantity of energy which can
be generated by using the water in each storage reservoir is repte-
sented in a diagram as a function of the amount of storage, expres-
sed in MWh.

These diagrams are now employed in order to find out how the
total amount of storage should be distributed among the storage
reservoirs. To begin with, a check calculation is catried out so as
to make sure that the stipulated compulsory discharge from each
storage resetvoir can be maintained in consideration of the inflow.
Then the remaining portion of the discharge to be drawn from the
storage is distributed among the reservoirs. We start with that
storage reservoir which shows the lowest cost of energy at the limit
of draw-down. However, from this storage reservoir, we can only
obtain a quantity of energy which corresponds to the difference
between the discharge capacity and the sum of the inflow to the
reservoir and the compulsory discharge, or to the difference bet-
ween the utilized flow and the total inflow, inclusive of the com--
pulsory discharge. If further discharge from the reservoirs is requit-
ed, then it is drawn from that storage reservoir which entails the
second lowest cost of energy. This procedure is repeated by passing
from one reservoir to another, until the requisite discharge from
the reservoirs is‘ensured. If it is found, after having dealt with all
storage resetvoirs, that a sufficient discharge from the reservoirs has
not been secured owing to the inadequate discharge capacity of the
reservoirs at the limit of draw-down, then 2 residual amount of
water must be stored in one or several of the reservoirs in. otder
to increase the discharge capacity. For this purpose, we choose in the
first place that reservoir which entails the lowest cost of obtaining
a residual amount of storage. It is obvious that this analysis of the
storage reservoirs yields a filling curve for each of them during
the week under consideration.

After that, the same procedure is applied to the 1mmed1ately
preceding week, but now the calculation starts with the amounts of
storage which have been computed before. The discharge which
shall be distributed among the storage reservoirs during this week

is given by the value of W which has been calculated for the week
in question. This procedure is repeated week by week backwards
in time, until it appears certain that the distribution of the total
amount of storage among the various reservoirs cannot be expected
to give rise to any difficulties in maintaining the power balance.
_ Then we shall have obtained a filling cutve for each one of the
storage reservoirs in the course of the period immediately preceding
the spring flood during the year under investigation. For the weeks
before this period, it is sufficient to calculate a single filling cutve
which applies to the total amount of storage.

This procedure is employed in examining all the years comprised
in the series of years under consideration, and the filling curves
corresponding to the individual years are combined so as to obtain
a basic rule curve by means of the method which has been
described before. Moreover, a basic rule curve is plotted for
each one of the storage reservoirs during the period imme-
diately preceding the spring flood. The statistical records relat-
ing to the last weeks before the spring flood are vety scanty—
they cover only the few years during which the spring flood occut-
red very late. For this reason, the basic rule curves for the storage
reservoirs should be constructed as envelopes of the filling cutves
of all reservoirs. The basic rule curve for the total amount of storage
during the period immediately before the spring flood is obtained
as the sum of the curves for the individual storage reservoirs.
The basic rule curve for the total amount of storage during
the time preceding this period is determined on the basis of a given
availability of supply with the aid of the statistical method which
has been described before. At the joint between these basic rule
curves calculated in different ways, there will be a discontinuity
in that the curve exhibits an abrupt upward bend when it is fol-
Jowed forward in time. This discontinuity can be smoothed out
by drawing from the upper point of this upward bend a tangent to
that part of the curve which refers to.an earlier period of time.

52. Distribution of Discharge among Various Storage Resetvoirs,

with Special Reference to Risk of Overflow

If a patt of the water, stored in those reservoirs which are to be
regarded as most unfavourable in respect of overflow, can be drawn
from them during the reservoir filling period then there is scarcely
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any prospect of directly calculating a probability value expressing
the risk of overflow. In fact, the increase in the amount of storage
will then be dependent on the magnitude of that part of the dis-
charge required in the power system which is drawn from the
storage reservoir in question. An upper limit is determined by the
rated discharge. In that case, the inflow at intermediate points, if
any, must also be taken into account.

