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INTRODUCTION AND OBJECTIVES

In recent years, population and economic growth
have impinged with mounting pressure on natural water
supplies. Water shortages occur in the humid east as well
as in the arid west because natural supplies are already in
use or are too expensive to develop. These shortages are
aggrevated and dramatized by periodic droughts, such as
the one occurring in the northeastern United States during
the mid-1960’s which resulted in drastic curtailment of
supplies in some of the large northeastern cities. The
problem is not only drought but basic firm supply.

Development of natural surface water supplies
becomes increasingly expensive. Indeed, the difficulty of
mounting cost is not the only problem. Reservoir sites are
more difficult to obtain; more and more frequently they
contain resources of increasing historic, scientific, or
aesthetic value. As a result, there is a growing uneasiness,
if not outright opposition, about aesthetic and ecological
consequences of large-scale water development. Neverthe-
less, critical needs for fresh water continue to climb
rapidly. Desalting water from the seas or from brackish
supplies, using expected new sources of inexpensive
energy, holds the promise for helping to meet these needs.
Desalting technology is developing at a rapid pace. Both
distillation and membrane desalting plants of greater
capacities are being built to meet a wide variety of water
requirements. The technology to build large capacity
plants of 50 MGD and over is now in hand. But if the
promise is to be realized, a basis must be found for
comparing, in common terms, the effectiveness of desalt-
ing plants with alternatives of constructing reservoirs,
making large-scale transfers, or pumping from ground-
water. ‘

Two considerations have prompted this study. First,
existing water systems are usually based on natural
supplies which are highly variable over a period of time. If
a desalting plant is utilized to supplement the supply of an
existing water system, it is quite clear that it should not
be operated during the periods when natural water yields
with an incremental cost of essentially zero are adequate
to meet demands. For this type of operation the desalting
plant will perform a peaking function; i.e., it will fill in
the shortages of nature rather than run continuously.

The second consideration relates to the purpose of
the municipal water system or the water district in making
an additional investment in a supplemental supply service.
Usually the water utility must be able to provide a certain
rate of flow on demand. The capacity of the water
system from the point of view of the utility owner, is the
rate of flow the system can deliver rather than the total

quantity of water. Like an electrical utility, what is
purchased by additional investment is the capability to
produce more megawatts of electrical flow and not total
kilowatt hours.! What the water utility buys then, is an
assured new (firm) yield rate. In comparing desalting with
other alternatives, the relevant parameter to compare is
the unit annual cost of additional firm yield.

The concept of firm yield has many interesting
ramifications. If there is no storage on a stream, the only
yield that can be assured at all times is the minimum flow
of the stream. But even this yield can be described on a
probabilistic basis. For example, in one year out of ten on
a particular stream, flow may drop below 100 MGD;
below 75 MGD one year in 50, and below 70 MGD one
year in 100. To define the firm yield, then, there is an
associated probability level which must be specified,
because the greater the reliability required, the less the
firm yield.

A logical first step in firmingup the yield of a
natural supply is to store waters in reservoirs during
periods of high flow and release them during periods of
low flow. The increase in firm yield can be calculated by
making a reservoir operations study. Such a study involves
accounting for the probable inflows and outflows day by
day or month by month; ie., solve the equation of
continuity. When a draft on the system is reached such
that the reservoirs just avoid running dry, the draft is the
new firm yield. The level of reliability depends on the
sequence of years examined. In other words the firm yield
depends on the particular sequence of hydrological events
used in the reservoir analysis. Ordinarily, historical hydro-
graphic records are quite short. Records exceeding 50
years are more the exception than the rule. Furthermore,
future events will almost certainly be different and in a
different sequence than those of the past. However, by
using computers and modern operational hydrology,2
hypothetical sequences of hydrological events of any
length desired, which have the same probabilities of
occurrence as those of the past, can be generated. Using
such series the analyst may extend records and perform

lThe view of the utility management may be different from
that of individual customers who pay for gallons or kilowatt
hours. Even so, larger electrical consumers usually pay a demand
charge; i.e., a charge which permits the kilowatt hours to be drawn
at a certain rate. For the utility, though, the time dimension
implied in a rate of flow cannot be ignored.

2Operational hydrology refers to the theory of synthetic
generation of sequences of hydrologic events.



the reservoir operations analysis for any specified period.
This procedure permits estimation of firm yield reliability
to any significance level desired; ie., to the degree to
which the record of the past is a fair sample of the future.

Adding a desalting plant to a surface supply system,
including reservoirs, adds a further complication to the
problem of firm yield analysis. Such a plant usually does
not add a firm yield equal to plant capacity because
future events determine the optimum time to turn the
plant on and off. Since these times cannot be known in
advance, there is always some spillage of water. The
operator must make a judgment about turning the plant
on soon enough that the reservoir does not run dry in the
future and turning it off early enough that the water is
not wasted over the spillway. If the costs of firm yield
added by desalting plants are to be compared with those
from other sources, then means must be found to predict
the amount a desalting plant will add to the firm yield of
a water system and at what cost. The research reported
herein deals with these topics and describes a computer
program (hereafter called the Operating Rule Program)
which can be used to plan optimal combinations of
desalting plant sizes with conventional water supply
systems.

Past studies of the use of desalting plants as a means
for supplementing natural supplies usually have assumed
base load plant operation for the desalting plant. Two
notable exceptions to the base load assumption are as
follows.

A preliminary study of conjunctive operation of a
200 MGD plant for New York City was made as part of a
study by the Northwest Desalting team in 1965 and
reported by the Office of Saline Water (1966). The study
showed that the desalting plant would be operated only
70 percent of the time while supplying the required firm
yield during a drought period. This load factor falls within
the range of load factors reported in the case studies of
this report.

Mawer and Builey (1968) reported that “a desalina-
tion plant can be operated in conjunction with a
conventional reservoir to give increased yields at costs as
low as 50 percent of the equivalent base-load desalination
cost.” Their claim is supported by the present study.

In this study a digital computer program is develop-
ed for applying modern operational hydrology to deter-
mine the firm yield that will be added by a desalting plant
and the associated cost of the firm yield. The principal
problem concerns the plant operating rule; i.e., when to

turn the plant on and off. Improper decisions either waste
desalted water or fail to utilize the plant to prevent
shortages. Since all possible decisions cannot be studied
efficiently, the computer program screens the possible
operating rules and eliminates those that cannot produce
the required water or those that inefficiently produce too
much. The remaining rules are then utilized in a cost
subroutine that determines the cost of producing the
added firm yield. The near optimum rule can then be
selected.

The program is visualized as a planning tool. Its
purpose is to provide information on the probable value
of a desalting plant as a possible alternative for adding
yield to a water system. This alternative may then be
compared with other alternatives in common terms. While
the program will certainly provide guidance for actual
operation once a plant is installed, this is not its primary
purpose. A skilled operator should do even better because
he will have more information at any given time. The
writers believe, however, that the program closely predicts
the best that can be expected under realife conditions.

Demonstration of the computer program using real
planning situations is important and this has been done
for three case studies.

The specific objectives of the research are stated
briefly as follows:

1. To develop a digital computer program that can
conveniently determine the optimum operating rule for
conjunctive operation of a desalting plant in order to help
assess alternatives and to aid in decision making concern-
ing plant design.

2. To apply the Operating Rule Program to three
real-life situations where a desalting plant can be operated
in conjunction with a reservoir and water system.

3. To assess the impact of conjunctive operation on
the performance characteristics and the design of a
desalting plant used in intermittent service and to identify
the unique features of such plants.

Using generated hydrologic sequences as an input,
the central problem which the computer program must
solve is the determination of the correct operating rule
considering other inputs of demand and cost. Once the
correct operating rule is determined, the unit cost of new
firm yield is known. Furthermore, a repeated series of
computations, each with a different plant size, leads to a
choice of a near optimum plant capacity. Similarly, the
best reservoir size can be investigated.



SUMMARY

The Operating Rule Program receives central focus
in this report. It is written in Fortran IV computer
language and consists of about 1,700 statements. One of
the unique features of the program is its general format
and easy applicability to a wide variety of conditions.

In general the Operating Rule Program goes through
the following steps to find the optimum rule: The
historical hydrologic data for the reservoir and the water
system are first analyzed. Long hypothetical streamflow
sequences are then generated having the same statistical
characteristics as the known hydrologic record. Using the
generated hydrographs along with the given reservoir
characteristics and an assumed desalting plant capacity,
the operation of the desalting plant is simulated by the
computer program to test the ability of the various
proposed operating rules to meet the needed water
demand. Decisions as to when to turn the plant on and
when to turn it off are determined by the operating rule.
Parameters affecting the operating rule are the reservoir
storage contents and the season of the year. All rules that
can produce the needed additional firm water yield are
feasible operating rules. Fach feasible rule is evaluated by
simulating operation of the system over an arbitrary
period of time equal to some multiple of the economic
life of the desalting plant and by determining the unit cost
of the added firm yield. Several such simulation computa-
tions are conducted with different hydrologic sequences
to determine the mean cost for each rule. The operating
rule that produces the water at least mean annual cost is
the relevant one, and the associated added firm yield and
its unit cost are the desired outputs.

To demonstrate the usefulness of the Operating
Rule Program, three real water systems were studied after
adapting the data to the format required by the computer.
These systems are the Cachuma Project near Santa
Barbara, California; the Deer Creek Project near Salt Lake

City, Utah; and the New York City water supply system.
Each system used in the applications has features different
from the others. The Cachuma project involves a single
stream and reservoir in an arid environment. The Salt
Lake City system illustrates a way of analyzing part of a
system consisting of several streams and reservoirs in a
semi-arid area in which the water supply originates in
nearby high mountains. The New York City system
example analyzes a large complex system by lumping all
storage and watershed inflows into one composite reser-
voir and one inflow. This system is located in an area of
relatively high rainfall (approximately 40 inches per year).

Sensitivity of the optimum operating rule and the
associated costs to changes in various input parameters are
described and the influence of intermittent conjunctive
operation on the plant design and plant operating features
is discussed. Finally, additional useful research opportuni-
ties are pointed out.

The analyses of each of the systems were based on
minimum input data but were sufficient to demonstrate
the operability and applicability of the computer pro-
gram. The results shown should be considered only
illustrative of the range of values to be expected under the
assumptions made. Principal results of the application of
the program are summarized in Table 1 for the three
systems analyzed.

The computer program developed under this con-
tract is potentially a practical tool useful to water
resources planners in helping to assess the role of desalting
plants operating in conjunction with existing water supply
systems. The program, as applied to specific cases, will
provide data not only on the optimum operating rule for
the desalting plant, but also will provide useful engineer-
ing information relative to design requirements of a
desalting plant operated in a conjunctive mode to increase
firm yield of a system.



Table 1. Summary of results of the application studies.

Optimum
Probability Firm operating Average Desalted Minimum
Name of level yield Optimum rule plant water cost?
application defining Demand without plant (reservoir load use/production in $/yr.
project firm MGD desalting size fraction factor ratio per MGD
yield MGD MGD full) % (efficiency) of added
% ON  OFF firm yield
Cachuma 95 80.0 24.2 75 0.36 0.40 65 0.82 197,500
Salt Lake-Deer Cr. 99 220.0 176.8 65 46 .80 59 15 183,400
N. Y. City system 99 1970.0 1759.6 250 17 .70 51 .24 145,200
N.Y. City system 95 1970.0 1856.2 150 .80 .57 57 .30 164,200

Assumptions for the computations:

Five simulation periods of 30 years each

Five firm yield periods of 75 years each

MSF, single purpose desalting plant

30 years plant life

Interest rate 4 5/8% (Fixed charge rate = 7.23%)
Fuel cost = 35¢/MBTU

8Average levelized annual cost for the five simulation periods.

S



DEVELOPMENT OF THE OPERATING RULE PROGRAM

General Approach

The methodology described herein combines simula-
tion and operational hydrology through the use of a
digital computer to find the least-cost alternative for
meeting an increased water demand with a desalting plant
operated with an existing water system. According to
Hufschmidt and Fiering (1966), simulation, with the
advance in computer technology, has become a valid
planning tool in the water resources area. Operational
hydrology services the simulation by providing sequences
of “equally likely” streamflows.

Before a natural phenomenon can be simulated it is
necessary to describe the various components of the
system by mathematical models which have the response
of the natural components. Upon adequate modeling of
the system, the response to a number of inputs and
constraints can be determined in rapid succession by
having a computer carry out the computation required by
the ‘mathematical models. By examining the various
responses, the one which best meets the objective can be
selected. The problem does not lend itself easily to an
elegant analytical formulation, and to minimize study
time in developing a practical means of determining the
optimum operating rule, a computerized simulation ap-
proach was utilized.

General Description of the Simulation Model

Given a reservoir, a desalting plant, a postulated
demand, and a sequence of likely future streamflows, the
basic equation to be solved by the model is the equation
of continuity; i.e., H+ (C)(J)-D-M= ASin which His
the streamflow into the reservoir, C is the capacity of the
desalting plant, J is either 1.0 or zero depending on
whether or not the desalting plant is operating, A S is the
change in reservoir storage, D is the demand, and M is
other mandatory releases. This equation is solved month
by month for a prestated demand over a time sequence. A
separate solution of the continuity equation is made for
each month; these solutions are tied together in time by
the carryover storage S, which is carried forward from
month to month. The 100 percent firm yield is defined as
the demand D which can be met at all times without
running short of water but also just emptying the
reservoir. If the reservoir is emptied;i.e., S equals zero, in
5 percent of the years for a particular demand D, then the
firm yield with 95 percent reliability equals that demand
D. The period of examination can be made as long as
necessary to obtain the level of reliability desired for any
specified demand.

The computer must search through time to find that
demand which is associated with the prescribed level of
certainty; trial levels of demand are proposed and the
computer calculates their probabilities. Based on these
probabilities the search rapidly closes on the desired value
of demand,

Intermittent operation of the desalting plant greatly
expands the problem. If the plant is off at the beginning
of any month, the decision has to be made whether or not
to turn it on; if the plant is on, then the program must
decide whether or not to tumn it off. Assuming that on the
average just one turn-on and one subsequent turn-off
decision has to be made each year, the total number of
monthly decision combinations in a 150-year 5_r;7eriod of
operational hydrology would be about 4 x 10"%7. Clearly
some means for screening out most of these combinations
is necessary.

An operator would not likely start the plant if the
reservoir were full or nearly so, nor would he turn the
plant off if the reservoir were nearly empty. Thus,
reservoir storage is a good index for making an initial
screening of turn-off and turn-on decisions. With the
desalting plant off, the operator can decide that J remains
zero if the reservoir contains more than A; and, with the
desalting plant on, J remains 1.0 if the reservoir contains
less than B. For a prechosen value of desalting plant
capacity, C, several values of B are selected and the
computer program finds the corresponding values of A
which are just able to produce the required yield.
Infeasible operating rules (rules that cannot produce the
desired demand) and inefficient rules (rules that produce
too much water) quickly can be screened out. Fig. 1
illustrates the process in graphical terms. The family of
constant cost lines (if they were known) would show
operating points (A,B) which could produce the required
yield (or more) at the annual cost represented by the line.
The set of points (A,B), with B preselected and A
determined by the program to produce exactly the
required yield, defines a feasible operating rule curve.
Points below this curve cannot produce enough water
while points above the curve produce more than is
necessary and are thus inefficient. Once the less promising
or infeasible rules are screened out, the computer program
calculates the cost of producing the required yield based
on unit cost data for capital and operating costs. The
estimate of the minimum value of the cost function can
then be refined by interpolating along the feasible
operating rule curve. Graphically, the objective is to find
the point of intersection of the feasible rule curve with
the smallest value of cost at point X in Fig. 1. This triple



1ae water surface area is given in the input dataasa
function of the reservoir storage and treated as the average
for the month.

