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30 January 1967

FUNCTIONAL EVALUATION OF A WATHER RESOURCES SYSTEM(l)
(2)
Leo R. Beard

INTRODUCTION

The high degree of development of intra=basin and inter-basin water
resources systems that is cccurring in many locations throughout the
world requires complicated and detailed analyses for evaluation of
system performance. The manner of analysis and types of detail that
are importent differ in different cases, depending on the nature of
runoff, water requirements, and other factors.

There are virtually no waber resource gystems that have been
developed on a completely coordinated basis. There are ususlly many
projects that must be operated independently or in independent sube
systems. Accordingly, any analysis must recognize the effects of these
components on system accomplishments without changing their operation to
suit system requirements, when beneficizl changes are not technically or
legally feasible.

While the amount of runoff during a critical drought peried is of
primary importance in detemmining the capsbility of any water resources
system, the ammual sequence of runoff and seasonal timing in relation

t0 requirements can be of critical importance., This is especially true

(1) Prepared for the International Conference on Water for Peace,
Washington, D.C., 23=31 May 1967.

(2) Chief, Hydrologic Engineering Center, U.S. Army Corps of Engineers,
Sacramento, California.



where hydroelectric power generation, recreation use or evaporation is
important or in systems where critical perieds for the various purposes
may be interdependent but not coincident. For this reason, a detailed
simulation of system operation, requiring large asmounts of computation,
is usually the only sure method of evaluating system accomplishments.
Runoff values used for such a simulatien study ordinarily consist of
past runoff modified for future non-project effects, but can alse consist
of synthetic runoff values representing a broader sampling of potential
runoff,

Heretofore, capability has not existed for analyzing a large water
resources system operation in detail, except for highly specislized
computer programs for specific systems limited to a few reservoirs. A
generalized computer program for evalusting the conservation accomplish-
ments of extremely complex water resources gystem has been developed in
the Hydrologic Engineering Center of the Corps of Engineers, U.S. Army.
This program, "Reservoir System Analysis - Conservation", has been used
in preliminary studies to evaluate the functional (hydrologic) accome
plishments of large water resource systems in the Susquehanns and
Willamette River Basins and of several smaller systems. The Susquehanna
River Basin study will eventually involve consideration of as many as
100 reservoirs. The many features of this program snd examples of some
study results are described in this vaper.

PURPOSE AND SCOPE

This paper is essentially a description of an elaborate computer pro-
gram which simulates the operation of a water resources system for the many
conservation funections such as water supply, power generation snd low-flow

regulation, recognizing the important constraints imposed by flood control



requirements. A computer program to evaluate the flood control operation
is in preparstion, but will not be described in this paver. The func=-
tional evaluation includes the determination of actual water and power
deliveries and shortages, but does not include any economic or social
evaluation thereof. The seasonal and annual variation of the various
system requirements and controlling factors, sometimes conflicting
and sometimes complementary, are accounted for in detail.

Items such as evaperation and hydroelectric power generstion are
evaluated on the basis of reservoir areas and hydraulic heads that
exist at any specific time, thus minimizing the amount of detsail
required for input by the program user. Recognizing the importance
of evaporstion in some areas and not in others, and the changing
relative importance of many other facltors for different regions, the
program has been designed to accept input data in great detail when
this is important to system evaluation, but as simple generalized values

when the assoclated functions are trivial.
GENERAL PROCEDURE

The computer progrem described herein essentially simulates the
operation of a complex water resources system, usually on a month-by-month
basis, but with provision for operation by any regular or irregular
intervals, The intervals selected should be long enough that time trans-
lations are of negligible effect, because it is assumed that all water

released at one location is available at the next during the same period.