Quite generally, the problem under consideration may be stated as
follows: At a certain definite point of time, the volumes of water
stored in the various reservoirs are given. It is required to determine
the distribution of the discharge to be drawn during the next week.
This should be done with due regard to the risk of overflow in each
one of the storage reservoirs, so as to ensure that they shall over-
flow at the same time. However, this time is dependent on the
subsequent operation of the storage reservoirs. Properly speaking,
this time should be calculated on the assumption that the distribu-
tion of discharge will also be perfectly managed in the future,
Since this is not possible, the probability of overflow has to be
calculated on the assumption that the future distribution of
discharge will be approximately correct.

Some approximately correct draw-down schedules for distribution
of discharge are discussed in what follows.

521. Distribution of Discharge among Vatious Storage Reservoirs
According to Residual Degree of Regulation

If the rule governing the distribution of discharge is only to be
regarded as a first approximation, then this rule may be very simple.
The simplest solution is to use a draw-down schedule in which the
requisite discharge is drawn, so long as this is compatible with the
development rate of flow, from the various storage teservoirs in
due order of succession according to the residual degree of regula-
tion, which is defined as the ratio of the deficiency to the mean
annua] inflow. If it is desired to determine the probability of over-
flow in any one of the storage reservoirs, then this can be done by
means of the method outlined in what follows. We start with the
present-day amounts of storage, and we follow the development of
storage fot 1% to 2 years onwards during 30 water years with due
regatd to the basic rule cutve for the total amount of storage cal-
culated as usual and in accordance with the individual basic rule

where
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curves computed in Section 51. The disharge which is required dut-
ing each week is distributed among the storage reservoirs according
to the residual degree of regulation. By finding out during how
many of the 30 water years overflow has occurred in a given storage
reservoit, we obtain a measure of the probability to be determined.
Fusthermore, this draw-down schedule can be refined by keeping
the maximum discharge in due order of succession from those
storage reservoirs in which the probability of overflow is greatest,
until the load is met (with the deduction of the power generated
under unregulated conditions, which is calculated as the sum of the
amounts defined in Groups a and b, Section 222). Except the com-

pulsoty discharge, no water is drawn from the other storage
fESELVOIrS,

For approximate calculations, only a very simple rule is in many
cases needed for the distribution of discharge among the storage
reservoirs. In such cases, use can directly be made of the residual
degree of regulation (however, cf. Section 525).

522. Distribution of Discharge among Varions Storage Reservoirs,

with Special Reference to Simultaneous Overflow

The distribution of discharge among various storage reservoirs
solely according to the residual degree of regulation, see Section

521, does not take account of the fact that the inflow to the indi-

vidual reservoirs can be distributed in different ways over the yeat.
If it is desired that this circumstance schould be taken into con-
sideration, then this can be done by using several methods, e.g. that
which is described in what follows.

We assume an average rate of inflow, which may possibly be

corrected for the trend in the inflow. Then we determine the fime
of overflow on condition that overflow occuts simultaneously in all
storage reservoirs. It is obvious that this time coincides with the
week v during which

IW;;mx - AIZ T(Z") - W(ﬂ)

M .. = the total volume of water that can be stored 1n the
reservoirs,

M

= the actual volume of water that is stored in the
reservoirs,




T(v) = the accumulated mean value of the inflow to the
storage resetvoirs minus the compulsory discharge
during the period extending from the week under
consideration to the week » to be determined,

W(v)= the accamulated storage load during the period
extending from the week undet consideration to
the week v to be determined. The storage load is
equal to the difference between the total load and
the power generated under unregulated conditions,
cf. Section 521.

After that, we determine, for each storage reservoir, a discharge
Q(v) such that the reservoir overflows during the week v calculated
from the above formula, on condition that the assumed value of the
average inflow is complied with.

For instance, if we take the storage reservoir No. 1, then we
evidently obtain

Oi(v) =Ty (v) — (Mypax — My)

where the subscript 1 refers to the storage reservoir No. 1.

If Q1(v) is found to be negative, then we put Qy(») =0, and
the whole calculation is repeated for the remaining storage reset-
VOIS,

We have now obtained the approximately cotrect distribution of
discharge which was to be determined in conformity with Sec-
tion 52. However, this distribution is used only as a basis for deter-
mining the discharge during the week under consideration. The un-
known discharge Py to be drawn during the week under considera-
tion from the storage reservoir No. 1 is calculated from the formula

])1: an (y) . ])
20 (v)

where P denotes that discharge from the total storage reservoir dut-
ing the week in question which corresponds to the difference bet-

ween the total load and the power generated under unregulated

conditions, and the sum of Q () is taken over all storage resetvois.