Desalting plant

The capacity of the desalting plant is a fixed value
for any given computation. However, by performing a
series of computations, each with a different plant
capacity in the range of feasible sizes, a best size plant can
be determined.

The simulation does not depend directly on the
kind of desalting process. The program does require that a
plant capacity in MGD be specified and that the desalting
plant cost data be supplied. The cost data consist of (a)
fixed annual costs, (b) operational and maintenance costs,
and (c) estimated turn-on and turn-off costs including
.mothballing. In the development and application of the
Operating Rule Program, costs of brine disposal and
distribution works are neglected, since they were not
available. If this assumption is untenable in an application,
then these costs must be determined and included in the
cost data. For the subsequent application studies, cost
data were furnished by the Oak Ridge National Labora-
tory, Oak Ridge, Tennessee, under contract with the
Office of Saline Water.

In the event that the desalting plant is called upon
to operate continuously for more than eleven months, a
conditional turn-off is effected. If the twelfth month is
not designated as a dry month, the plant is turned off for
maintenance. Otherwise, the plant is continued in opera-
tion until a non-dry month is encountered. Other details
of the simulated plant operation will be described in the
section on the logic of the computer program.

Firm Yield

While firm yield is not a component of the model in
the same sense as the parts discussed above, it is defined
here because of its significance in developing the Opera-
ting Rule Program and in the system simulation.

Definition of firm yield

The firm water yield of a system must satisfy
certain requirements and constraints as to water availabil-
ity. The constraints may derive from economic, social,
political, or other considerations. Such factors as frequen-
cy, magnitude, and duration of shortages each could serve
to constrain or define the yield. A frequency constraint is
used in the model presented herein. For example, a firm
yield associated with a 95 percent probability implies that
the system has water available to completely satisfy
demands 95 years out of 100; ie., 5 percent rate of
failure. The level of frequency constraint on the firm yield
is selected by the program user according to his willing-
ness or aversion to accept the consequences of shortages.

The general model would probably be improved if
the magnitude of shortages were included as a constraint
on the firm yield. This feature should be investigated in
later studies. The Operating Rule Program includes an
option for listing the amounts of all annual shortages so
that the user can judge the severity of the shortages and
base his decisions on this information if desired when
using the present program.

Cost of firm yield

If a desalting plant is to be used as a peaking plant
to increase the firm or reliable yield which may be drawn
conjunctively from a natural reservoir system, then the
relevant product is not the volume of water produced in a
given time by the desalting plant; rather it is the increase
in capability to maintain sustained flow. This will be
greater than or less than the capacity of the desalting
plant depending on the definition of firm yield as will be
apparent later. The relevant cost is not the cost of a unit
volume of water produced by the desalting plant (normal-
ly expressed in cents per thousand gallons), but the cost
over a given period of time to assure a-unit increase in
flow. Normally, costs are expressed in terms of annual
cost in dollars of capital and operating expenses. With
flow in MGD units the unit costs of safe yield would be
expressed in dollars per annum per million gallons per day
($/year/MGD). A cost of $200,000/year/MGD means that
$200,000 per year will pay for all of the fixed costs of
capital and operating expenses to assure an increased firm
yield of 1 million gallons per day.!

Logic of Program

In this section the overall methodology embodied in
the Operating Rule Program will be discussed along with
the role played by each of the component parts of the
program. A macro flow chart of the logic employed in the
Operating Rule Program is presented in Fig. 2, and will
serve as the basis of discussion. Each block has been
assigned a number which will reference that block as the
logic of the computer program is explained. The program
is written in Fortran IV computer language and consists of
about 1700 statements.

! This unit may be reduced to $/1000 gallons of additional
firm yield by dividing by the number of days in a year and by
1,000. (In the example, $200,000/year/MGD becomes $0.5479/K
gal.) The time units have now disappeared and only a cost per unit
volume is given. But there is an important difference between a
simple volume cost of desalted water in $/K gal. and a cost of firm
yield in the same units. Purchased also is the assurance that the
flow will be there on demand; i.e., present when needed without
any constraints. Firm yield implies a time flow; the unit is really
$/unit time/1000 gallons/unit time.



percent required for maintenance), then the cost of
supplying the needed water with base load operation is
$226,200/year/MGD of added firm yield. If the optimal
75 MGD plant is run 90 percent of the time, the added
firm yield would cost $259,300/year/MGD. The economic
advantage of conjunctive operation is readily seen.

The Salt Lake-Deer Creek Application

Purpose

The purpose of this application study is to find the
lowest cost conjunctive operation desalting alternative to
increase the firm yield of the Deer Creek Project to 220
MGD with reservoir size held constant. The cost of
supplying the increased firm yield, the optimum size
plant, and the associated optimum operating rule are to be
determined

System description

Five streams presently supply about 70 percent of
Salt Lake City’s more than 22 billion gallons yearly water
requirement—City Creek, Parley’s Creek, Big Cottonwood
Creek, Little Cottonwood Creek, and Emigration Springs.
An additional 12 percent of the water requirement is
obtained from 100 flowing wells located in the Murray
Artesian Basin area, about 7 miles southeast of the city
and from several large pumped wells located along the
north and east bench area of the city. Most of these
pumps are operated from a remotely controlled telemeter-
ing center where flow records are automatically recorded.
Some of the larger pumped wells are equipped with
automatic variable speed pumps which keep the quantity
of water pumped equal to the varying demand.

The remaining 18 percent of the city’s annual water
requirement is supplied by the Deer Creek Project which
was completed by the U.S. Bureau of Reclamation in
1952. Deer Creek Reservoir, located about 40 miles
southeast of Salt Lake City in Provo Canyon, adds water
to the city distribution system through a 69-inch diameter
concrete pipeline.

The percentages mentioned above may vary consid-
erably from year to year depending upon the amount of
water available in the streams. For example, the amount
of water supplied from the five streams has been as little
as 55 percent or as high as 90 percent, with corresponding
adjustments in the amounts supplied from wells and from
the Deer Creek system. The amounts supplied from the
Deer Creek system have varied from about 5 percent to 28
percent. This percentage may be expected to increase
continually as the city grows since the capacity of the
Deer Creek system has not been reached yet. Treatment
facilities for this water are located near Salt Lake City in
the mouth of Little Cottonwood Canyon. The Deer Creek
_ Project also meets some agricultural water requirements in

Utah Valley.
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The Salt Lake-Deer Creek application model simu-
lates the operation of the Deer Creek system in conjunc-
tion with a desalting plant. The model includes both
demands for municipal and industrial water and for
agricultural water. The municipal and industrial water
flows through the Deer Creek-Salt Lake Aqueduct to the
Salt Lake City metropolitan area. The agricultural de-
mands are represented by all other releases from the
reservoir, some of which are releases during non-irrigation
and flood seasons, to downstream storage.

While Salt Lake City is in a semi-arid area with an
average annual precipitation of about 16 inches, the high
mountains nearby, from which the streams flows, receive
up to 60 inches of annual precipitation at high elevation.
Input data and results

Basic data available for the model were taken from

many sources and consist of records of storage levels on

Deer Creek Reservoir, records of flows in the Salt Lake
Aqueduct, records of streamflow, and records of releases
from storage for agricultural demands. No direct reservoir
inflow data are available as much of the reservoir inflows
consists of flows from several small ungaged streams. A
partial record of evaporation at the reservoir is also
available. A U.S. Bureau of Reclamation area-capacity
curve is available for the reservoir and appears as Table 8.

Evaporation data for the reservoir were estimated
by correlating basic climatological data with the partial
record of evaporation which is available. The evaporation
potential is given in Table 9.

Water requirements in the model for municipal and
industrial use and for agricultural use were based upon the
records of past deliveries for these uses.

The reservoir inflow record in Table 10 was estima-
ted by adjusting total outflow records for storage changes
and evaporation losses.

The Deer Creek project with its 49.78 BG storage
represents most of the storage available in the Salt Lake
City water system. Except for small regulating and
equalizing reservoirs, the only other storage is the small
Mountain Dell Reservoir. In general, Salt Lake City uses
all the water possible from other sources, as limited by
physical and legal requirements, and then supplies the
balance of its needs with Deer Creek project water.

The Salt Lake-Deer Creek application model as-
sumes that a desalting plant could be built northwest of
the city to reclaim the brackish water, sewage effluent,
and Jordon River return flow before these waters enter
the Great Salt Lake. The desalted water would be pumped
into existing regulating and equalizing reservoirs for
mixing before use. Desalted water production would thus
hold the water upstream in the Deer Creek Reservoir.



Line 7 shows the summary of computations for a
two season characterization (NSN=2) with a resulting cost
of $197.900/year/MGD of added firm yield. Thus, the
two season option performs almost as well as the three
season option and is somewhat simpler.

Line 8 shows the results of a one season characteri-
zation (all months the same, NSN=1) with a resulting cost
of $200,100/year/MGD. This option yields higher costs
than the three season characterization of lines 2 or 6.

Operating costs

The cost data for the desalting plant must be
supplied by the user of the Operating Rule Program. As
noted before, for these application studies, cost data were
furnished by the Oak Ridge National Laboratory under its
contract with OSW, and were based on a MSF plant with
4 5/8 percent interest rate, 30 year plant life, fixed charge
rate of 7.23 percent ' and fuel at 35¢ per million BTU.

The results of the application studies depend a great
deal on the cost input data used in the program. To
illustrate, as shown in line 13, the costs increase to
$221,700/year/MGD if the fixed charge rate remains at
7.23 percent, but the operating costs are increased 25
percent.

Reservoir size

Line 9 shows how reservoir size can change the cost.
With the reservoir increased by 10 BG to 76.79 BG, the
natural system can produce additional water by itself so
the desalting plant production is decreased. This means a
different rule (ON at .31, OFF at .30) is optimum and the
unit cost of producing enough water to meet the same
demand as before using the 75 MGD plant is slightly
increased to $197,800/year/MGD. Since the required
amount of desalted water production is smaller, however,
the total cost of supplying the demand decreases from
$10.88 million to $i0.50 million per year when the
reservoir is enlarged. Of course, the larger reservoir would
cost more and this should be taken into account in
comparing the alternatives. In this case it must be
determined if $380,000 per year would pay for the
enlargement of the reservoir.

Replacement life

In all applications up to this point, the replacement
life of the desalting plant has been assumed to be 30
years. If the useful life were longer, then the capital
investment would be spread over a longer period of time
and even if annual operating costs remained the same, the
cost of water would decrease. This effect is shown in line

! The fixed charge includes depreciation and other costs of
capital as well as interest.
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12 and the cost decreases to $183,700/year/MGD with a
replacement life of 50 years.

Demand coefficients

Some important input data are the demand coeffi-
cients which show the pattern of annual demand; ie.,
what portion of the annual demand is needed each month
of the year. Lines 10 and 11 show what happens if
demand is assumed to be constant each month instead of
distributed more in hot dry months as in all the other
computations. The constant demand is more easily met by
the system than a demand pattem with large needs
occurring during low natural flows. The operating rule for
a 75 MGD plant changes to ON at .26 and OFF at .25
with the cost being $192,300/year/MGD. The 65 MGD
plant can now meet the smaller demand (the natural
system produces more water) with a rule of ON at .61 and
OFF at .70 with the cost being $201,000/year/MGD.
Note that the smaller plant, however, produces the water
at a higher cost and runs at a higher load factor.

Definition of firm yield

In all the cases described to this point the firm yield
was defined at 95 percent probability. That is, the
demand was to be met 95 years out of 100. Lines 4 and 5
illustrate the effects of changing the probability associated
with firm yield. If firm yield is defined at 90 percent as in
line 5, then the natural system can, of course, meet a
larger part of the demand. Thus, the optimum operating
rule changes to ON at .30 and OFF at 30 while the
additional firm yield that is needed decreases to 51.83
BG. This smaller production from the same plant yields a
higher annual unit cost of $207,400/year/MGD of addi-
tional firm yield. A smaller plant would be able to meet
the smaller desalting demand more economically and this
option should be investigated.

The data in line 4 are for a 99 percent firm yield
specification. Now the natural system is less capable of
meeting the water requirements and the desalting plant
must produce more. The larger production costs of the
desalted water are now spread over an even bigger increase
in firm yield thus giving a smaller unit cost of
$195,100/year/MGD. To properly understand the cost
variation as the definition of firm yield is changed, one
should look at average annual costs of meeting the
demand rather than at the unitized costs per MGD. The
average annual costs for 90, 95, and 99 percent firm yields
are $10,760,000, $11,029,000 and $11,517,000 respec-
tively. Thus, the more relaxed the definition of firm yield,
the lower the total cost, while the highest unitized cost
occurs with the 90 percent definition.

Lines 14 and 15 ilustrate the wasteful nature of
base load operation of the desalting plant. Assuming the
smallest possible (65 MGD) plant is designed for base load
operation and is operated 90 percent of the time (10



produce more water than is needed, since the extra water
is spilled and lost. Such rules can meet the demand but
only at a higher cost. Thus the few rules left for final
consideration are those that are the best among the many
rules in the original set. Each of these few rules can
efficiently produce the needed firm yield and often, as in
this case, the differences among these better rules is slight.

The costs given above are the average of five
separate simulation runs of 30 years each using different
equally likely synthetic hydrographs of streamflow. The
minimum cost for the best rule was the average of the
following costs from simulation runs: $202,700,
$181,700, $199,100, $200,700, and $203,300/year/MGD
of added firm yield. This large range in costs for the
optimum rule for the different equally likely streamflow
sequences gives an indication of the variability of the
hydrologic record.

A larger number of time periods would need to be
used in the computation if a better estimate of the mean
cost were needed, however for illustrating the operation
of the program, the five periods of 30 years each were
thought to be sufficient. In a real life application, the
additional computer expense would probably be justified
to secure a more precise value of the desalting costs,
depending on the variability of streamflows involved.

For the 85 MGD plant, the optimum rule was ON at !

.22 and OFF at .20. The cost of water was $201,400/year-
/MGD of added firm yield. For the 65 MGD plant, the
optimum rule was ON at .80 and OFF at .95 and the cost
was $214,600/year/MGD of added firm yield. Thus, the
75 MGD plant with optimum rule ON at .36 and OFF at
40 and a cost of $197,500 per year per MGD of added
firm yield is the best of these three plants.

The average plant load factor was defined earlier as
the average percent of time that the desalting plant runs in
the years that it is turned on. Years with no desaited
water production are not counted in the computation.
This average plant load factor might be cailed a design
load factor because it represents a mean probable service
condition for the plant. The plant design is optimized for
this operating point and the data used in cost computa-
tions are selected accordingly from the appropriate
column in Fig. 8. In years that the plant operates only a
short time, an economic penalty is paid because the plant
is not operating at its optimum (design) load factor. The
same is true when the plant runs more time in a year than
its design load factor. In the Cachuma application load
factors varied from 56 percent through 83 percent with
the optimum 75 MGD plant running at 65 percent load
factor.

To measure the efficiency of desalted water use in
the system, a desalted water use/production ratio has been
computed and is shown for each computation reported in
Table 7. This measure of efficiency shows that portion of
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the desalted water production which is actually used in
the system. Thus the ratio is the total desalted water
production less any desalted water spills divided by total
desalted water production. Since any desalted water
overproduction is viewed as going over the spillway first
when the reservoir is full, this definition of efficiency is
quite severe with respect to the desalting plant operating
rule. However, one should keep in mind that a perfect
operating rule would spill no desalted water and the
use/production ratio would be 1.0. In the Cachuma
application for the optimum rule with the 75 MGD plant,
the efficiency was 0.82. Thus most of the desalted water
was actually used in the system. In other applications the
efficiencies will be much lower.