In addition to specifying the system configuration and details relative
to component capacities, ete., it is necessary to prescribe certain
operational rules and priorities and to provide inflow and evaporation
data., The computer program will then search through the system in the
upstream to downstream direction, determining each system requirement
in turn and the amount of that requirement to be satisfied by each
reservoir. Inasmuch as evaporabion and power generation cannot be
estimated satisfactorily until all project releases for each period

are known, and since project releases are not known even approximately
until the entire system is searched, it is necessary to make at least
twe searches of the system for each period. In the event that there

is a system power requirement in excess of the total individusl require-
ments at all power plants, the distribution of system power among the
plants is determined from the first system search and computed approx-
imately in the second system search. It is necessary to make a third
search of the system in order to get an accurate computation of the
system power generation, using the changed reserveoir stages. When it
is realized that an enormous amount of computation is required for
evaluating release requirements for all purposes, determining availability
and location of water, balancing reservoir storages, compubing power
heads and reservoir areas for evaporation, etec., etc., and that all of
these computations must be repeated once or twice during each period of
operation, it should be obvious that use of the program on any water
resources system of spprecisble complexity would require large computer

memory and very high computer speeds,



SYSTEM SPECIFICATION

The manner in which the water resources system is described to
the computer will be illustrated by use of an example for the Willamette
River Basin study, which considers 27 control points, including 13 diver-
sions and 1b reservoirs with 5 power plants. A schematic diagram of this
system is shown in Figure 1. The control point is a point where any
structure or water requirement exists. It is not necessary that the
control points be numbered in any particular sequence, but the control
point numbers are used as subscripts, and must therefore be integers equal
to or smaller than the maximum number specified in the computer program
{(presently 51). System specification data are illustrated in Table 1.

At any control point, a reservoir or diversion or both can exist,
and minimum required and maximum permissible flows can be specified.

If desirsble, a primary flow requirement at any control point less than
the total flow requirement at that control peoint can be specified so that
this flow will be maintained in preference to other flows after upstreanm
reservoirs have reached a certain low storage level. At any control
point where a reservoir is specified, a power plant can also exist,

along with minimum power requirements. It is pessible to specify the
afterbay elevation of one reservoir as the forebay elevation of another
reservoir downstream.

For each control point, it is necessary to specify the number and
identity of all reservoirs at or above (upstream of) that control point,
attaching a minus sign to numbers of those reservoirs not operated
specifically for the control point. It is also necessary to specify

the number and identity of diversions at or above that control point but
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not above upstream reservoirs, and the number and identity of all
reservoirs immediately upstream of that control point (not above
other reservoirs upstream of thet control point). Control point
specification is illustrated in Table 2.

The program performs an operation study for a year at a time,
and consequently all inflows and requirements must be specified for
g full year. However, only those reguirements that would vary from
year to yvear need be re-specified for each year of the operation study.
Both inflows and requirements can be given in any desired units of flow
or volume, and these will be converted to eguivalent flows in cfs for
computation and print-out purposes. Desired diversion quantities are
specified as positive values if they are diversions oubt of the stream
and negative quantities if they are return flows or imports. A return
flow mey be specified as a ratio of a diversion that has been previcusly
computed for that period. Diversions rsceive top priority at each control
point unless a minor change in the program is made,

Reservoirs must be numbered the same as the control points at which
they are located. For each reservoir, tables of elevation, area, storage
capacity, and outlet capacity are required. If hydrcoelectric power
efficiency is to be considered as a function of reservoir head, then a
table of efficiency must also belinciuded. While the same basic evapora=-
tion pattern for any year is used for all reservoirs, any ratioc of the

patitern amounts may be specified for each reservoir.



In order to determine the relative priority with which the variocus
reservoirs are called upon to serve common downstream regquirements, &
systen of balancing zones in all reservoirs must be specified. Such
a system is illustrated in Figure 2, The top zone (between the top 2
levels) is the flood control space, and water within this space will be
evacuated as rapidly as peossible without exceeding dovmstream capaclities.
No water will be stored above the top reservoir level. The bottom level
is that level below which no water will be relessed, and consequently
only evaporation can draw the reservoir below that level. The second
level is the level below which only priority services will be satisfied,
The zone bebtween the bottom 2 levels will be called the buffer zone., AllL
levels intermediate between the buffer zone and the flood control: space
are used to determine the relative priority of releases from the various
reservoirs. To the extent that required releases permit, all water will
be released from each zone at all reservoirs before water from the next
lower zone at any reservoir is relessed.