If it is found that the discharge drawn from any one of the
storage reservoirs exceeds the rated discharge—with the deduction
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of the compulsory dischatge and the inflow at intermediate points—
then the dischatge from this storage reservoir is maximized at the
value given in the above, P is reduced by the corresponding amount
of power,and the maximized discharge from the reservoir is excluded
from the sum of Q(v)."The discharge to be drawn from the other
resetvoirs is determined by means of the above formula.

T}}e change in the amount of storage during the week under
consideration is determined, and the same calculation is repeated ‘
for the next week, and so on. If this calculation is only intended
for use as a basis for power system design, then the distribution of
discharge determined with the help of the above method may be
expecte:d in many cases to be fully adequate. To exemplify this state-
ment, it may be mentioned that the application of the distribution
of discharge proposed in the above to an actual case, which involved
two storage reservoirs in parallel, gave the following results:

The number of occasions for overflow on which the storage
reservoirs overflowed was

during the same week ................. 33 times

’ during the same period of flow
but with a difference in time of:

one week ......... ... .., L7
more than one week ................ 0 :
during different periods of flow ......... 1,

The degree of regulation in this case was 26 per cent in the
storage reservoir No. 1, and 79 per cent in the storage reservoir
No. 2. The load was constant throughout the year, and was equal
to 90 per cent of the average annual inflow. The calculation was
extended over a series of 32 water years. The distribution of dis-
chzrge during two different water years is exemplified in figs. 22
and 23,

523. Another Method of Distribution of, Dischayvge amon & Vaiious

Storage Reservoirs

Instead of distributing the discharge among the storage reservoirs
on the basis of the variable time of simultaneous overflow, as has
bféen done in Section 522, it is also possible to carry out the distribu-
tion of discharge with a view to ensuring that the probabilities of -
overflow at certain definite moments in the course of the year shall
be equal for all storage teservoirs. In consideration of the annual
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% storage content
100

variations in inflow and in load, it is advisable to divide the year
into three periods, viz., the period of winter dischatge, the period
of spring flood, and the period of autumn flood. The period of
winter discharge extends from the end of the autumn flood, not-
mally about November 1st, to the beginning of the spring flood,
normally in April. Then comes the period of spring flood, which
continues to the end of the industrial holidays, about August 1st.
Finally, follows the period of autumn flood.

The distribution of discharge during the periods of spring flood
and autumn flood is catried out by using a procedure which is
similar in principle to that described in Section 522. In the present
case, however, the week v in the equation

3~ N A === > .

80

60

A/-[//m:\' - -[M: T(”) — W(V)

is given, and the quantity to be determined is the inflow 7'(v).
Then the total inflow to the storage resetvoirs calculated in this
way is “distributed” among the various reservoirs on the assump-
tion that the values of the inflow correspond to the same probability
in all storage reservoirs. After that, the procedure in calculations
is in principle the same as that which is employed in Section 522.
In other words, we determine, for each storage resetvoir, a dis-
charge Q(v) such that the reservoir overflows duting the predeter-
mined week, on condition that the value of the inflow is equal to
that which has been assumed in the above.

During the period of winter discharge, the distribution of dis-
charge among the storage reservoirs is carried out with a view to
ensuring such a distribution of the residual amount of storage at
the beginning of the spring flood that the probabilities of overflow
at the end of the period of spring flood are equal in all storage
reservoirs. The probable magnitude of the residual amount of
storage is calculated for each week during the period of winter
discharge from the formula

\ ] N N ]
oLl RHIEY, : SRVEANM 1o
4 s w2 6 22 2 2 32 ¥ 4 4 48 s

Fig. 22. Example of distribution of dischatge during a water year in
the presence of overflow.