Sensitivity Analysis for Cachuma Application

To help understand the Operating Rule Program and
its use in planning for conjunctive operation of desalting
plants, an effort was made to test the sensitivity of the
computational results to changes in various input param-
eters. This series of computer applications was made on
the Cachuma project data and comprises a “‘sensitivity
analysis.” Table 7 summarizes the results of this work.
Fach line of the table summarizes a whole series of
computations by the Operating Rule Program. Line 2
represents the “basic” program results and all other lines
should be compared with it. To minimize chance varia-
tions in the analysis, all runs were made with the same
streamflow sequences. Sensitivity to the several input
parameters is discussed in the following paragraphs.

Seasonal turn-on and turn-off increments

In the Operating Rule Program, there is provision to
modify the operating rule each month according to
whether the month usually has a low, average, or high
streamflow as explained earlier. If a month is low, then no
change is made in the rule. If the month is average, the
turn-on level is decreased by the smaller increment given
in the input and the turn-off level is also decreased by the
same amount. If a month is high, then the turn-on and
turn-off levels are decreased by the larger factor given in
the input.

Line 6 of Table 7 shows the cost associated with
changing the seasonal turn-on and turn-off increments as
compared to line 2. Note that the increments of line 6
(0.05 and 0.10) are more efficient than in line 2 (0.25 and
0.05) and lead to the lower cost of $196,800/year/MGD.
One could make still other changes in the increments to
see if an even more efficient rule can be found.

Seasonal characterization

The program has three options for specifying the
seasonal characterization of the monthly inflows. These
are with three seasons (low average, and high), two
seasons (low and high), or one season with all months the
same.
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Figure 8. Cost data, Cachuma application.?

COST DATA FOR DESALTING PLANT USED IN ANALYSIS

OPER. L. F. ANNUAL COST IN $/YR. FOR THE PLANT THAT IS OPTIMIZED AT THE GIVEN LOAD FACTOR (IN PERCENT)
(IN PERCENT)
40. S0. 60 . 70. 80 .
O. 32000. 3200 0. 32000. 3200Q0. 32000.
10. 1216000. 1168000. 1141000. 1113000. 1092000.
20. 22840600, 2184000. 2131000. 2078000. 2071000.
3n. 3351 000. 3193000. 3120000. 3040000. 2984000. 4 .
S0. 548600C. 523000Q. 5038000. 4965000. 4875000.
70. 7621000. 726103N. 7372000. 6891000. €767000.
In. 9693000. 3229000. 8391000. 8753000. 85%4000.
100. 1a738000. 10222000. 9961000. 9693000. 9524000.
ANNUAL FIXED CHG. 5138000. 5357000. 5524000. S690000. S833000.
AT 7.23 PERCENT
ESTIMATED TURN-ON COST:Z 64 a0 0.
ESTIMATED TURN-OFF COST=Z 64000.
INTEREST RATE: .0500

375 MGD, MFS, single purpose plant.
See Appendix C for additional cost details.



Table 7. Summary of cost computations, Cachuma application.

Optimum Average Desalted Numb Average
Probability Firm yicld  Required rule slant esalte umber  jevelized cost
Line level Demand without increase  Plant  (reservoir load water . o_f in$/yr
No.  defining MGD desalting in sze  fraction ¢ use/production  feasible  per MGD
firm yield MGD firm yield | MGD full) actor ratio rules of added
% MGD ON OFF % (efficiency) tried firm yield
1 95 80.0 24.16 55.84 65 0.80 0.95 81 0.72 2 214,600
2 95 80.0 24.16 55.84 75 36 .40 65 0.82 4 197,500
3 95 80.0 24.16 55.84 85 22 .20 56 0.87 3 201,400
4 99 80.0 20.97 59.03 75 44 .60 67 0.79 4 195,100
5 90 80.0 28.17 51.83 75 30 .30 63 0.85 4 207,400
6 95 80.0 24.16 55.84 75 39 40 64 0.83 3 196,800
7 95 80.0 24.16 55.84 75 37 40 64 0.82 3 197,900
8 95 80.0 24.16 55.84 75 47 .30 62 0.82 3 200,100
9 95 80.0 26.96 53.04 75 31 .30 63 0.84 3 197,800
10 95 80.0 25.56 54.44 75 26 .25 64 0.78 2 192,300
11 95 80.0 25.56 54.44 65 .61 .70 72 0.79 4 201,000
12 95 80.0 24.16 55.84 75 36 40 65 0.83 4 183,700
13 95 80.0 24.16 55.84 75 .36 40 65 0.82 4 221,700
14 95 80.0 24.16 55.84 75  Base Load 90 - - 259,300
15 95 80.0 24.16 55.84 65 Base Load 90 - - 226,200
Standard conditions unless otherwise noted Line Special conditions
Useful plant life = 30 years
5 simulation periods of 30 years each 6 Seasonal increments = 0.05 and 0.10
S firm yield periods of 75 years each 7 Two season assignment. Increment = 0.05. (NSN = 2)
Seasonal increments of 0.025 and 0.050 8 One season assignment (NSN = 1)
Reservoir capacity = 66.79 BG 9 Reservoir size = 76.79 BG
No special release requirements 10,11 Uniform demand coefficients

Demand coefficients (starting in October) are 12
1.23,0.76, 0.40, 0.36, 0.28,0.59, 0.76 13
1.07,1.32,1.86,1.89,1.50 14

Fixed charge rate = 7.23% 15

Interest rate = 5.0%

the projected demand with any operating rule. Therefore,
it was dropped from any further study.

The economic data for the cost computations are
shown in the page of printout in Fig. 8 for the 75 MGD
plant. Table 7 summarizes the cost computations for the
Cachuma Project applications. This table also shows the
sensitivity of the cost of the added firm yield to changes
in the values of certain input parameters. The sensitivity
analysis is discussed later.

Basic results

From the many possible operating rules for the 75
MGD plant, with firm yield defined at 95 percent
probability, the program found four feasible rules for
detailed simulation and cost comparison. These rules were
ON at .32 and OFF at .60, ON at .32 and OFF at .50, ON
at .36 and OFF at 40, and ON at .50 and OFF at .30.
Uniform annual water costs determined for these rules are
respectively $199,600, $199,300, $197,500 and

23

Useful life = 50 years

Operating costs increased by 25%
Base Load Operation (90% of time)
Base Load Operation (90% of time)

$199,600/year/MGD of added firm yield. Thus the third
rule has a slight advantage over the others for this plant,
but each of these four rules perform almost as well as the
others. Details of the optimum rule computation are
shown in line 2 of Table 7.

To assist in visualizing how the system operates,
Figs. 9 and 10 show a typical inflow hydrograph and the
reservoir contents with and without the desalting plant
operating. Shown on Fig. 10 are the plant turn-on and
turn-off contents and the dead storage. Whenever the
reservoir contents drop below the ON level, the desalting
plant is operating and whenever contents are above the
OFF level, the plant is shut down. The demand that can
be satisfied in each case is given in Fig. 10. The conditions
of the computation are the same as for line 2, Table 7.

Prior to the final simulation and cost computation,
the program first eliminates from further consideration all
rules that cannot produce enough water to satisfy the
demand. Then the program eliminates those rules which
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Figure 7. Input data, Cachuma application.
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The reservoir capacity data appear in Table 5. Monthly
evaporation potential for Cachuma Reservoir is given in
Table 6. Other typical input data are shown in the page of
printout in Fig. 7, including the demand rate, monthly
season assignments and increments, demand coefficients,
release coefficients, and the length and number of periods
of flows used in the computations.

Table 6. Monthly evaporation potential, Cachuma

Table 5. Elevation-capacity data.

CACHUMA RESERVOIR

Water surface

Capacity in Res.

elev. in feet in ac-ft
560. 0.
565. 1.
570. 12.
575. 78.
580. 276.
585. 708.
590. 1419.
595. 2263.
- 600. 3114.
605. 4156.
610. 5364.
615, 6719.
620. 8229.
625. 9965.
630. 11945.
635. 14251.
640. 17023.
645. 20275.
650. 23985.
655. 28095.
660. 32514.
665. 37305.
670. 42628.
675. 48513.
680. 54874.
685. 61738.
690. 69129.
695. 77040.
700. 85530.
705. 94580.
710. 104163.
715. 114385.
720. 125292.
725. 136861.
730. 149099.
735. 162004.
740. 175569.
750. 204874.
755. 220694.
760. 237200.
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Reservoir.

Month Evaporation (Inches)
Oct. 5.39
Nov. 3.79
Dec. 292
Jan. 2.69
Feb. 291
Mar. 4.38
April 5.67
May 6.97
June 8.54
July 9.66
Aug. 8.70
Sept. 7.04

The first information needed from the Operating
Rule Program is the amount of firm yield that the system
can supply without the help of the desalting plant. This
yield is given in Table 7 along with other results from the
Cachuma application. Knowing both the demand that
must be met and the firm yield without desalting, the firm
yield to be added by the desalting plant can be deter-
mined by subtraction. The sizes of desalting plants to be
studied can then be chosen.

Of the many sizes of plants that could have been
selected, 60, 65, 75, and 85 MGD plants were analyzed.
One would expect that several plant sizes could meet the
demand for water. Too small a plant would, however, run
almost continuously and would spill water frequently due
to its high turn-off fraction and thus would be less
efficient than a larger plant. On the other hand, too large
a plant would sit idle much of the time with a consequent
drop in efficiency.

In selecting the plant sizes to be studied, the
judgment and experience of the operator are important.
The first computation should be made with a plant that is
expected to be in the middle of the range of plant sizes.
Based on experience with cases studied using the program,
the best size is usually a plant with a capacity about 1.30
times as large as the required increase in firm yield. From
the information supplied by the first computation, the
decision is made as to the next plant size (somewhat
smaller or larger) whose operation is to be simulated. Thus
the process continues with the operator deciding at each
stage the next plant size to be analyzed, until the optimal
plant size is determined as that plant which supplies the
needed increase in firm yield at the lowest cost when
operating with the optimum operating rule.

The firm yield analysis, made by the computer
program showed that the 60 MGD plant could not meet



Table 4. Inflow to Cachuma in ac-ft.

YEAR
1905
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1907
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1929
1930
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APPLICATION OF THE OPERATING RULE PROGRAM
TO SELECTED SYSTEMS

As specified in the contract, the Operating Rule
Program has been applied to three “natural water-reservoir
systems™ to determine the minimum cost of additional
firm yield for selected desalting plants of various sizes and
the operating rule associated with minimum cost. The
program also furnishes the information needed to choose
the optimum size of plant for each system.

The three systems selected (in consultation with the
Office of Saline Water) were the Cachuma project in
California, the New York City Water System, and the
Deer Creek Reservoir of the Salt Lake City water system.

These applications are designed to demonstrate the
methodology and effectiveness of the Operating Rule
Program by using real environments. In applying the
Operating Rule Program to the three selected cases for
study purposes, the single purpose, multi-stage flash
distillation (MSF) process plant was used. Basic engineer-
ing and cost data for plants used in the study are given in
detail in Appendix C. These data were developed by the
Oak Ridge National Laboratory under its contract with
OSW. Plant capacities ranging from 25 to 100 MGD, plant
load factors from 10 percent to 90 percent, a fuel cost of
35¢/MBTU, interest rate of 4-5/8 percent and a 30-year
plant life were considered. For plant sizes larger than 100
MGD, ORNL furnished the set of arithmetic multipliers
given in Appendix C. The 100 MGD plant was considered
as the base and the multipliers were used to compute the
cost tables for the larger plant sizes up to 300 MGD.

Water costs derived herein are for the incremental
supply of safe yield produced by the desalting plants
during their period of conjunctive operation. The costs
shown are discounted over the 30-year selected study
period (plant lifetime) and levelized to show a uniform
annual safe yield cost for the period. Only the costs that
occur within the plant boundary were considered.

While the MSF process was utilized in the study,
other processes such as the membrane processes could
have been considered equally as well. As in the MSF
process case, relevant input data would have to be derived
and fed into the program.

The cost, inputs and results shown in these applica-
tions are only illustrative of the application of the
Operating Rule Program and proof of its operability.
Much more detailed study would be required to determine
the cost input factors to be used in actual feasibility
studies involving conjunctive operation. Results obtained
for the cases selected, therefore, are not necessarily
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comparable to those which might be obtained from a
more detailed feasibility study for the same site. Contract
time and funds did not permit detailed investigation of
input parameters. The main effort in the application has
been to demonstrate the method and the computer
program in a realistic way. Less emphasis and effort has
gone into determining and verifying the input data.

Cachuma Project Application

Purpose

The purpose of this application study is to find the
lowest cost conjunctive operation desalting alternative to
increase the firm yield of the Cachuma Project to 80 MGD
with reservoir size held constant. The cost of supplying
the increased firm yield, the optimum size plant, and the
associated optimum operating rule are to be determined.

System description

The Cachuma dam and reservoir are located north-
east of Santa Barbara, California. The 66.8 billion gallon
reservoir has a dead storage of 10.6 BG, thus leaving a
usable storage content of 56.2 BG. The Santa Ynez River
is the only major inflow to the reservoir. This highly
variable stream has a mean yearly inflow of 77.3 MGD
based on 59 years of record. Other features of the project
include the Tecolote tunnel, the South Coast conduit with
its four regulating reservoirs and distribution systems to
serve the south coast area including the city of Santa
Barbara.

Because of the highly irregular flows of the Santa
Ynez River, this site was selected for investigation of the
use of desalting as a supplemental source to augment the
natural flow of the river as regulated by the reservoir. In
such a system the desalting plant would be located on the
coast and its production would be fed into the system
near Santa Barbara—probably into one or more of the
regulating reservoirs. During times when desalted water is
needed it would be blended with natural waters. The flow
through Tecolote tunnel would be reduced by the amount
of desalted water production and the desalted water
would thus be “stored” by exchange in the Cachuma
Reservoir. ’

Input data

The flow of the Santa Ynez River tributary to the
Cachuma Dam constitutes the hydrologic input data for
this application and is given in Table 4. The data were
taken from a report of the Bureau of Reclamation (1968).






A total uniform yearly cost for a period of
simulation is given by

in which T, is the u;u‘form annual cost in dollars and
Uy is the annual fixed charge. The cost of additional firm
yield, Cy, is then computed as:

T
u
C = -
u AY
in $/yr. per MGD of additional firm yield . . (202)
T x 10-°
or C = —11—‘——:'—
u 3.65 (AY)
in $/1000 gal. of additional firmyield . . . . . (20b)

in which (A Y) is the increase in firm yield (MGD) and the
constants convert the cost to the desired units.

Block 11—Determination of least cost rule

From the values of C, obtained in block 10, an
average cost of each rule is computed as

C, == 3 (C).
i N =1 u)l,J
for i = 1,2, ..., Ne- - - - - 1)
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Ei is the average unit cost of the i™ - feasible
rule, )

Cu;; is the unit cost of the i th ryle for period j,

N s the number of periods (NPER), and

N is the number of feasible rules.

The preferred rule from the feasible set of operating

rules is readily identified as the one with the minimum
cost; ie., C ;,'The optimum operating rule and the
associated cost are printed out and the computation is

terminated.

Optimum plant size and reservoir size

Since the plant size and reservoir size are each fixed
for a given computation, the program does not automat-
ically determine the optimum plant size and optimum
reservoir size. These can be determined manually by
running the program for several combinations. The pro-
gram could be modified to include a gradient procedure
on the cost function with the plant size and reservoir size
as decision variables. Such a change in the program was
considered but deferred because of the large increase in
the computer time that would be required for most
applications. Further work on this program modification
is suggested as part of future investigations. A skilled
operator can probably save money (compared with
automatic operation) by judicious selection of successive
runs for determining optimum plant size. The reservoir
size is usually constrained by the existing physical
conditions to a single value.