Examination of Figure 2 will demonstrate the use of reservoir levels
to determine reservoir release selection for purposes that can be served
by more than one reservoir. In this example, 7 reservoir levels are used,
3 of which are solely for the purpose of establishing priorities smong
regervoirs for conservation releases. Reservoir 1 has no flood control
storage (between level 6 and 7), but is drawn down first (levels 6 to 5)
for conservation purposes. Reservoir 2 has a flood control space equiva-

lent to 20% of the reservoir capacity and is drawn down (levels 5 to )



for conservation after reservoir 1 and before sll other reservoirs,
except that 20% of the storage space is reserved for priority releases
only., Further examination of Figure 2 will reveal the complete picture
of reservoir priorities for serving downstream requirements. It should
be emphasized that some purposes can be served only by certain reser-
volrs, and that this can cause the reservoir system to be out of
balance at times.

Power plants must be numbered the same as the control points at
which they are locsted. In addition to specifying the power regulire-
ment for each period in thousand kilowatt hours or as a plant factor,
the plant capacity and the sum of tasilwater elevation and hydraulic head
losses must be specified. Plant efficiency can be specified ag uniform
for all plants and all heads, or as a function of head at each plant,
Also, 1t is necessary to indicate whether releases from the buffer
storage will be made to satisfy power requirements.

Table 3 illustrates the specification of project features and
reservoir balancing levels.

SYSTEM INPUTS

Streamflows to be supplied as input for operation study purposes
may be in any units of flow or volume for each period of each year, and
streamgage locations need not correspond to control point locations.
For each control point, it is necessary to identify the streamflow sta-
tions and corresponding ratios used for computing inflow from the local

ares above the control point and below all upstream reservoirs, unless



such local inflow equals the inflows provided for a station that is
nunbered identically to the control point number. Inflows provided
can be observed historical flows modified as necessary for future
conditions, or synthetic streamflows that might prevail under future
conditions., In addition to providing inflows and system operation
requirement data, it is necessary to specify the initial storage at
each reservoir in the system. All of these gquantities are provided in
accordance with a special simplified format for which detailed instruc-
tions are available.
COMPUTATION SEQUENCE

After the system specification and requirements that are common to
all years of the study are read into the computer, the inflows and
requirements that vary from year to year are read, one year at a time.
The computer then computes system status, one period (usually a month)
at a time., Units of runoff and requirements are first converted to cfs,
accounting for differences in length of pericds, and then local inflows
for each control point are computed and stored. If certain requirements
are to be reduced at times of low storage at specified reservoirs, these
shortage declarations are next computed. Then the operation of the
system is computed in an upstream to downstream sequence.

Wherever diversions exist without reservoir regulation at that
point or upstream, sll available water is supplied to the diversiocn up
to diversion requirements, and the remaining water is available for

downstrean use.
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For all control points with reservoirs st or above their location,
the contribution that each reservoir would provide from loeal inflow
(sbove the reservoir and below all upstream reservoirs) minus diversions
in the lecal erea and evaporation, is computed for end-of ~pericd storage
at each bslancing level, Some of these quantities may be negative if
the reservolir is low at the start of the peried. Then the total cone
tribution fram all reservoirs at or above the control point correspond-
ing to simultaneous ending storsges at each level is computed,

The required flows at the econtrol point for sll purposes are then
computed along with reservoir evaporation. Then the level to which all
reservolrs must be drawn in order to meet the largest requirement is
established and consequent releases from each reserveoir are computed.
For each upstream reservolr, the portion of this release that does not
conflict with outlet and channel capacitles is tentatively adopted,
and the level to which each reservoir would thus be drawn is established
as a meximum constraint., The minimum level to which each reservoir can
be dravn without exceeding channel capacities is also estsblished as a
minimum constraint, overriding the maximum constraint where there is a
conflict. These constrains are re-established as necesssry at all up-
stream reservoirs as each control point in the system is considered.

In determining releases to satisfy requirements st control points

where reservoirs do not exist, some contingency allowances can be made
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to allow for the fact that local unregulated runoff cannot always be
utilized effectively. A contingency allowance can also be made for
flood control releases to allow for the fact that unregulated runoff
cannot be forecassted accurately.