% storage content

100 L -y
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Myy=M4&-T—W

40 ) ' 'y whete M, = the total residual amount of storage at the begin-
. ' AR T T e NN ning of the period of spring flood,
36 40 L4 I 52 . .
“opo mowo oo BB 2 . - M = the actual volume of water that is stored in the
Fig. 23. Example of distribution of discharge during a water year in '
the absence of overflow. reservoirs,
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524. Generalization of Draw-Down Schedules
Described in Sections 522 and 523

T = the accumulated most probable value of the inflow
to the storage reservoirs during the period extending
from the week under consideration to the beginning
of the period of spring flood,

W = the accumulated most probable value of the storage .
load during the period extending from the week
under consideration to the beginning of the period

of spring flood.

The principle stated in Section 522 implies that the probabilities
of overflow in all storage reservoirs are equal at that time of over-
flow which corresponds to an inflow of 50 per cent. On the other
hand, the principle established in Section 523 involves the deter-
mination of a dischaige which leads to equal but varying probabi-
liFies of overflow in all storage reservoirs at a certain time that is
given in advance. A drawback.of the former method is that it
would sometimes be desirable to determine the time of overflow at
a value of inflow other and higher than 50 per cent, whereas
a drawback of the latter method is that it may sometimes be desit-
able to replace the predetermined time of overflow by the most
proba'ble time of overflow. In what follows, we shall discuss the
question how the draw-down schedules described in Sections 522
and 523 can be modified and combined so as to obtain a draw-down
sched.ule which may be expected largely to eliminate the above-
mentioned drawbacks. ,

In the first place, attention is directed to the following con-
siderations: :

1. Th(.e most probable time of ovetflow can have been Preceded
by a per_lod during which the storage reservoirs have nearly been
filled, even at an average inflow, and then wete lowered again.
In qther words, the filling cutve of the storage reservoirs has a
maximum before it reaches the maximum permitted storage level.

This can be exemplified by examining the conditions which are
met with in the autumn. If the inflow during this period is large
then it may cause the storage teservoirs to become almost 100 pénz
cent full. .After that, the level of the water stored in the reservoirs
sinks during the period of winter discharge, and it is possible that
the resetvoirs do not overflow until the next spring flood. Under
suc}} conditions, it is evidently desirable to guard in the first place
against overflow at the time when the filling curve of the storage
teservoirs reaches its maximum, and to put the time of the maxi-
mum filling of the reservoirs which occurred in the autumn equal
to the time of overflow, ‘

2. Even.if overflow does not take place at the most probable
m\fl.ow»dunr.lg a period of filling which is followed by a protracted
period of discharge, an attempt should be made to guard against

After that, the distribution of the residual amount of storage
among the ‘individual reservoirs with a view to securing equal
probabilities of ovetflow is carried out on the basis of cutves which
represent the total inflow to each storage reservoir during the
period of spring flood at different values of the probability of
overflow. For this purpose, it is furthermore required to know the
compulsory discharges, the dischatges necessitated by timber float-
ing, and the most probable storage load during the period of spring
flood. With the help of these data, we can plot a curve for cach
storage resetvoir which represents the probability of overflow at
the end of the period of spring flood as a function of the amount
of residual storage in this reservoir. Moreover, we plot a summation
curve, i.e. a curve obtained by adding together, for each value of
the probability of overflow, the cotresponding values of the amount
of residual storage in all reservoirs. This summation cusrve repre-
sents the probability of overflow as a function of the total residual
amount of storage. From this summation cutve, and from the value
of the total residual amount of storage, which is calculated by
means of the procedure outlined in the above, we find the probabi-
lity of overflow, which, in its turn, determines the amount of
residual storage in each one of the reservoirs. Then the discharge
to be drawn from a given storage reservoir during the period ex-
tending from the week under consideration to the beginning of the
period of spring flood, Q5, is calculated from the formula .

Ql‘: T1+M1_‘M1re:

where the subscript 1 refers to the storage reservoir No. 1.