1 Some other criteria might have been used; such as, the rule
which would provide the greatest new safe yield at marginal value
of water or marginal cost of water from an alternative source.



A sequence of streamflow is routed through the
system and for each year the following parameters are
recorded and printed out as in Figs. 16, 17, 18 and 19
(the names printed in capitals identify column names in
the figures):

(a) The number of times the desalting plant is
turned on, TIMES ON.

(b) The number of times the desalting plant is
turned off, TIMES OFF.

(¢) The number of months the desalting plant
operates, MONTHS ON.

(d) The amount of desalted water produced,
DSPRO.

(¢) The total amount of desalted water that is
spilled, DSSP, regardless of whether it was
produced in the year in question or in earlier
years. The first water over the spillway is
assumed to be desalted water if extra water
has been produced since the last spill.

(f) The total amount of water that is spilled,
including both desalted water and natural
water, SPILL.

(g) The total amount of shortages, SHORT.

Simulation is performed NPER periods for each
rule.

Block 10—Cost analysis

Based on the performance of the system, as record-
ed in block 9, the cost of producing the additional firm
yield is determined for each feasible operating rule.

AY=Dt-Y .........

o

where, in units of MGD,

AY s the additional firm yield
D, isthe projected target demand rate, and
Y, is the firm yield rate without desalting (deter-

mined in block 6).

The performance parameters from block 9 as well as
a cost table like that shown in Fig. 8 are required in the
cost analysis. The items of the cost tables are:

(a) Discount interest rates (fraction),

(b) Estimated turn-on and turn-off costs (dollars),
(¢) Annual fixed charges (dollars/year), and

(d) Operation and maintenance costs (dollars/

year).

Each column of the table represents the costs for a
desalting plant, of specified capacity, that is optimized at

16

the indicated design load factor. The rows are the yearly
operating and maintenance costs for the indicated opera-
tional load factors. In analyzing the cost of an operating
rule, the column of cost data is used whose load factor
most nearly corresponds to the load factor associated with
the rule, L;. For example, all three rules shown in Table
2 would be analyzed using the data in column five (load
factor = .70) in Fig. 8.

In order to assign a cost to AY it is necessary to
obtain an equivalent uniform annual cost for the plant
performance of the simulated operation. The fixed
charges, Uy, enter the computation as uniform annual
payments and include:

(a) Interest on initial capital,

(b) Amortization of initial capital,
(¢) Interim replacements, and

(d) Taxes and insurance.

Operation and maintenance costs vary from year to
year and, therefore, must be converted to a uniform
annual series. The present value of all operation and
maintenance costs is determined and then converted to a
uniform annual payment by using a capital recovery
factor. The present value is obtained as follows:

N

1
= e .+ NGV
Vs Iy LO)g + (€51 .a7)
=1 J
in which
Vp is the present value of the operation and

maintenance costs,
(Cy); is the operation and maintenance cost in year,

I

(C3); is the turn-on and turn-off cost in year, j,

I is the discount interest rate, and

N  is the number of years in the economic
period.

C1 is obtained by interpolating in the appropriate
column of the cost data table. The number of months the
plant operates each year is converted to a load factor and
a linear interpolation is performed to obtain the associa-
ted cost. C, is a summation of the number of times the
plant is turned on and turned off each year multiplied by
the cost of each event.

The uniform equivalent annual cost for operation
and maintenance, U, is determined by

11N
D

o L..(8)
Jra+nN - 1.0]

\Y

in which V,,, I, and N are the same as in Eq. (17).



A—- .40 Turn-off Fraction.
®~— .60 Turn - off Fraction,
[J— .80 Turn- off Fraction.

.90

TARGET
DEMAND

.80 |

Turn - On Fraction

1 1
270 280 290 300
Firm Yield in MGD ( 95% Frequency)

Figure 5. Feasible rule determination.

A linear interpolation was selected because it was
not subject to erratic results as frequently as interpola-

A - 290 MGD Operating Rule Curve, . . .
© - 280 MGD Operating Rute Corve, tions based on higher degree polynomials.

[2] - 275 MGD Operating Ruie Curve.
Fig. 6 shows a set of feasible operating rule curves

for three different target demand rates. Since all points
plotted are feasible rules, the curves can help suggest other
feasible rules that might be investigated in further stages
‘80 I A of the analysis to more closely define the optimum rule.

I Block 8 —Generation of streamflow for simulation
sl 0 © Subprogram GNFLO is called to generate stream-
= flow for the second phase of simulation. The number of
periods is specified by the parameter NPER and the
.40 | number of years per period by NYP. The number of years
L per period is taken as some multiple of the useful life of
the desalting plant. In the applications that follow 5

periods of 30 years each were used.

Turn - On Fraction.

.20 +

I Block 9 —Simulation with feasible rules

L L i " | s 1 L L

o. 20 -40 .60 -80 1o Simulation of the system is performed for each rule
Turn - Off Fraction, in the set of feasible operating rules. The purpose of this
phase of simulation is to record those parameters of
system performance required in the economic or cost
Figure 6. Feasible operating rule curves. analysis.
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Firm yield specification equal to 100 percent. There
are many demand rates that can be satisfied 100 percent
of the time as can be seen in Fig. 4. The procedure used in
this case is to alter the demand rate by adjusting f in Eq.
(5) until the largest demand rate is reached that will still
satisfy

99.0 = F. =100.0 . ... ..

The iteration is terminated when the change (A f) in
f to get from F,> 1000 in the k™Miteration to
F; < 100.0 in the k™ + 1 iteration is less than 1.0
percent. Because of the nature of this iteration, much
more computational effort is required to locate the
desired firm yield value than in the preceding case.

A firm yield for operation without desalting and for
each operating rule in the set of rules is determined as
outlined above. If the number of periods specified
(NPFY) is greater than one, the whole procedure is
repeated, until simulation has been performed for NPFY
periods. The results from the different periods are
averaged and a set of firm yield values for each operating
rule is obtained as follows:

Np
T 1

p 1i=0
forn= 0, 1, 2, .. .(13)

CECICEEY

N
T

in which
Yn is the average firm yield for rule, n,
(Yn); is the firm yield for rule n and period, i,

Np  is the number of periods,
N; is the number of operating rules, and
Yo is the firm yield of the system without

desalted supplement.

Average operating load factors are obtained for each
operating rule as

in which
L s the average load factor for rule, r,
(L,); is the load factor for rule r period, i.

The number of periods and the number of years per
period selected for the simulation are specified by the
user. Confidence in the results varies directly with the
number of periods used; however, there is a practical
upper limit set by the amount of computational effort
involved compared to the amount of new information
generated. The version of the computer program docu-
mented herein allows a maximum of 20 periods and a
maximum of 100 years per period. The length of period
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chosen is influenced by the useful life of the system and
should be at least as long as the years of simulation in the
cost analysis of block 10. In the subsequent application
studies, five periods of 75 years per period are used.

Block 7—Determination of feasible operating rules

The decision space is defined as the set of operating
rules that are formulated in block 3. The set may not
contain the overall optimum rule unless care is exercised
in specifying the turn-on and turn-off fractions. By an
examination of the computer output, it can be deter-
mined whether the overall optimum rule was located or
not. One limitation on the feasible rules is the specified
target demand rate. Obviously, the rules having firm yields
less than the target demand need not be considered. Those
rules producing more yield than required can be removed
from consideration because of their lower efficiency. Thus
many of the operating rules of the decision space are
removed from further consideration and only those rules
furnishing yields very close to the target demand are
retained for further examination.

A set of feasible operating rules is obtained by
performing an interpolation of the firm yield array. The
array involves three variables because each entry has a
value for the firm yield, a turn-on level, and a turn-off
level. The interpolation is performed by entering with the
target demand rate as the argument and interpolating to
obtain a turn-on fraction for each turn-off specified in the
input. The interpolation procedure is illustrated graphical-
ly in Fig. 5. Three turn-off fractions are used with a target
demand rate of 280 MGD. A linear interpolation is used
to obtain the feasible set of rules shown in Table 3.

Table 3. Feasible operating rules.

Turn-on Turn-off Load factor
.59 80 61
.62 .60 62
.68 40 .64

An average plant load factor for each feasible rule is
determined by averaging the load factors associated with
the two rules involved in the interpolation. Thus, if the
rth and the rth + 1 rule enter into the linear interpola-
tion,

L +1L
- r r+1
= e L 15
L 5 (15)
in which
Ls is the load factor for the feasible rule, -
L, is the load factor associated with the r ™ rule,

L,y q is the load factor associated with the r ' + 1
rule.



in which

L, is the average plant load factor for rule r, r =
1,2,..... ,N.,

O; is the number of months the plant operated in
year, j, 0 =O; =12, as counted by the
program,

N  is the number of years in the period (NYFY),
and

Nop is the number of years that the plant operated
in the simulation as counted by the program
and

N;  is the number of operating rules in the set.

Thus, the plant load factor defined above reflects
the fraction of time that the plant runs in those years that
the plant is turned on. Years in which the plant does not
operate are not included. The plant load factor influences
the design of the desalting plant since it reflects the yearly
wear and tear on the operating plant. A gross load factor
should also be defined which would include all years (N)
in the denominator of Eq. (9) rather than just those years
when the plant runs (N ).

The frequency of satisfying the demand is deter-
mined as follows:

in which

F, = frequency of satisfying the demand (on a
yearly basis),

K; = 1 if one or more shortages occurred in year,
j, and

K;j = 0if no shortage occurred.

The nature of the firm yield criteria necessitates two
different iterative procedures for (a) firm yield specifica-
tions less than 100 percent and (b) firm yield specifica-
tions equal to 100 percent.

Firm yield specifications less than 100 percent. The
value of F calculated by Eq. (10) is compared with the
specified reliability of firm yield, F, in Eq. (11).

(Fy-A)SFtS(Fy+A)....(11)

The value of & was chosen as 1.0 percent. If Eq. (11) is
satisfied, then the average demand rate as computed from
Eq. (5) is the firm yield for the given period. If Eq. (11) is
not satisfied, f is adjusted in Eq. (5) and the simulation
repeated with the different demand rate. The process is
repeated until two nearby values of F, are obtained
(designated by 'and ') such that F{'< (Fy- 1.0) and
(Fy+ 1.0) < F¢''< 100. Once this condition is achieved,

Range of demands
> that can be met 100%
of the time.

1 N a linear interpolation is performed to obtain the value of
“F = (1.0 - = T K;) (100) firm yield for the given period. The method is demonstra-
t N =1 J . .(10)  ted graphically in Fig. 4.
A - Turn -0On =.90; Turn- Off =.60
® - Turn -0On =.70; Turn-Off =.60
400 { (3 - without Desalting
350
a
(U]
=
® | N
a l
* 300 +
o |
S |
E
. |
o
|
l
250 |
|
l
200 . | L | | LN
30 40 50 60 70 80 90 (95) 100

Frequency (% of Years)

Figure 4. Procedure for determining firm yield.
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Table 8. Elevation-capacity data,

DEER CREEK RESERVOIR

Water surface Capacity of res.

elev. in feet in ac-ft
5290. 0.
5295. 1000.
5300. 2000.
5305. 3000.
5310. 4542,
5315. 6532.
5320. 8999.
5325. 11983.
5330. 15429.
5335. 19266.
5340. 23495,
5345. 28128.
5350. 33244.
5355. 38911.
5360. 45172.
5365. 519489.
5370. 59102.
5375. 66663.
5380. 74653,
5385. 831717.
5390. 92272.
5395. 101902,
5400, 112148.
5405, 123087.
5410. 134761.
5415. 147396.
5417. 152750.

Desalted water production not immediately used would
be stored indirectly in Deer Creek Reservoir by reducing
the need for deliveries from that project. If necessary,
desalted water could be pumped back upstream for
storage at added cost.

Thus, in this Salt Lake-Deer Creek application of
the Operating Rule Program, only the operation of part of
the Salt Lake City water system has been studied while
assuming that the city will continue to draw all it can
from its other sources with future water deficits to be
supplied by a desalting plant.

The demand used in the study is the total projected
demand on the Deer Creek project for all uses including
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Table 9, Monthly evaporation potential, Deer Creek

Reservoir.

Month Evaporation (Inches)
Oct. 3.18
Nov. 1.17
Dec. 57
Jan. 49
Feb. 81
Mar. 2.12
April 3.99
May 6.39
June 8.18
July 10.33
Aug. 9.06
Sept. 5.89

present irrigation rights and present plus future municipal
and industrial needs.

The approach used in this application illustrates one
way of analyzing a complex system; that is, by separating
out the major storage reservoir for operation with the
desalting plant.

Fig, 11 shows a typical page of general input used in
the computer computations for Deer Creek. Fig. 12 shows
the cost data used in the computations for the 65 MGD
plant. Table 11 summarizes results of the series of
computations.

Three sizes of plants, 50, 65, and 75 MGD, were
studied for the Deer Creek application of the program.
The 65 MGD plant was the most economical of the three
and produced the necessary added firm yield at a uniform
annual cost of $183,400/year/MGD while operating with
a rule of ON at .46 and OFF at .80. The average plant
load factor was 59 percent and the desalted water
use/production ratio was 0.75. Thus the Deer Creek plant
operated at a slightly smaller load factor and efficiency
than the Cachuma plant.

Line 1 of Table 11 is of particular interest because it
shows a rule of ON at .98 and OFF at .98. This rule gives
approximately the smailest possible conjunctively opera-
ted plant. While the plant of line 1 shows a distinct
advantage over the base load operations of lines 4 and 5, it
still is a more costly rule and plant size than the optimal
plant of line 2. This is because the plant of line 1 wastes
more desalted water over the spillway as shown by its
lower efficiency of 0.55.

No further sensitivity analysis runs were made for
the Deer Creek study since the plant size and other results
were similar in range to the Cachuma study.



Table 10. Computed inflows to Deer Creek Reservoir in ac-ft.