During the first search of the system in each period, average area
and head for the period at all reserveirs are assumed to egual the values
at the start of the period. If evaporation ig an important item or if
power generation is involved, a second search of the system is made,
and average ares and head used in the second search is the average of
the beginning and ending values obtained in the first search. It has
been demonstrated that two sesrches are adequate unless system power is
included, in which case a third search is necessary.

At the end of each year of the study, sums and averages of perti-
nent quantities are compubed for each year and for all the years to date,
and these are prinited along with operstion values for each period. All
pertinent information is aliso writien én binary tape for future use.

Most of the printeout can be suppressed, if desired.
SYSTEM POWER OPERATION

Where a variety of requirements is imposed upon a system of
reservoirs, it is almost impossible to predict the consequences of
various combingtions of these requirements as they might develop
throughout the long period of operation. Accordingly, the more latitude

permitied for providing services from different reservoirs, the more

11



opportunity there is to satisfy needs during critical periods. Where
many power plants are included in one system, it is often desirsble to
specify requirements for the system as a whole as well as minimum
requirements for each plant, When system requirements are specified,

it is also necessary to specify, for each plant, the maximum generstion
usable in meeting system requirements. The maximum is ususlly specified
as & plant factor.

During the first search of the system, the minimum power require=
ment at each plant will be established, and the total generation during
the periocd at each plant will be computed. This total can exceed the
minimm required generation if other services call for additicnal
releases from the particular reservoir.

At the end of the first search, a summary is made of the total power
generated and required and of the total power generated and usable to
satisfy system requirements. If the system requirement has not been
satisfied, water levels at those reservoirs where additional generated
power could be usgble for meeting system requirements would then be
dravn toward 2 common level such that the full system requirement is
generated. The allocated system requirements are then used in mseking s
second search of the entire system for all purposes.

Since satisfying these additional requirements will ususlly change
releases at many reservolrs, the average head during the second search
will be different from the average obtained from the first search and
used in the second search. Accordingly, accurate system power computa-
tions require a third complete search of the entire water resources

system for each operation pericd.



EVALUATION OF SYSTEM PERFORMANCE

After the computations for each year of operation, the entire
system sbatus for each pericd is printed out, along with peritinent
input and reguirement data, This is illustrated in Tables 4 and 5.
Wherever a reguirement is not fully satisfied, the amount of shortage
is tebulated. These shortages are averaged for each and all years,
as are other pertinent results. In addition, the total annuval shortages
expressed as a ratic to the annual requirements for each purpose at each
control point are used to compubte a shortage index. This is the sum of
the squares of the annual ghortage ratios converted to a 100-year base
period. Inasmuch as the economic cost of a shorisge has been observed
1o be spproximately proportional to the sguare of the annual shortage, this
index can be used readily as an economic cost factor. Complete appraisal
of the system performance from s functional standpoint would include
examination of minimum storages at all reservoirs, as well as shortage
values and indices and other pertinent results,

At the present stage of development, the computer program simply
analyzes the result of operation under specified conditions during a
specified time, The results would ordinarily be used to change ceriain
system components in an effort to improve performance or reduce costs.
Hence, a large number of computations would ordinarily be made for the
same reservolr system study. It is hoped that an iteration routine can
eventually be incorporabted in the program to modify certain system

components avtomatically in order to improve system performance.
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EXAMFLE OF SYSTEM EVALUATION

One of the studies for which the generalized computer program has
been used is in conjunction with a basin planning study of Willamette
River and tributaries, Oregon. The basic system considered consists of
8 existing reservoirs, 3 reservoirs under construction, and 3 authorized
reservoirs. Initial operation criteria are those developed in earlier
hand-computation studies. A complete print-out of system status for
each month of 30 years was obtained on the basis of these operating
criteria., In addition;, certain summary information was obtained, notably
30~year averages and shortage indexes for services at each location.
Certain very general averages of these shortage indexes are shown under
Plen 1 in Teble 6.

Although the official study of basin development will be conducted
in the next few years, certain preliminary indications of what might
be considered are illustrated under Plans 2 to & in Table 6. These are
not actual plans being considered officizlly. Plan 2 was run simply to
determine the effect of shortage declaration, and Plans 3 and 4 contain
modified shortage declaration criterie based on the results of the Plan 2
study. Plans 1 to 3 incorporate pover requirements for each individual
plant, whereas Plan 4 has zeroc power requirement for each plant but a
system requirement equal to the total plant requirement for each of the
other three plans. All plans are identical in other respects.