After that, the unknown discharge from the storage reservoir
during the week under consideration -is calculated with the aid of
the same method as in Section 522.
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Fi(v)
MkWh

overflow caused by high values of inflow whose probability is
lower than 50 per cent. It is true that — in consideration of the
subsequent time of overflow — the distribution of the amount of
storage among the reservoirs at the beginning of the period of
discharge is normally somewhat incorrect, but this error is automati-
cally corrected in the course of this period. ‘

In this case, too, the conditions in the autumn can be adduced as
an example. We assume that the inflow to some of the storage
reservoirs during the autumn has a markedly skew distribution
involving a certain, not negligible probability of relatively high
values of the inflow. If the most probable inflow is supposed to be
lower than the load, then, in conformity with the principles stated
in Section 522, no overflow will occur in the autumn, and, in
accordance with Point 1 in the above, the filling curve of the
storage reservoirs will not reach a 'maximum, but it is nevertheless
desirable to guard against overflow in case the inflow becomes
unusually high.

The above-mentioned circumstances can be taken into account by
using the method described in what follows.

The following notations will be employed:

T; (v) = the difference between the accumulated inflow to the
storage reservoirs and the compulsory discharge in the
course of a certain definite water year, denoted by 7,
during a period extending from an arbitrarily chosen
week v to the week v,
W; (v) = the accumulated storage Joad during the same period
and the same water year,

iv1929

i+1933

. ‘ i+1032
.
T T

Fig. 24. Example of the function T
F;(i') =T,(v)—W (v)whenl =30 Wesk no 40 45 50

141947

For a few selected weeks, e.g. 35, 40, 45, and 50, we determine
the sf.atlstical distribution of F, (»), cf. fig. 25. On the basis of these
distribution curves, the function F(») is plotted for a few different:
values of the probability « which are lower than 50 per cent f.
fzg.' 26. 1t is assumed that these probability curves for F(v) l,iave
Fhelr maxima at the times v,. The earliest of these maximum points
is den_oted by »., and the corresponding value of the probability
is designated by /. After that, just as in Section 522, we examine
that moment v at which the function

) A[mﬂx —M—T 50 (ﬂ) + W(ﬂ)
becomes equal to zero. (It is to be observed that Tsy (v) is the

T, (v) = the accumulated inflow to the storage reservoirs whose PROBABILITY %
probability does not exceed 4 per cent during the e
period extending from the week v to the week v. ] S N |

For each one of the years comprised in the series of water years,
we shall now investigate once for all a function

Fo(n) = Ti(v) — Wi(v)

Normally, this investigation needs to cover only the period
30 < < 50, and it is convenient to put vo = 30, cf. fig. 24. The
power balance calculations described in Chapter 4 can readily be
modified so that the function to be determined is obtained directly.

50 |-

Fig. 25. Example of distribution
curves of the function F(v) for = [
vV, =3o0. 05|

- ’ Fi(v)
MkWh
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W W)
Ttot, 362V
! Ttot, 407 V)
| |
! ‘
Fig. 27. Simplified method of de- | I
termining the time of overflow. i : v
Va Vigy VIO% Time
21 Fig. 26. Example of the
function F(») for two va- the lo ) e ; . |
. ‘ ! lucs of the probability g where the lowest value of Qy(v) is zero, cf. Section 522. In the ‘

first of the above formulae, the subscript 1,50 refers to the inflow i
to the storage reservoir No. 1 whose probability is 50 per cent. This |
inflow has previously been denoted by Ty (7) alone. Furthermore,
the subscript 1, &' in the second of these formulae refers to the in-
flow to the storage reservoir whose probability is ' per cent.
If the week », precedes the week », and if all values of the
inflow to the storage reservoirs may with sufficient accuracy be
regarded as equally distributed, then it is convenient first to detet-
mine a constant ;

Tiaf, a, (V)
Tso (v)
After that, the discharge to be drawn from any one of the storage
reservoirs can be calculated from the formula
,Qi (y) == /é Ti, 50 (”) - (Aliﬂmx - MI)
Finally, the discharge under consideration is obtained from the
formula

50 Week no

mean value of the accumulated inflow to the storage reservoirs, and
has previously been denoted by T'(») alone.) If the passage of the
above function through zero takes place after the time v, , then the
time » in this section is replaced by #,' and the probability 50 per
cent is replaced by «' per cent.

As a rule, the determination of the time »," and the probability
« carried out in the above may be simplified by investigating only
the difference between the total inflow and the total load. For this
purpose, let Ty, , (v) denote the total inflow whose probability
does not exceed a4 per cent and which is accumulated during the
period extending from the week v, to the week v, and let Wy (v)
designate the accumulated total storage load during the same period.