YEAR
1921
1922
1923
1924
1925
1976
1927
1928
1929
1930
1931
1922
1933
1974
193%
1936
1937
1938
1339
1940
1341
1942
1943
1944
1345
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
19¢€3
1964
1965

ocTy
157
1480
1400
1860
82D
1320
1070
1430
1160
1410
1660
540
910
710
370
770
990
1150
1210
1050
730
976
834
1024
974

© 1239

1090
1180

811
1360
1310
1597
2139
111%

927
1165

975
1581
1070
1569

878
1290
1130
1018

919

NOV
181
1720
1960
1720
1230
1360
1320
227N
1490
1580
1510
850
1110
880
620
950
1360
1360
1490
980
930
1095
856
1121
%90
1349
1493
1295
1141
1460
1118
1644
1670
1560

1403

1560
14237
1820
1433
1514
1285
1554
1033
1373
1452

REC
168
2320
2060
1770
1150
1380
1480
1930
1470
1770
1510
a70
1200
870
810
860
1220
1457
1430
920
370
1532
1n83
1355
848
1631
2879
1487
1710
1330
1717
1810
1865
1596
181
2410
1279
1600
1486
1311
1253
1526
1177
1575
1990

JAN
158
1810
1770
1520
1140
1100
112N
1720
137r
1550
140N
98’0
1320
1070
1010
1080
121N
1260
1260
122¢
1100
1531
1395
1421
1366
1615
2705
1430
1711
1670
1749
1776
1730
1659
13983
211FR
1626
1374
1427
1268
1150
1422
124N
1235
1606

FER
137
1600
1490
1650
1230
1120
1260
1470
1200
1570
1230
1250
1020
1040
950
1100
1260
1200
1130
1250
1110
1241
1634
1175
1350
1380
1534
1365
1405
1490
160N
1637
1260
1587
1237
1671
1678
1459
1411
1183
1030
2498
1995
918
1484

M AR
un
z2z2"n
1370
1670
1770
2000
2200
2500
2230
1780
1320
18an
1740
10un
1020
1630
13310
2300
2190
1300
1520
1465
21173
1260
21849
1635
1985
459
1741
1770
1840
17/7
139N
1628
174N
2159
1733
1343
1724
1929
130D
1882
1325
1217%
1420

30

APR
340
3510

4550

19%0
1260
3000
3600
2320
247N
2130

850
2440
1580

R20

q3n
3900
2680
3000
2100
1030
1159
2754
3638
1480
1620
1720
2723
13sn
2095
201¢C
2237
507¢C
1710
241G
2011
Isy8
1e07
3062
1854
2487

370
470
2100
218C
3140

MAY
685
3260
9ano
2610
2600
3750
5710
6850
4440
2360
1220
4830
2010
650
242n
6600
58r0
4370
29730
27100
3461
3254
3803
4070
46N0
3087
3878
31323
3712
4097
3975
3790
2585
4520
6011
3y5a
378
95130
3879
4937
2618
1357
6606
ER L
8706

JUNE
1014
527N
545N
1170
2070
1€30
4130
28an
4280
2420

750
4730
4120

4e 0
4710
3117
28RO
353N
12990
1360
2821
3474
3737
5050
720
2832
2858
29212
5046
588N
4720
R1R Y
7519
1550
4580
5625
7450
4320
4662
3015
122€

19680
6217
sul?2

103840

JULY

208
1960
231Q
a5¢
1330
990
19093
1560
1630
1270
<20
1&2C
1210
35N
119
1660
1610
179¢C
g N
830
1681
1815
2046
2290
2464
2734
265N
2420
2997
2890
I012
3120
1330
11%1
1220
13790
z10¢C
12172
1212
378
yqo
1980
146D
2457
5767

AUG
181
2010
1840
860
1139
1060
1410
1189
1570
1240
480
1280
351
370
890

1170

1300
127¢

e1n

530
1393
1398
1357
2077
223n
2742
2243
2180
2370
z23an
277e
>375
1160

871
111>
1115

465
1027

780

682

4a7
1180

890
1310
2338

SERT
169
1580
1570
650
1280
820
1290
410
1610
1140
420
1000
620
370
e
90Q
970
1970
720
£30
1140
393
1661
1600
2600
1817
1780
1610
1517
*030
2298
2580
1910
817
981
ayu
120¢
94 2
902

[ol Yird
Uy’

azp
320
173
836
1684
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Figure 11. Input data, Salt Lake-Deer Creek application.

DEER CREEK APPLICATION WITH A 55 M.G.Do DESALTING PLANT

NO.OF PERIODS IN SIMULATION

= 5

N0.0F PERTODS IN FIRM YIELD= 5

NPRCz= 27

CHMAX=- 49,780 B.G.
CMINZ 2978 BeGo
OSCAP= 65.00 M.G.D.
FORCE= 1

KIO= 1

KPC= 2

KiP= 2

KREAD= 1

TFLOW= 3

ISTORZ= 1

IYEARZ- 1}

KIK= 1

THERE ARE 1 DEMAND LEVELS
220.0

NEMB= 217.000 M.5.D.
RBARZ .000 M.G.D.

THIS IS A 3 SEASON RUN
AVE. SEASON ON INCZ .02%
HET SEASON ON INC.Z .0S0
MONTHLY SEASON ASSIGNMENT
DEMAND COEFFICIENTS

RELEASE COEFFICIENTS

TURN-ON FRACTIONS «50
TURN-OFF FRACTICONS .80

STARTZ- .75
STEP= .05
PCF= .99

NO. OF YEARS IN EACH PERIOD= 30
NO.OF YEARS IN EACH PERIOD= 7%

IN THIS RUN AS FOLLOWS

oCcT

06“

.00

- 40

AVE. SEASON OFF INC= .025
WET SEASON OFF INC.= .050

NOV PEC JAN FEB MAR APR MAY JUNE
2 2 2 2 2 3 3 3

-58 62 «76 1.09 1.39 1.83 1.66 1.23

.00 -00 .00 .00 .00 .00 .00 .00

AUG

«66

.00

SEPT

«65

.00
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Figure 12. Cost data, Salt Lake-Deer Creek application.?

COST DATA FOR QFSALTING PLANT USED IN ANALYSIS

OPER. L. F. ANNUAL €OST IN $/YR. FO THE PLANT THAT IS OPTIMIZED AT THE GIVEN LOAD FACTOR €IN PERCENT)
(IN PERCENT)
50. 65+ 3. 80 . ag.
0. 31500. 3150 0. 31500. 31 500. 31500.
10. 1036000. 100400D.  971000.  95300N.  946000.
20. 1926000, 1870000. 1814000. 178600C. 1753000.
3n. 2817000. 2732000. ?2:53000. 2610000. 2567000.
5n. 4592000. 4464070, 4236000. 4258000. 4179000,
7. £37190C. 620830Q. #D45000. 5928000. 5811000.
In. R101000. 7876000. 7651000. 75170NC. 7383000.
110. 8396030. 8730000. 8484000. 8327000. 8193000.
ANNUAL FIXFD CH5. 472Q000. 4860000. 5300000. SI130000. 5260000,
AT 7.23 PERCENT
ESTIMATED TURN-ON COSTZ 55000,
FSTIMATED TURN-OFF COST=  55000.
INTEREST RATEZ .0500

65 MGD, MFS, single purpose plant.

See Appendix C for additional cost details.
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Table 11. Summary of cost computations, Salt Lake-Deer Creek application.

Optimum ) Average
Probability Firm yield Required rule Average Desalted Number levelized cost
Line level Demand without increase Plant (reservoir plant water of in $/yr
No. defining MGD  desalting in size  fraction load use/production  feasible per MGD
firm yield MGD firm yield MGD full) factor ratio " rules of added
% MGD ON OFF % (efficiency) tried firm yield
1 99 220 176.8 432 50 0.98 0.98 68 0.55 1 197,400
2 99 220 176.8 43.2 65 46 .80 59 0.75 4 183,400
3 99 220 176.8 43.2 75 48 .60 48 0.77 5 193,300
4 99 220 176.8 43.2 65  Base Load 90 - - 294,900
5 99 220 176.8 432 50 Base Load 90 - - 230,600

For other conditions of the computations see Figs. 11 and 12.

Useful plant life = 30 years

New York City Application

Purpose

.

The purpose of this application study is to find the
lowest cost conjunctive operation desalting alternative to
increase the firm yield of the New York system to 1970
MGD with reservoir size held constant. The cost of
supplying the increased firm yield, the optimum plant
size, and the associated optimum operating rule are to be
determined.

New York City was selected for study as an example
of how the program might be used for analysis of a very
large metropolitan system in a humid area. The hydrologic
data was crudely adapted from studies made for other
purposes. The cost data were extrapolated from studies
made for smaller plants. The study is intended only as an
example, and without further refinement the numbers
generated do not necessarily have relevance to the
application of desalting to meet the future needs of the
city.

System description

In the New York City application, a different
approach was used from that applied in the Salt Lake-
Deer Creek study. Here the entire system was lumped
together and operated as a whole. This means that all the
storage of the system was added together and considered
as one storage reservoir with average characteristics similar
to the east branch of the Ashokan Reservoir. All of the
watershed runoffs tributary to the system were also added
together to give one composite record of natural inflow to
the system. The desalting plant or plants could be located
in the most economical location for production, distribu-
tion, and availability of a salt water supply. The assump-
tion is made that the system has sufficient controls so all

reservoirs can be made to fluctuate up and down together
and that desalted water production is backed up propor-
tionately into all reservoirs.

«  The following description of the New York City
system is taken from OSW Research and Development
Progress Report No. 207 (1966) pages 3-9 through 3-11.
The major facilities constituting the supply system are
shown in Fig. 13 which was furnished by the Board of
Water Supply of the City of New York.

New York City draws practically its entire water
supply from three surface water sources, which are the
Croton, Catskill and Delaware Systems. In addition to
New York City, these sources supply, wholly or
partially, areas of Elmsford, Mount Vernon, New Castle,
New Rochelle, North Tarrytown, Ossining, Peekskill,
Pleasantville, Scarsdale, Tarrytown, White Plains and
Yonkers. The total system serves a population of
approximately 8.5 million people. Current normal use,
with an ample supply, would probably approach 1.3
BGD....

System descriptions and percentages of supply are
as follows:

Catskill—Forty-three percent of the 1961 supply
was from this source. Schoharie Creek is impounded in
Schoharie Reservoir, and the water is carried by
Shandaken Tunnel to Esopus Creek, which is impound-
ed in Ashokan Reservoir. The mixed water is conveyed
to Kensico Reservoir by the Catskill' Aqueduct. A small
amount of water is supplied to consumers directly from
the aqueduct before it reaches Kensico Reservoir.

Delaware—This source furnished thirty-six percent
of the 1961 supply. East Branch Delaware River is
impounded in Pepacton Reservoir, and the Neversink
River is impounded in Neversink Reservoir. The water

33



T DELAWARE = CATSKILL
| SYSTEM %% | SYSTEM

SHRREE . Z
TR | .
)
§ /- DOWNSVLLES #8-
X o g
v ’ '
% ASHOKAN
’0’\/“’ dé %(/ /?ESE/?VO/
TN gﬁ - S
ST %/z// CROTON | =3
NEVERSINKT S “'q owour ) Y SYSTEM | £I%
RESERVOIREA Y/ \RESERVOIR \ zla
LIBERTY® W | LACKAWACK :’g
NEVERSINK s SO Y-0) 8
TUNNEL® \-_

ELLENVILLE 4‘1' S

RIVER

va

“\®/PORT JERVIS &

MILFORD® 4£ \

.MONTAGUE
, / b
Q

NEW CROTON i Wofis
AQUEDUCT T D\ -~
< OLD CROTON

~SRQUEDUCT 5u % N kensico
)._‘ iV ¥ S RESERVOIR

HILL VIEW
RESERVOIR

v
j

CITY OF NEW YORK
RICHMOND SciTy TUNNEL No2

BOARD OF WATER SUPPLY TUNREL A “CITY TUNNEL NO.I

WATER SUPPLY L LH v vancir)
SYSTEMS SILVER LAKE = J T

3.0 3 6 9 IRw RESERVOIR /
A — e ———

. 1
A&/\J\AT L,Xl NT

Figure 13. Water systems, New York City and Northern New Jersey.

“Ea

OCTOBER 22,1964

LS.

34



of these two reservoirs is carried to Rondout Creek
which is impounded in Rondout Reservoir. Water from
Rondout Reservoir is transported by the Delaware
Aqueduct to the West Branch (Croton) Reservoir and
then into Kensico Reservoir,

Croton—Eighteen percent of the 1961 supply
came from this source. Waters from Rondout Reservoir,
Boyd Cormers Reservoirs, and other related tributary
sources mix in West Branch (Croton) Reservoir. Part of
the mixed water is carried to the Rye Lake area of
Kensico Reservoir. Some water from Middle Branch and
Cross River Reservoirs is carried to Kensico Reservoir.
The New Croton Reservoir is formed by waters of the
Croton River Basin and the Delaware Aqueduct. Water
from the New Croton Reservoir serves areas in Manhat-
tan and the Bronx as well as other communities.
Kensico Reservoir receives water from the Bronx River
Basin, which mingles with water from the Catskill,
Delaware, and Croton Rivers. From Kensico, these
mixed waters flow through the Catskill and Delaware
Aqueducts to Hillview Reservoir, supplying several

communities enroute, Water from Hillview is delivered
to the five New York boroughs and some adjacent
communities.

The Cannonsville Reservoir was added to the above
system in 1966. The total storage in all the impounding
and storage reservoirs and not counting distribution
reservoirs and standpipes comes to a little over 603 billion
gallons. '

Input data

Watershed runoff records for the entire lumped
system are given on page 11-5 of OSW Report 207 (1966)
and are shown as Table 12. Note that 1965 is the last year
given. The mid-1960 drought continued into 1968. If the
three additional dry years had been available, the stream-
flow simulator would have reflected this condition by
generating more severe droughts in the synthetic hydro-
graphs. This, in turn, would have required more desalted
water production.

Table 12. Inflow to New York system in billion gallons.

YEAR  JAN FEB MAR APR MAY
1929 57 46 229 248 130
1930 sy 64 142 g4 38
1931 17 31 4 201 138
1432 121 96 64 186 67
1933 59 43 135 213 58
1934 30 26 124 1472 102
1935 106 uy i48 106 80
1935 70 29 409 152 36
1937 174 57 71 162 130
1938 100 80 82 80 67
1939 62 121 141 154 35
134N 36 35 110 335 137
1941 68 57 59 138 38
1942 57 48 180 135 91
1943 a0 9g 170 128 182
1944 25 35 125 148 68
1945 78 64 278 ag 157
1346 110 58 40 38 126
1947 ag 50 32 180 170
1948 23 69 283 152 118
1949 166 105 a5 85 92
1950 106 62 132 180 80
1951 117 183 161 182 56
1952 130 30 140 205 105
1953 129 103 202 140 118
1954 55 112 110 95 133
195% 54 6u 16U 110 ]
1956 85 57 132 292 96
1957 69 51 80 141 81
1958 80 46 178 251 223
1959 84 60 92 168 uQ
1960 9y 108 87 203 84
1961 22 128 153 189 115
19€2 89 30 122 193 51
1963 26 24 174 i08 40
1964 119 61 191 183 47
1965 37 101 49 135 50

JUN

35

£ JuLYy AUG SEPT 0CT NOV DEC

33 9 iu 7 48 59 80
-8 10 6 12 1 11 17
58 88 19 17 2 11 46
47 14 12 9] 115 165 4g
1a 6 136 104 uQ 42 57
24 19 17 72 56 78 112
27 g9 14 12 19 1u 59
23 3 12 14 21 50 110
54 36 48 65 107 94 86
53 120 8¢ 162 33 63 150
22 7 T 0] 31 51 41
650 26 11 23 12 55 95
22 22 17 1 1 25 65
44 19 29 54 83 29 128
76 11 13 2} 36 102 27
25 9 12 27 19 38 86
85 117 46 59 76 100 90
97 25 20 17 24 28 3¢
72 us 21 14 12 30 40
TH 27 13 1 11 48 120
14 7 12 12 S 28 36
60 35 33 22 13 120 167
34 52 18 14 46 48 134
78 53 27 25 12 55 146
19 7 6 14 8 38 118
28 7 6 25 22 137 113
3u 7 187 19 293 160 38
40 25 7 23 27 sS4 103
15 7 5 1 7 32 175
37 20 8 16 46 97 Su
18 3] 6 6 102 142 148
56 34 23 123 3y 43 45
58 16 21 S 6 20 29
18 6 6 1 20 651 72
36 18 17 6 5 58 55
27 1 0 0 2 10 31
22 6 i1 15 8 20 40



The New York City system is required to make
certain mandatory releases on some streams for pollution
control and to fulfill certain court decrees. These releases
fluctuate widely from year to year making estimation of
the mean releases difficult. Examination of certain pub-
lished data indicate that the required mean releases lie
between 150 and 300 MGD depending on climatic
conditions. For most of the computations described
below, 150 MGD mandatory releases were assumed. The
assumed composite reservoir capacity data are shown in
Table 13. Evaporation potential for the New York
application is given in Table 14. Other typical input
conditions for the series of computations are summarized
in Fig. 14 while Fig. 15 shows the cost data for the 250
MGD plant.

Results

The results of the New York City system studies are
summarized in Table 15. Two groups of computations
were made, one with firm yield defined at 99 percent
probability and the other at 95 percent. The results are
discussed in the same order.