Generalized results shown in Table 6 are not adequate for a reasonable

economic evaluation, but are shown to illustrate the principle involved
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in developing a plan. On the basis of these figures, Plan 2 would gain
benefits in irrigation diversions but lose in power generation in compari-
son with Plan 1. The economic value of these gains and losses would be
different functions of shortage index for different services, and it
could well be that the apparent smsll change in power shortage repre-
sents more value than the apparent large change in diversion shortage.
Plan 3 appears to be a definite improvement over Plan 1, as there is con-
siderable improvement in irrigation diversion and little loss in power
generation. Plan 4 represents a definite improvement in pover and irri-
gation over Plan 1 and little change in other services. Although it is
difficult to estimate dollar benefits on the basis of values shown in
Table 6, the differences shown could well represent benefit differences
as large as $1,000,000 per year or more. Of course, a detailed evalua-
tion of each plan studied should be made by computer, using detailed
data contained on the msgnetic tape, because these generalized figures

can be misleading to some extent.

COMPUTER UTILIZATION

As previously indicated, a program of the magnitude described herein
should be used on a computer of large memory and high speed, All of the
tests to date have been made on the CDC 6600 computer, which has a
memory capacity of 130,000 words and an extremely high speed. The
computer is capable of performing a system operation study for the
Willamette River Basin exasmple as illustrated in Figure 1 at the rate

of 15 years of operation per minute cof computer time,
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FUTURE DEVELOFPMENT

In addition te eventually incorporating a routine by which systenm
components can be automstically modified to improve performsnce, as
discussed sbove, implementation of a flood control operation program
in conjunction with this conservation operation program is highly
desirable. At the present time, it is anticipated that flood control
evaluations will be made by a separate program, using system status
at the start of flood months obtained from this conservation operation
program.

One of the more urgent needs in relation to this program is the
incorporagtion of water quality requirements in terms of concentrations
rather than flows which must be specified as the program now exists.
In addition to the fact that permissible concentrations of various water
guality factors will provide a more realistic evalustion of system
operation for quality control generally, thereé are some cases where
quality factors such as acidity can be controlled simply by mixing
flows of different qualities from different reservoirs without greatly
increasing flows for dilution purposes. Such problems could only be

solved adequately by a water quality operation based on concentrations.
CONCLUSIONS

The high degree of water resources development contemplated in
many areas of the world demonstrates a need for a generalized computer
program that will satisfactorily analyze the detailed functional

operation of a large water resources system. The computer program
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described in this paper developed in the Hydrologic Engineering Center
of the Corps of Engineers, represents a moderately successful attempt

at a highly detailed analysis of the sequential operztion of a complex
water resources system consisting of any number of reservoirs, diversions
and power plants. The system need not be confined to a single river
basin, and the diversions can represent exports, imports, or ordinary
diversions and return flows within a basin. The program provides a
means of obtaining releases and power generation each period from reser-
voirs that are in the best position to mske relesses. Use of the program
in a high-speed computer is practical for large complex systems where a
nominal number of trials is satisfactory. The program has been designed
for simplicity of use, although there is a minimum degree of complexity
associated with any water resources study. Costs per operation study

in a high-speed computer are nominal, Eut optimization routines that
might require thousands of iterations of complete studies Would probebly

be impractical at present, except for very small systems.
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TABLE 6
SUMMARY OF DEFICIENCIES UNDER FOUR SYSTEM DESIGNS
Average Shortage Index

Plan 1 Plan 2 Plen 3 Plan &
13 Diversions 2.85 «00 1.13 1.10
5 Power Plents .19 «38 022 .10
27 Low Flows 02 .08 02 02
1 Low Flow 22 .18 22 23

Plans:

1. Shortage declaration proportional to 1 June deficiency in
total system storage below system capacity (2,402,000 ac-ft).

2. No shortage declaration.

3. OShortage declaration proportional to 1 June deficiency in
total system storsge below 2,100,000 ac-ft., Special reserves for
upstream services.

4, Seme as Plan 3 but with system power operation.
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