We investigate once for all the function

Tlal, a (7)) - WMI (7})
so as to determine its maxima at a few different values of « which
are lower than 50 per cent, e.g. 40, 30, 20, and 10 per cent. It is
assumed that the corresponding maxima occur during the weeks v, .
The earliest of these weeks, v, , and the corresponding probability
o are the values to be determined, cf. fig. 27.

After that, the dischatge to be drawn from the storage resetvoit
No. 1 is fixed at the respective values

'Ql (7)) = T1o50 (1)) - (jwl max T A/[l)

Ql (1)) = Tl, d (yﬂ') - (Mlmax - M])

/é:

P = L) P
20, (v)

whete Py is maximized at a value which is equal to the difference
between the utilized flow and the compulsory discharge, as has been
shown in Section 522.

If several storage reservoirs which differ in downstream head are
operated in parallel, then the values of the inflow, the volume of
the water stoted in the reservoir, the compulsory discharge, and the
utilized flow should preferably be expressed in terms of electrical
energy units.
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525. Discussion of Various Methods Used for Distribution
of Discharge among Several Storage Reservoirs

The methods described in Sections 522, 523, and 524 make ‘it
possible to ensure a uniform distribution of discharge among the
storage teservoirs as well as a smooth and relatively slow-acting
change in this distribution in case of alteration in the distribution
of the inflow among the reservoirs. This is an advantage in ope-
ration planning, ¢.g. with respect to short-term regulation. How-
ever, if sudden and violent changes occur in the inflow to some
individual storage resetvoir, then this may cause the discharge to react
too slowly, with the result that there will be unnecessaty spillage.
* The probability of sudden and violent changes in the inflow is
small during the period of winter discharge in Sweden. Moreover,
the volume available in the storage reservoirs during this period is
in general sufficient to take care of such changes. The methods
described in Sections 522, 523 and 524 are therefore best adapted
to this period. On the other hand, the use of the method outlined in
Section 521 may be preferable for shorter periods during spring
flood and autumn flood. This method should perhaps be slightly
modified, first, in order to take account of the fact that the distri-
bution of the inflow during the year can vary from one stotage
reservoir to another, and second, in order to equalize the highly
non-uniform distribution of discharge which this method is liable
to cause. Varying inflow conditions can be taken into account by
putting the residual degree of regulation equal to the ratio of the
deficiency to the average inflow during the remaining part of the
period. Abrupt changes can be smoothed out if the rate of flow
during the discharge from the storage reservoirs is caused to be
dependent on the volumes of water stored in the respective
reservoirs, so that the rate of flow increases as the volume of water

becomes greater. vl

‘For all that, the question which of these methods is most suitable
for use during each one-of the periods referred to in the above
cannot be answered definitively until they have been applied in
practice to the opetation of relevant power systems. Inflow and
storage conditions vary within wide limits from one individual case
to another. Therefore, it is not certain that a method which has
proved to be best in one -particular case will also be found to be
most appropriate in all other cases.
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526..Special Considerations on Distribution of Discharge A

In Sections 521 to 525, the point of departure for distribution of
discharge was exclusively the requirement that all storage reservoirs
should overflow at the same time. It may pethaps be questioned
whether the requirement that the water values in all storage reset-
voits should be equal would not be a more correct starting point.
In that case, the water value would be calculated by means of a
method which is analogous to the procedure described in Chapter 4,
that is to say, not only the probability of overflow of the reservoir,
but also the probability that the amount of storage reaches the mini-
mum zone would be taken into account. However, such a calculation
would probably be so laborious that it could not be petformed
within a reasonable time even if use were made of the most rapid
data processing machines which ate available at present. Further-

more, it is not to be expected that a calculation of this kind will
be necessary because, from the point of view of energy balance, it

does not matter whether the amount of storage in an individual

reservoir—or in several reservoirs— reaches the minimum zone,
or even whether this or these reservoirs ate emptied. The reason is
that, in this situation, it is the fofal amount of storage that is a
decisive factor in determining the water value in the power system
as a whole, and hence also the generation of thermal power, the
sales of secondary power, etc. On the other hand, the water value is
influenced by the manner of co-ordinating the probabilities of over-
flow of the individual storage reservoirs, since inadequate co-
ordination leads to an increase of the total spillage in the power
system, and hence to a decrease of the water value. It is therefore
sufficient, at any rate in the great majority of cases, to consider
solely the probability of overflow when determining the distribution
of discharge among the various storage reservoirs,