Table 13. Elevation-capacity data.
NEW YORK CITY WATER SYSTEM

Reference Total cap.
elev. of all res.
in feet in billion of gal.
440. 0.
460. 3.
480. 12.
500. 20.
505. 22.
510. 26.
515. 36.
520. 49.
525. 66.
530. 85.
535. 109.
540. 135.
545. 163.
550. 193.
555. 225.
560. 260.
565. 298.
570. 337.
57S. 379.
580. 424.
585. 471.
590. 520.
595. 571.
600. 624
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Table 14. Monthly evaporation potential, New York

Reservoir.

Month Evaporation (Inches)
Jan. 1.0
Feb. 2.0
Mar. 2.0
April 3.0
May 4.0
June 5.0
July 5.0
Aug. 4.0
Sept. 3.0
Oct. 2.0
Nov. 1.0
Dec. 1.0

Firm yield at 99 percent

Preliminary information from the firm yield part of
the program indicated the firm yield without desalting is
1759.6 MGD. This means that with a demand of 1970.0
MGD, the required increase in firm yield is 210.4 MGD.
Past experience with the program has shown desalting
plant capacity 1.30 times the firm yield increase is
advisable for initial computer analysis. Thus the first size
studied was 275 MGD. Then other plant capacities were
assumed and a series of computations made until plant
sizes of 210, 225, 250, 275, and 300 had been studied.
The optimum plant size based on the selected inputs was
found to be 250 MGD operating with a rule of ON at .77
and OFF at .70, and with a cost of $145,200/year/MGD
of added firm yield as shown in line 3 of Table 15.

The optimal 250 MGD plant operates at a load
factor of 51 percent. The efficiency (.24) is surprisingly
low. This value means that only 24 percent of the desalted
water production actually is used. The rest escapes over
the spillway and is lost. The reader will recall that the
desalted water use/production ratio (efficiency) for Cach-
uma and Deer Creek applications were .82 and .75 re-
spectively. Why should the New York City system ap-
parently waste so much desalted water production?

In the first place one should keep in mind that in
spite of the apparent wastefulness of the operating rule,
the necessary increase in firm yield has been added to the
system by the desalting plant. The water supply has been
available when needed to prevent shortages. The critical
low flow periods have been filled in with desalted water.
The so called efficiency is low because in the New York
system, the desalting plant only furnishes about 10.7
percent of the demand. The natural inflow of the system
is so large compared to the desalted water production that



LE

Figure 14. Input data, New York City application.

NEW YORK APPLICATION —-~—--— 250 M,G.D. MSF DESALTING PLANT
NO.OF PERIODS IN SIMULATION= S NO. OF YEARS IN EACH PERIODz= 30
NO.OF PERTYODS IN FTRM YIELDZ § NO.OF YEARS IN EACH PERIODz 7%
NPRC= 24

CMAX=-623.574 R.G.
CMIN=- 20.0N0 R.G.
DSCAP=250.N00 Y.G.0.
FORCE= 1

KI0=- 1
KPC= 2
KIPz 2
KREAD=
IFLOW:
ISTOR:
IYEARC
KIK= 1

NN £

THERE ARE 1 DEMAND LEVELS IN THIS RUN AS FOLLOWS
1970.0

DEMB=2350.000 M.G.D.
RBAR= 15N0.000 M.G.D.

THIS IS A 3 SEASON RUN

AVE. SEASON ON INC= .0SO0 AVE. SEASON OFF INCz .050
WET SEASON ON INC.Z .100 WET SEASON OFF INC.=z 100

J AN FEB MAR APR MAY JUNE JULY AUG SEPT o0OCY NOV
MONTHLY SEASON ASSIGNMENT 2 2 3 3 2 1 1 1 1 1 2
DEMAND COEFFICIENTS «92 -30 «32 <35 1.00 1.06 1.38 1.10 1.10 1.05 1.00
RELEASE COEFFICIENTS «30 «30 «30 .50 ‘e60 1.00 1.50 2.50 2.50 1.80Q <40
TURN-ON FRACTIONS .80 .70
TURN-OFF FRACTIONS .70

START= .75
STEP= .05
PCF=-1.00
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Figure 15. Cost data, New York City application.?

COST DATA FQOR DESALTING PLANTY USED IN ANALYSIS

OPER. L. F. ANNUAL CNST IN $/YR. FOR THE PLANT THAT IS OPTIMIZED AT THE GIVEN LOAD FACTOR (IN PERCENT)
(IN PERCENT)
40. 50. 6]. 10. 80.
0. 115000. 115000. 115000. 115000. 115000.
10. 364 000. 3495070. 3370000. 3245000. 3225000.
20. 5870000. 656K2000. 6360000. 61S57000. 6084000.
30. 10095000. 9628020. 9347000. 9067000. 8940000.
5N. 16s42000. 15757000. 15323000. 14886000. 14617000.
70, 22%98<0010. 2188701N, 21293000. 20700000. 20367000.
90. 292€5000. 278456000. 27096000. 76347000, 25907000.
100. 324 39000. 31013000. 30040000, 29222000. 28667000.
ANNUAL FIXED CHG. 15244000, 15907300. 16440000, 1€972000. 17358000.

AT 7.23 ©OERCENT
ESTIMATED TURN-ON COSTz 2Nn0000.

ESTIMATED TURN-CFF COST= 200000.
INTEREST RATE:Z .0500

4250 MGD, MFS, single purpose plant.

See Appendix C for additional cost details.
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Table 15. Summary of cost computations, New York City application.

Optimum Average
Probability Firmyield  Required rule Average Desalted Number levelized cost
Line level Demand  without increase Plant (reservoir  plant water of in $/yr
No. defining MGD desalting in size fraction load  use/production  feasible per MGD
firm yield MGD firm yield MGD full) factor ratio rules of added
% MGD ON OFF % (efficiency) tried firm yield
1 99 1970.0 1759.6 2104 210 99 99 78 0.18 1 161,600
2 99 1970.0 1759.6 2104 225 90 90 68 0.19 2 160,700
3 99 1970.0 1759.6 2104 250 77 170 51 0.24 5 145,200
4 99 1970.0 1759.6 210.4 275 74 70 48 0.24 5 156,100
5 99 1970.0 1759.6 2104 300 72 70 46 0.24 4 163,400
6 99 1970.0 1759.6 2104 250 Base Load 90 - - 207,800
7 99 1970.0 1759.6 2104 210 Base Load 90 - - 175,500
8 95 1970.0 1856.2 113.8 110 98 98 81 0.20 1 165,600
9 95 1970.0 1856.2 113.8 125 82 85 68 0.22 3 169,600
10 95 1970.0 1856.2 113.8 150 60 80 57 0.30 4 164,200 .
112 95 1970.0 1856.2 113.8 150 80 80 65 0.23 1 191,400
12 95 1970.0 1856.2 113.8 175 58 60 48 0.32 6 166,500
13 95 1970.0 1856.2 113.8 200 50 50 44 0.34 4 169,400
14 95 1970.0 1856.2 113.8 150 Base Load 90 242.400
15 95 1970.0 1856.2 113.8 110 Base Load 90 174,700
16 100 1970.0 1720.0 250.0 Mandatory releases = 150 MGD
17 100 1970.0 1558.0 412.0 Mandatory releases = 296.5 MGD

For other conditions of the computation, see Figs. 14 and 15 and below.

"Useful plant life = 30 years
Reservoir capacity = 603.57 BG

3Computation done off optimum to show the effect of using a bad operating rule.

the rise and fall of the reservoir contents depend mostly
on the natural inflow and not much on the desalting
plant. When wet weather comes with high flows, the
reservoirs fill quickly and desalted water production from
preceding months may be wasted along with natural spills.

On the other hand, in a system such as Cachuma,
where desalted water furnishes 69.8 percent of the
demand, the reservoir contents depend more on the
desalting plant than on the natural flows except in cases
of unusual floods. Thus the operating rule controls the
reservoir storage to a greater extent and the operating rule
is able to minimize waste of desalted water production by
shutting the plant off ahead of spillage.

Line 1 of Table 15 shows the smallest plant size
(210 MGD) that can meet the demand. The operating rule
is ON at .99 and OFF at .99 and the associated cost is
$161,600/year/MGD. Lines 6 and 7 show base load
operation costs to be $207,800/year/MGD for the 250
MGD plant and $175,500/year/MGD for the 210 MGD
plant.

Firm yield at 95 percent

Lines 8 through 14 show results of computations
with firm yield defined at 95 percent. Plant sizes from
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110 to 200 MGD were studied. Since more shortages are
tolerated under this definition, the natural system can
supply more of the demand and the desalting plant only
has to produce an increase of 113.8 MGD. Note that a
110 MGD plant is able to supply the 113.8 MGD increase
in firm yield. This apparent paradox is possible because
some shortages are allowed. The optimal size plant is 150
MGD operating with a rule of ON at .60 and OFF at .80
with a cost of $164,200/year/MGD of added firm yield as
shown in line 10.

The optimal size plant operates at a design load
factor of 57 percent. The efficiency is .30 which is
somewhat better than the 99 percent firm yield case
discussed earlier.

Line 11 shows the consequence of operating with a
poor rule. The computer program was constrained to run
with the non-optimal rule of ON at .80 and OFF at .80.
The associated cost increased to $191,400/year/MGD.
Line 14 shows the base load operation of a 150 MGD
plant to cost $242,400/year/MGD, while a 110 MGD base
load plant shown in line 15 would produce the added firm
yield for $174,700/year/MGD.

If the firm yield is defined at 100 percent probabil-
ity as line 16 of Table 15, then the yield without desalting



drops to 1720 MGD. If, in addition, mandatory releases
are assumed to be 296.5 MGD as in line 17, then firm
yield without desalting decreases to 1558 MGD. If the
additional drought years had been used as part of the
hydrologic input, the results would indicate a still lower
firm yield without desalting. This points up the urgent
need for additional supplies in the New York City system
for drought insurance in the future as the demand
increases beyond the present value.

General Comments on the Applications
Uncertainty in input data

In the previous paragraphs the effect of arbitrarily
changing various input parameters has been discussed. One
question remains unanswered, however, concerning the
input data. How much does error or uncertainty in the
input affect the operation and economics of the desalting
plant? The question has been partially answered since the
sensitivity of the optimum operating rule and the cost of
added firm yield to changes in input have been shown.
But suppose the historical hydrologic record is either very
short or not known with much accuracy. This uncertainty
about the hydrology would be reflected by a correspond-
ing uncertainty in the results. If dry spells were not as
severe in the record as might eventually occur, then the
synthetic streamflow sequences would not contain the
resulting severe droughts and the program would not, of
course, simulate operation of the plant under those severe
conditions. In this respect, the results are subjected to
some limitations as any other hydrological design problem
under the same circumstances. If no record of inflow to
the reservoir exists, a record estimated from the records of
nearby streams would serve better than none at all; these
might be quite good if the area is hydrologically homo-
geneous with strong correlation between the flows of
different streams.

Another important question concerns the adequacy
of the streamflow generator in reconstructing equally-
likely hydrographs. This question is discussed in a separate
report which is included as Appendix B “Evaluation of
the Adequacy of Streamflow Operational Hydrology” by
Roland W. Jeppson and Calvin G. Clyde.

Effect of conjunctive operation on the desalting plant
design and operation

The optional intermediate printout that is available
in the Operating Rule Program is of considerable help in
assessing the unique operating features of the desalting
plant and in seeing how these features might affect the
design of the desalting plant. Figs. 16, 17, 18, and 19
show typical pages of simulation printout from each of
the three applications. The reader should examine the
column entitled “Months ON” for each application. All
the plants operate intermittently, but the New York City
plant is the most intermittent of the three since it
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operates some months in every year (frequently started up
twice in a year) but operates 11 or more months only 2
years in 30 or 4 years in 30 depending on the definition of
firm yield. The Cachuma plant also is turned on almost
every year (only 3 years in 30 show no operation at all on
the average) but the plant runs longer (remains on 11 or
more months in 9 of 30 years on the average) than the
New York plant and often operates several years (as many
as 5) without being shut down except for maintenance.
The Salt Lake plant operates differently than the other
two in that it remains completely idle an average of 12
years in 30. When the plant is finally turned on, it often
runs the whole year (5 out of 30). The plant is very rarely
started up twice in a year.

The three situations are quite different regarding the
design and operation of the plant. At Salt Lake City the
plant should probably be mothballed after each operation
since there is a good chance it will not be turned on again
for several years. Mothballing would cost more per event
but would lead to a savings in plant upkeep and the useful
life would be extended. The New York City plant,
however, should be kept warm and in a semi-ready state
since it will be used some every year and will probably be
restarted soon after shutdown. The Cachuma plant need
not be mothballed after a run since it will likely be started
again soon, but the plant does need to be designed to run
long periods of time with little maintenance, because the
plant is frequently needed continuously for several years
at a time. Possibly the pattern of turn-on and turn-off at
Cachuma or Salt Lake is even such that at certain times of
the year the plant should be mothballed while at other
times maintained in a partly ready state. In any case, the
optional intermediate printout of the program illustrated
by Figs. 16, 17, 18, and 19 gives a great deal of
information that assists in the plant design.

Examination of the computer program simulation
printouts shows that the pattern of plant operation
changes with the operating rule and with the plant size.
The larger plants tend toward more intermittent opera-
tion. Similarly, rules with higher turn-on and turn-off level
cause a more intermittent operation. Analysis of the
simulation printout also gives information concerning the
yearly energy needs of the desalting plant and the
probable timing of the energy demands.

By analyzing the computer printouts it is possible to
predict the probable pattern of desalting plant operation
over an extended period of time which, in turn, would
identify such things as the average plant factor, likely
monthly plant operation, the usual shutdown periods and
the frequency of occurrence of shutdowns throughout the
period of study. Desalting plant production for each
period can also be determined. This information, in turn,
provides the plant designer information relative to such
plant features as the need for use of low cost materials,
the necessity of frequent startups and shutdowns, need
for extensive mothballing or requirement for base load
operation for long periods of time. Trade-off studies of
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Figure 16. Simulation printout, Cachuma application, 75 MGD plant.?
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Figure 17. Simulation printout, Salt Lake-Deer Creek application, 65 MGD plant.?

RULE NO.= 1 PERTAD NOLZ &
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1 1 - o 5 S.9u .00 .00 .00
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15 1 1 11 21 .77 .00 .00 .0Nn
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17 0 1 3 11 .82 32.09 32.09 .00
18 n o] 0 LOn 2.03 5.47 .00
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24 1 1 11 21 .71 .00 .00 .00
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2For other conditions of the computation see line 2, Table 11.



Figure 18. Simulation printout, New York City application, 250 MGD plant .2

RULE NO.Z 1 PERPTINN NO.= 1
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YEAR TIMES OM TIMES OFF MONTHS ON DSPRO psse SPILL SHORT.
1 1 1 2 15.25 .00 466 .05 .00
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15 2 2 6 45 .25 .00 .00 .00
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14 1 0 5 38.25 .00 .00 «00
12 1 1 11 83.75 .00 .00 .00
2n 1 ? 11 8%.75 .00 .00 .00
21 1 0 4 3B.50 146 .44 282.25 .00
22 1 1 9 68 .5N .70 .00 .00
23 n 1 3 22 .50 121.50 132 .86 «00
2y 1 1 1 7.50 .00 304.15 <00
25 1 0 5 38.25 7.50 315.18 -00
2R 1 2 I 23.00 46 .00 90.08 .00
27 1 a 4 30.50 15.25 44 .89 .00
23 1 2 4 M.75 32.98 32.98 .00
29 1 0 5 38.2¢ .00 .00 .00
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DEMANDZ 1a70.0N FFEICIENCYZ .32
INCREASE TN YIELD:Z 21C.44 M.G.D. ANNUAL COST=31302091.2 $/YEAR COST OF FYINC=148746. S/YEAR/M.G.D.

3For other conditions of the computation see line 3, Table 15.
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Figure 19. Simulation printout, New York City application, 150 MGD plant.?

RULE NOo.= 2 PERIOD NO.= 1
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21 1 1 3 13.80 78.64. 216.93 -00
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24 0 4} 8] .00 .00 303.84 -00
25 1 0 3 13.80 .00 307 .49 .00
26 0 1 3 13.50 27.30 71.53 .00
27 1 0 3 13.80 -00 29.54 -00
rd:} 0 1 3 13.50 21.88 21.88 -00
29 1 0 4 18.30 .00 .00 .00
30 1 1 11 50.25 .00 -00 .00
DEMAND= 1970.00 EFFICIENCY=Z .41
INCREASE IN YIELD=- 113.79 M.G.D. ANNUAL COST=18982671.2 $/YEAR UNIT COST OF FYINC= .4S570 $/K GAL.

For other conditions of the computation see line 10, Table 15.



these features could be made to determine the best plant
design to fit the desalting application under consideration.

In addition to probable design features that would
be encountered, the computer printouts would also
provide an insight into the specific operating features
likely to be encountered in conjunctive operation. For
example, frequent startup and shutdown would indicate
the desirability of operating the plant in conjunction with
a steam power plant which would have an operating crew
that could be used to operate the desalting plant when
required. The computer program would be useful also in
analyzing the problem of coordinating the power and
water demand cycles of conjunctively operated power and
desalting plants.

It should be noted that on the next to the last lines
of Figs. 16, 17, 18, and 19 the “efficiency” of the
desalting plant is listed. Efficiency was defined earlier as
the ratio of the desalted water production that is utilized
or consumed by the system to the total desalted water
production. The water that is not consumed either goes
over the spillway or is evaporated. Desalted water may be
retained for years as holdover storage in the reservoir only
to be lost the next time the reservoir fills and spills. In
computing the efficiency, the program thus takes the total
desalted water production, less desalted water spills,
divided by the desalted water production. Efficiency so
defined is one way of measuring the effectiveness of an
operating rule. A perfect rule would so operate the plant

as to waste no water at all. Surprisingly, even rather
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“inefficient” rules can produce substantial safe yield when
operating a plant conjunctively in a real system, since only
the low flows must be augmented. Thus, careful examina-
tion of the efficiency, along with other parameters
tabulated by the program, can give much insight into the
operation of the system.

Use of the program with different types of desalting
plants

The Operating Rule Program as presently constitu-
ted can easily be used to analyze the operations of
desalting plants of other than the MSF distillation type.
Since all the economic data is supplied by the user of the
program in the form of tables such as shown in Figs. 8,
12, and 15, once the cost data for any type plant is
expressed in such tabular form, the program can find the
least cost operating rule and the associated cost. Actually,
the program can even be used to compute the costs
associated with producing water from other kinds of
conventional sources provided the economic data can be
expressed in the form required. For example, the rule and
cost for meeting the increased firm yield with water
pumped from wells could be determined by the program
if the operating costs and fixed charges for well produc-
tion could be input into the computer. This procedure
would constitute a “fair” way of assessing alternatives
involving conventional supplies.






SUGGESTIONS FOR FURTHER STUDY

The Operating Rule Program has been developed
and tested and is ready for use as a tool in planning for
the conjunctive operation of desalting plants. So full use
may be made of the program, some suggestions of areas
for further study and improvement and application of the
program are made below.

Operating Rule Program Applications

The Operating Rule Program should be applied as
needed (by the Office of Saline Water) as an aid in
assessing desalting alternatives. Each application study
would have to include acquisition and preparation of basic
input data, determination of the optimum plant size and
operating rule for the system, costs of producing water,
and parametric and sensitivity studies of the system to
describe the operating characteristics and configuration of
the best desalting system.

Modification of the Program to Apply to
' “No Storage’ Systems

The current version of the Operating Rule Program
was prepared to apply only to systems that include
reservoir storage capacity. Minor alterations are needed to
use the program for systems with no storage. In such a
case the operating rule is already known because whenever
the natural supply is less than demand the desalting plant
must be turned on. For this case the computer simulation
method furnishes a “fair” or “standard” way of compar-
ing the costs of meeting the demand. The cost subroutine
already built into the Operating Rule Program is the basis
for this “standard” comparison. The program, when
modified to handle the above case, would simulate
operation of such a no-storage system under the specified
demand and would compute the cost of producing the
added firm yield.

Stage Construction

One promising phase of future study is the investiga-
tion of the economic advantage associated with incremen-
tal construction of desalting plants. A plant designed and
installed with the capacity to meet future demands will be
economically inefficient in the early years of operation. A
plant built in stages, in accordance with projected growth
in demand, would defer some capital investment until it is
needed. Under many conditions the staging of construc-
tion would be a more efficient scheme than an initial full
size plant. The advantages of staging the construction
when operating in a stationary (no recession, no inflation)
economy should be investigated first. The case of a
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changing economy (inflation and/or growth) should also
be considered. ‘

Cost of Drought Insurance

In the present use of the Operating Rule Program a
firm yield is defined with an associated probability of
meeting a given demand level. Changing the frequency of
meeting a given demand can be thought of as changing the
degree of protection against shortage or drought. Since a
change in the frequency of meeting a given demand can
change the firm yield, the operating rule and even the
plant size, it will also change the costs. Deriving the costs
of drought insurance then would involve running the
Operating Rule Program at various frequencies of meeting
the given demand level to find the associated costs. Then
incremental costs of firm yield due to changes in the
frequency of meeting a given demand could be deter-
mined. These incremental costs could then be viewed as
the costs of drought insurance.

The incremental costs, as determined above, would
need to be derived for several demand rates in order to
indicate the cost of drought insurance as a function of the
demand rate. The final results could be presented func-
tionally or in tabular form.

Multiple Reservoir Systems

A continuing, more detailed study could be made of
the multiple reservoir problem. The necessary modifica-
tions could be made to the present program to adapt it to
handle this task. Very likely with multiple reservoirs, safe
yield, in addition to that for a single reservoir, might be
gained with a desalting plant by allowing some shifting of
storage among the reservoirs in the system.

Power Generation Facilities

A study could be made of a desalting plant
operating in conjunction with a reservoir that had with it
some power generation facilities. The addition of the
power generation option to the Operating Rule Program
would be the main task.

Generalization of Results Obtained from a
Number of Applications of the Operating
Rule Program

After analyzing the results of several applications of
the Operating Rule Program, a logical further step is to



formulate general guidelines in the form of multi-coaxial
graphs, nomograms, etc., which give preliminary estimates
of the feasibility and economics of conjunctive operation
of desalting plants. These guidelines could be used to
ascertain whether a detailed analysis using the Operating
Rule Program is needed in an application.

These guidelines could be developed by relating the
costs per unit of added firm water yield to such factors as:
(1) fuel costs, (2) start-up and shut-down costs, (3) labor
costs, {(4) reservoir capacity, (5) demand patterns, and (6)
the parameters which characterize the natural hydrology;
i.e., the variability and reliability of natural streamflow.
The latter parameters would consist of means and
variances within and between months, magnitudes, and
variability of base flows resulting from groundwater,
climatic factors, such as means and variances of monthly
and annual precipitation, means and variance of tempera-
tures, humidity, and the nature of the general precipita-
tion producing storm of the region. These factors, as well
as others which might improve the relationship, would be
fitted by multivariate methods. Those factors which
contribute nothing or little to the significance of the
correlation could be deleted. Several methods for incor-
porating the data for each variable into the multivariate
analysis should be examined, and that which gives the
highest correlation should be used. As a final step, the
results should be presented in an easily used graphical
format.

Training Programs

To assure the most widespread use of the Operating
Rule Program by water resources planners, hydrologists
and systems engineers, a training seminar should be given
to selected personnel (from OSW and other federal
agencies and private firms) in the use and makeup of the
program.

Application of Mathematical Programming to
Conjunctive Operation of Desalting Plants

The use of computer simulation is one way to find
the optimum operating rule. Another approach using
mathematical programming might be preferable since a
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mathematically correct optimum would be determined. In
applying either linear or dynamic programming to this
optimization problem, the stream-reservoir-desalting sys-
tem would be described mathematically with equations.
The model would then be formally optimized on the
computer to find the best rule for desalting plant
operation. Sensitivity of the optimum solution to changes
in various inputs could also be investigated. While linear
and dynamic programming do furnish a means to system-
atically search for the optimum solution, the application
would be new and might be difficult.

Improving the Operating Rule with
Forecast Information

In areas where streamflow forecast information is
available based on snow surveys there is an opportunity to
increase the efficiency of the operating rule. The com-
puter program would be modified so as to accept the
forecast data, and then equally likely sequences of
forecast information would be generated that would have
the proper correlation with the generated streamflows.
During the simulation of desalting plant operation, the
program would then modify the operating rule so as to
anticipate and compensate for low or high streamflow
events. In this way the wasting of desalted water over the
spillway would be reduced and the efficiency of the
operating rule increased

Improvement in the Firm Yield Definition

In defining the firm yield of a system the magnitude
and duration of shortages should affect the firm yield as
well as the frequency of shortage. Program modifications
should be developed and studies undertaken to establish
the best and most realistic definition of firm yield.

Gradient Methods for Plant and Reservoir Size

Further work should be done in making the
Operating Rule Program more completely automatic in its
application. It may be possible to introduce plant size and
reservoir size as variables and then use a gradient (steepest
ascent) method to find the optimum conditions with
respect to several variables simultaneously.
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DETAILED DESCRIPTION OF THE OPERATING
RULE PROGRAM AND ITS APPLICATION

Input Data Required by the Program

The following categories serve to identify the input
requirements of the program. Every variable name that
appears in the input list is defined and, if applicable, the
options are explained. The field position and width is

..given for each variable. For those variable names that are

. arrays, the format specification used for reading the input
is also given. All integer variables must be right hand
justified in their respective fields. This information can
serve as a guide for the preparation of input data.

A. Run identification card. The first card identifies
‘the particular job and contains the holerith information
desired by the program user, punched in columns 1 to 80.

B. Specification card. This card contains the para-
meters that control the operation of the program.

Variable Card
Name Cols. Definition

NPER 15 number of periods in the cost
simulation

NYP 6-10 number of years in a period of
NPER

NPFY 11-15 number of periods used in the firm
yield determination

NYFY 16-20 number of years in a period of
NPFY

NPRC 2125 number of entries in the elevation-
capacity-surface area table

CMAX  26-35 contents of the reservoir at the
maximum usable elevation (BG)

CMIN 36-45 contents of the reservoir at the
minimum usable elevation (BG)

DSCAP  46-55 capacity of the desalting plant
(MGD)

FORCE 56-57 forced operation parameter; it spe-
cifies the minimum months of con-
tinuous operation once the plant is
turned on

KIO 59 intermediate output option in
YIELD

KPC

KREAD

IFLOW

ISTOR

IYEAR

KIK
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61

63

67

69

71

73

1 = the intermediate firm yield
results are printed out
2 = suppress the printout

option for plotting reservoir con-
tents in program OPRUL

1 = the monthly reservoir contents
are plotted for each period

2 =no plot

printout option in GNFLO

1 = printout statistics of historic
data and the generated streamflows
for each periods

2 =no printout

firm yield determination option

1 = input firm yield values from
punched card

2 = enter subprogram YIELD to
determine values of firm yield

input option for the historic
streamflow data

1 = monthly values input in cubic
feet per second (cfs)

2 = monthly values input in million
gallons per day (MGD)

3 = monthly values input in acre-
feet (A.F.)

4 = monthly values input in billions
of gallons (BG)

input option for the elevation-
capacity curve

1 = storage contents in hundreds of
acre-feet (A.F.x 10°2),

2 = storage contents in billions of
gallons (BG)

option for specifying the year

1 = water year (October to Septem-
ber)

2 = calendar year (January to De-
cember)

intermediate printout option in OP-
RUL

1 = printout results of simulation
for each period and each rule

2 = no intermediate printout



C. Mean inflow and monthly demand coefficients.

DEMB mean inflow rate of the historic streamflow in
million gallons per day (columns 1-10)
DM the array (12 values) of monthly demand

coefficients (12F5.0)

D. Projected target demand rate.

NDP number of projected demand rates used in the
analysis (columns 1-2 right justified)
1 <NDP =6

TRDEM array of demand rates in MGD (6F10.0 start- |

CAP

ing in column 11)
E. Elevation-capacity table.
is the array of elevations in ascending order

capacity of the reservoir at the corresponding
elevation

The entries are paired on the input cards with |
up to 5 pairs per card (10F8.0) RL(1), |

CAP(1), RL(2), CAP(2),..., RIL(NPRC),
CAP(NPRC) NPRC pairs must be entered in
this manner.

F. Turn-on fractions.

NON number of turn-on fractions (columns 1-5,
right justified) |
ONLEV  array of turn-on fractions that are combined |

with the turn-off fractions to formulate the
operating rules (10F5.0)

G. Turn-off fractions.

NOF number of turn-off fractions (columns 1-5
right justified)
OFLEV  array of turn-off fractions used to formulate

the operating rules (10F5.0)

H. Firm yield parameters.

START  estimate of the level of development of the
system 0.0 < START =< 1.0 (columns 1-10)

STEP increment by which START is initially adjust-
ed in the iterative procedure to obtain the firm
yield values (columns 11-20)

PCF frequency required for meeting the target

demand rate; i.e., the definition of the firm
yield expressed as a fraction (columns 21-30)
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RBAR

REL

RLOSS

SA

NSN

MSN

(a) ONI2

OFI2

(b) ONI2

OFI2

ONI3

I. Mandatory releases.
average release rate in MGD (columns 1-10)

array of monthly release coefficients (10F5.0
starting in column 11)

If mandatory releases do not enter into the
analysis, this card is still required in the input
deck; set RBAR and REL equal to zero

J. Reservoir losses (evaporation).

array of average monthly evaporation rates
from the reservoir expressed in inches per
month (12F5.0)

K. Surface area table.

table of surface areas which correspond to
each entry in the reservoir elevation table,
expressed in acres (8F10.0)

L. Monthly season assignment.

seasonal configuration of the mean monthly
inflows to the system

1 =1evel case

2 = low and high flows

3 =low, average, and high flows

array of monthly assignments as determined
by the flow configuration

If NSN =1 all 12 months are designated as 1.
If NSN = 2, then the low months are desig-
nated as 1 and the high months as 2. If NSN =
3, then the low months are designated as 1, the
average months as 2, and the high months as 3
(1315, right justified).

M. Increments for modifying the rule.

the increment subtracted from turn-on frac-
tion for the high flow months (columns 1-8)

the increment subtracted from turn-off frac-
tions for the high flow months (columns 9-16)

the increment subtracted from the turn-on
fractions for the average flow months (col-
umns 1-8)

the increment subtracted from the turn-off
fractions for the average flow months (col-
umns 9-16)

the increment subtracted from the turn-on
fractions for the high flow months (columns
17-24)



the increment subtracted from the turn-off
fractions for the high flow months (columns
25-32)

OF13

M(a) is required if NSN is specified as 2. M(b)
is required if NSN is specified as 3. If NSN is
specified as 1, then category M is omitted from
the input.

N. Optimized load factors.

NOLF number of load factors in OFACT (I2, right
justified)
OFACT array of load factors at which the plant is

optimized (8F5.0, starting in column 6)

O. Operational load factors.

NOFF number of load factors in FACT (I2, right
justified)
FACT array of load factors which have associated

operational cost entries in the cost table
* (8F5.0, starting in column 6)

P. Annual fixed charge.
CAPC array of annual fixed charges, one entry for
each optimized load factor, expressed in dol-
lars per year (8F10.0)

Q. Operation and maintenance costs.
OPCST  two-dimensional array of operation and main-
tenance costs for the plant optimized at the
load factors in OFACT and operating at the
factors in FACT. There are NOLF cards
required with NOFF entries per card (8F10.0)

R. Cost data.

ETONC estimated plant turn-on cost in dollars (col-
umns 1-8)

ETOFC  estimated plant turn-off cost in dollars (col-
umns 9-16) |

INT discount interest rate expressed as a fraction
(columns 17-24)

RATE fixed charge rate expressed as a percent (col-

umns 25-32) (F8.0)
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S. Average values of firm yield.