All the same, in some special cases, it is moreover necessary to

make a pasticular check in connection with the emptying of storage
reservoirs. One of these cases is met with when thermal power
stations ate to be operated in a system which comprises storage
teservoirs having a very high degtee of regulation. The other case
presents itself when check is required to make sure that the distri-
bution of discharge among the storage reservoirs is such as to secure
the possibility of generating the requisite quantities of day-time
cnergy in the hydro-electric stations during each week in the course
of the period of discharge.
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power generation balances the load, and the discharge is distributed
in such a manner that the probabilities of emptying before the
spring flood are equal for all reservoirs. The above-mentioned
problems can also be met with in the operation of reservoirs havin
a modgrate degree of regulation if the rated discharge is low iﬁ
comparison with the storage capacity.

The second of the cases referred to in the above is analogous
to the p'roblem which has been discussed in Section 51 iegthe
filstrrbgtlon of discharge among the reservoirs during t},le 'pc'eriod
1m1nefi1ately preceding the spring flood. In solving this problem
a basic _rule curve was calculated for each one of the reservoirs’
In certain cases, it may be desirable to extend these individual basic':
rule curves over the whole period of discharge. The point of de-
parture used in.calculating such a curve is a given probability, e
99 per cent, that a certain definite minimum discharge fro)gl tflge
reservoir in question can be maintained up to the spring flood. This
calcu%ahon is cartied out by means of the method which has. been
described in Section 21, and the above-mentioned minimum dis-
charge. from each reservoir is chosen in such a manner that the
requisite quantity of day-time energy can be generated during each
week in the course of the period of discharge. These individual
basic ru}e curves are utilized only for checking the amounts of
storage in the reservoirs. So long as these amounts of storage are
situated above the respective basic rule cutves, the distribut‘i%)n of

discharge is carried out by the aid of some of the methods which
have been outlined in Sections 521 to 525.

In order to illur *te the first case, we can imagine a power system
which comprises a storage reservoir having a very high degree of
regulation, where the amount of storage is comparatively large, and
several reservoirs having a low degree of tegulation, where the
amount of storage is relatively small. Furthermore, it is assumed
that this system reaches the minimum zone, and that thermal power
generation is therefore started at full capacity. Then it is obvious
that the hydro power gene-ation will be reduced in a corresponding
measure, and that the whole of this reduction will be achieved by
diminishing the quantity of power which is generated by the water
drawn from the storage reservoir having a very high degree of
regulation, The reason is that an optimum probability of simul-
taneous overflow of all storage resetvoirs after the spring flood
can be obtained in this way. However, owing to the high degree of
regulation of, and the large amount of storage in, the last-mentioned
reservoir, it contains so much water that the time available will not
be sufficient for discharging the whole content of this reservoir
before the spring flood, even if the reservoir in question is drawn
down at a rate corresponding to the rated discharge. The reduction
in discharge caused by the thermal power generation will therefore
diminish the quantity of energy which can be taken from the
reservoir! by an amount which corresponds to the thermal power
generation. Consequently, the thermal power generation will be
entirely lost so far as the purpose in view is concerned.

Accordingly, in power systems which comprise storage £eservoirs
having a high degree of regulation, it is necessary to keep a special
check on the discharges from the reservoirs each time it is required
to resort to thermal power generation. In making this check, it is
necessary to ensure that the discharge from the storage reservoirs
having a high degree of regulation is large enough to enable the
whole quantity of water contained in these reservoirs to be discharg-
ed before the spring flood, even if the inflow to the reservoirs in
question is great. If the power system comprises several storage
reservoirs having a high degree of regulation, then a situation may
arise in which the generated power would exceed the load if the
discharge from these reservoirs were adjusted so as to make sure
that the reservoirs will be emptied before the spring flood. In such
a case, the discharge is evidently reduced to such an extent that the

1 Before the spring flood.
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