AVFY  array of average firm yields values, contains

NR values eight per card (8F10.0)

S is omitted from the data deck if the firm
yield values are to be determined by entering
YIELD;i.e., KREAD = 2.

T. Average values of load factors.

XLF array of average load factors associated with
the rule that produces the firm yield as entered
in AVFY. It contains NR values with XLF(1)
= 0.0; ie., operation without desalting and

eight entries per card (8F10.0)

T is omitted from the data deck when S is
omitted.

U. Input data to the streamflow generator GNFLO.

1. Identification card. Contains holerith infor-
mation to identify the data being used. Must
have an A in column 1.
2. Control parameters.

IYRA earliest year of record at any station

IMNTH  calendar month number of first month of year

IMSNG  indicator, positive value for estimating missing
correlation coefficients

ITEST  indicator, positive value calls for consistency
test of correlation matrices

IRCON indicator, positive value calls for reconstitution
of missing data

NSTA number of stations at which flows are to be
generated

IPCHQ  indicator, positive value calls for writing gener-
ated flows on tape
3. Streamflow data.

ISTAN  station number (columns 1-6, right justified)

IYR year (columns 11-14)

QM array of monthly streamflows (12F5.0, start-

ing in column 15)

4. Blank card. Repeat 3 for each year of
streamflow record to be entered then follow
the last (3) card with a blank card which
terminates the input.



ALOSS

AVDUR

AVUC

CMD

DBAR

DD

DELP

DELS

DFLAG

DSEFF

DSPRO

DSSP

DSV

FYINC

KADD

KCON

KSTRT

Other Important Variables Used in
OPRUL and Subprogram YIELD

accumulated losses from dead storage when in
a drought (BG)

average duration of droughts (months)

average unit cost array of the feasible rules
($/K gal.)

array of monthly demands on the system (BG)

the mean inflow to the system as obtained
from historical data (MGD)

variable demand rate used in iterating on firm
yield values (MGD)

change in the reservoir contents for month
prior to the current month (BG)

change in storage for the current month (BG)

drought flag: 1 = no drought; 2 = currently in
a drought

ratio of desalted production actually used in
satisfying the demand to the total desalted
production

total desalted water production for the period
(BG)

desalted water produced in excess of require-
ments that eventually is spilled (BG)

array of monthly production from desalting
plant (BG)

the increase in the firm yield to be provided by
the desalting plant (MGD)

desalting plant operation flag

1 = desalting plant is off, reservoir contents
greater than the turn-on contents

2 = desalting plant is on, reservoir contents less
than the turn-on contents -

a continuous operation counter KCON = 11
signals time to shut down for maintenance

flags the computation for obtaining the initial
reservoir starting contents

1 = not in the computation

2 = store year end reservoir contents

KSTO

NMON

NOR

NR
NSIG

NTOF

NTON

OFCON

ONCON

PI

PPCF

RCON

RLEV

RS

RSTOR

RSP

SDSP

SSHT
SSPL

UCAP
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array of monthly reservoir contents rounded
to nearest integer (BG) used if the plot option
is selected

an array of the number of months the desalt-
ing plant operated each year

the number of operating rules in the decision
set

NOR + 1
signal normal or abnormal return from TERP

array containing the number of times the plant
was turned off in each year

array containing the number of times the plant
was turned on in each year

turn-off fractions converted to storage con-
tents (BG)

turn-on fractions converted to storage contents

(BG)

a performance index, percentage of target
demand satisfied on a volume basis

the firm yield definition expressed as a per-
cent, PCF x 100

array of monthly streamflows obtained from
GNFLO (BG)

array of year end (start of year) reservoir
contents (BG)

reservoir elevation (ft)

array of initial reservoir contents for each
period (BG)

the current value of reservoir contents (BG)

the value of RSTOR for the month prior to
the current month (BG)

a running summation of desalted water pro-
duction that may end up as spill (BG)

array of yearly shortages (BG)
array of yearly spills (BG)

available storage (BG)



List and Purpose of the Subprograms ' Called for in OPRUL

The main program OPRUL utilizes 12 external
subprograms during the course of the simulation. A brief
description of the function of each program is given

below.

RAN

FIND

QCON

TERP

CON

GNFLO

CROUT

a function subprogram which generates ran-
dom numbers with a uniform distribution
between 0.0 and 1.0. The subprogram is valid
for computers that use 32 bits to represent
integer numbers. If OPRUL is to be used on a
computer with a different bit configuration,
RAN must be modified or a different subpro-
gram used to provide the uniform random
numbers.

locates and identifies the minimum cost rule
from among the set of feasible operating rules

converts each monthly value of a generated
streamflow sequence from a rate to a volume
in billion gallons. If flows are generated in the
units of billions of gallons, then QCON is not
entered.

entered to perform a linear interpolation in the
elevation-capacity-surface area tables. The ta-
bles must be arranged with the elevation and
corresponding capacity and water surface are
in ascending order. The increments should be
small enough to adequately describe the
curves.

for a given month and a given flow rate CON
computes a volume in billions of gallons. It is
used to convert the demand rates and desalting
plant rate to volumes on a monthly basis.

generates the streamflow sequences used
throughout the simulation in OPRUL and
YIELD. The program, as mentioned previous-
ly, was obtained from the Hydrologic Engi-
neering Center, U.S. Army Corps of Engineers,
Sacramento, California. In the event that a
better streamflow generation model is develop-
ed, it can readily be substituted for GNFLO.

used in GNFLO to solve equations simulta-
neously for the regression coefficients. This
subprogram was obtained with GNFLO from
the HEC, U.S. Army Corps of Engineers.
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PLOT

RULE

COST

TERP3

YIELD

produces a plot, on the printer, of monthly
reservoir contents when the plot option (KPC
= 1) is specified. The ordinate is reservoir
contents expressed as a percent of the total
capacity and the abscissa is month and year.
Ten years are plotted on a page. The plot
option is not available in subroutine yield. A
very general logic flow is depicted on page 56.

formulates the set of operating rules to be used
in the firm yield analysis. The general logic
involved is shown by means of the flow
diagram on page 57.

determines the total annual cost for a given
feasible rule and period of simulation. The
subprogram is not limited to any one type of
desalting process or even to any one source of
supplemental water. The only requirement is
that the costs can be presented in the format
as described in the input requirements. A
general flow diagram for COST is shown on
page 58.

interpolates in the three-dimensional array of
average firm yield values to determine the set
of feasible operating rules. The argument is the
projected target demand rate (TRDEM). Each
turn-off fraction, in turn, is held constant and
the interpolation performed to obtain a turn-
on fraction. The number of interpolations
attempted is always the same as the number of
turn-off fractions specified by NOF. The
general logic flow diagram of TERP3 is shown
on page 59.

simulates system operation, using a given
streamflow sequence, to find the yield of the
system that satisfies the firm yield definition.
A calculated guess is made for the demand rate
that the system can satisfy the required num-
ber of years. Simulation is repeated by adjust-
ing the demand rate until the firm yield
definition is met exactly or is bracketed. If
the firm yield value is bracketed, a linear
interpolation is performed to obtain the de-
sired firm yield value. A firm yield of the
system without desalting is determined along
with the firm yield of each operating rule in
the decision space. A very general flow dia-
gram is shown on page 60.



SUBPROGRAM PLOT FLOW DIAGRAM

Convert monthly reservoir content
into percent of total capacity

Rank values of monthly reservoir
content into descending order

Print the ordinate, in
10 percent increments

Plot values of monthly
reservoir content (for 10 years)

All years plotted

Increment by
10 years

Yes
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SUBPROGRAM RULE FLOW DIAGRAM

Combine the turn-on and off
reservoir contents to determine
the number of the rules

Formulate the rules for
two season case

Formulate the rules for
three season case
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SUBPROGRAM COST FLOW DIAGRAM

Select the appropriate cost column
in the table of plant cost data

Obtain the O. M. R. cost and turn-
on and off costs for year n

Discount the costs for the
nth year to the present and sum

Increment n

No

n = number of years in
the economic period

Apply capital recovery factor to obtain
uniform annual O. M. R. cost

Obtain total annual cost
(i.e., O.M.R. + annual fixed charge)
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SUBPROGRAM TERP3 FLOW DIAGRAM

Fix the turn-off fraction

arget demand in the
range of firm yield

Print: Target demand

is out of range

Interpolate to obtain turn-on
fraction within T 2 percent

More turn-off fractions

59



SUBPROGRAM YIELD FLOW DIAGRAM

Generate NYP years of streamflow
and convert rates to monthly volumes

Generate the initial
reservoir content for
NPFY periads

First period

Iterate to obtain firm yield
without desalting plant

Iterate to obtain firm yield
with desalting plant for
each operating rule

Last period

60
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NPRC= 2&
CHAX=Z623.57T4 Bobo
CHMINZ 20.000 BoGo
DSCAPZ175.00 MeGoDeo

FORCE= 1
KIoz &
KPCz 2
Kipz- 2
KREADZ=- 1
IFLOKWC- &
ISTOR:- 2
IYEARZ 2
KIK= B
THERE ARE
2050.0

DEMB=2350.000 M.G.D.
RBAR= 150.000 M.G.D.

THIS IS A 3 SEASON RUN
AVE. SEASON ON INC= .0S0
WET SEASON ON INC.- .100
MONTHLY SEASON ASSIGNMENT
DEMAND COEFFICIENTS
RELEASE COEFFICIENTS

TURN-ON FRACTIONS
TURN-OFF FRACTIONS

START= .90
STEP= .0S
PCFz= .90

«70

J AN
2

.92

-30

.SU
.85

1 DEMAND LEVELS IN THIS RYUN AS FOLLOMWS

AVE. SEASON OFF INC:
WET SEASON OFF INC.Z=

FEB MAR APR MAY
2 3 3 2

«90 «92 «95 1.00

<30 «30 «50 «-60

<40 .30

.70

-050
100

JUNE
1

1.06

l1.00

JuLy
1

1.08

1.50

AUG
1

1.10

2.50

SEPT
1

ocCTY
1

1.05

1.80

NOV

1.00

<40

DEC

«92

.30
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OPER. L. Feo
(IN PERCENT)

0.
10.
20.
30.
50.
70.
90.
100.

ANNUAL FIXED

COST DATA FOR DESALTING PLANT USED IN

ANALYSIS

ANNUAL COST IN S/YR. FOR THE PLANT THAT IS OPTIMIZED AT THE GIVEN LOAD FACTOR (IN PERCENT)

10. 20.
1000000. 1000000.
12660000. 13000000.
15750000. 15550000.
18650000. 18200000.
24600000. 23600000.
30870000. 29960000.
36600000. 33900000.
39400000. 36300000.

CH6. 9s800000. 10100000,

AT 7.23 PERCENT

ESTIMATED TURN-ON COSTz 180000.
ESTIMATED TURN-OFF COST= 140000.
INTEREST RATEC - 0500

AVERAGE F IRM
1935.22
2009 .90

AVERAGE LOAD
.00
56.12

INTERPOLATED
« 8435

INTERPOLATED
67.90

YIELD
2083.63 2082.02 2077.29

FACTORS
70.65 66.92 61.10

TURN-ON FRACTIONS
«833 «513

AVERAGE LOAD FACTORS
64.42 59.13

30.

1000000.
13200000.
15600000,
18200000.
23150000.
28000000.
32800000.
34600000.

10610000.

2058.33

68.48

S0.

1000000.
18100000,
16300000.
18550000.
22840000.
27800000,
31650000.
33700000.

11580000.

2056.87

65.01

70.

1000000.

18600000.

16750000.

18800000.

23000000.

27300000.

31400000.

33400000.

12300000,

2048.15

59.00

90.

1000000.
15200000.
17210000.
19200000.
23200000,
27400000.
30350000.
32500000.

12940000.

2045 .57

67.59

20846.5%

684.12

2038.73

57.16

2017.03

66.18

2016.01

62.98
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OPERATION WITHOUT THE DESALTING PLANT

PERTENTY DE MAND
DEMAND M. G. D.
-85 1997. 50
- 80 1880. 08

DPERATING RULE

SEASON 3+ ONT442.50 B8.G.
SEASON 2+ ONZU12.32 B.C.
SEASON 3+ ON-332.1% 8.C.

PERCENT DE MA N
DEMAND M. G. D.
-95 2398. 75
« 85 21486, 25
.80 2020. 00

OPERATING RULE

SEASON 1+ ON-U4UN2.50 B.G.
SEASON 2. ONZ412.32 8.G.
SEASON 3. ON-382.1% B.G.

PERCENT DEMAND
DEMAND M. 6. D.
95 2398. 75
- 8S 21486. 25
.80 2020. 00

OPERATING RULE

SEASON 1¢ ONTUH42.50 B.G.
SEASON 2¢ ONZ412.32 B.G.
SEASON 3. ON=382.14 B.G.

PERCENT DE MAND
DEMAND M. 6a Do
-« 95 2398. 75
.85 21486, 25
- 20 2020. 00

OPERATING RULE

SEASON 1s ON=321.79 B.G.
SEASON 2+ ON-291.B1 B.G.
SEASON 3¢ ON=2561.43 B.G.

PERCENY DE MAND
DEMAND M. G. D.
.90 2272.590
-« 80 2020.400

OPERATING RULE
SEASON 1¢ ON=321.79 B.G.
SEASON 2. ONZ291.61 B.C.

NO. OF SHORTAGES FREQUENCY
SHORYT AGES B8.6. OF TARGEY
16 1043.22 1887

b 268.02 92.08

OFF=593.40 B.6.
OFF>563.22 Ba.5.
0FF=533.08 B.Be

NO. OF SHORTAGES FREQUENTY
SHORT AGES 8.6 OFTARGEY
41 S5132.73 45433

15 1866317 38.00

S 227.11 B3.33

OFF=533.04 B.b5.
OFF=S02.86 BaG.
OFF=-%872.68 B.G.

NO. OF SHORTAGES FREQUENCY
SHORTAGES B8.G. OF TARGET
41 5152.68 45.33

16 1090.13 78.67

S 227.13 93.33

OFF=882.50 B.G.
0FF=812.32 B.G.
OFF=382.1% B.G.

NO. OF SHORTAGES FREQUENCY
SHORT AGES B.G. OF TARGET
41 5248.07 45.33

16 1114.79 78.67

S 227.09 93.33

0FF=593.40 B.G.
OFF=563.22 B.G.
OFF=533.C% B.G.

NO. OF SHORTAGES FREQUENCY
SHORTAGES 8.6. OF TARGET
27 2755.10 B4.00

8 307.71 89.33

OFF=533.04 B.G.
OFF-502.86 B.G.

PERFORMANCE
INDEX

98.09
99.43

PERFORMANCE
ANDBEX

32.18
98.13
99.59

PERFORMANCE
INDEX

R.15
98.1%
93.53

PERFORMANCE
INDEX

92.01
98.10
99.59

PERFORMANCE
INDEX

95 .57
99.%44

SHOR TAGE
DURATION

2.086
2.17

SHORTAGE
DURATION

2.95
2-07
1.80

SHOR TAGE
BURATION

2.95
2.00
1.80

SHOR TAGE
DURATION

3.00
2.00
1.80

SHORTAGE
DURATION

2.84
1.62

PLANTY
TURN ON

0
]

PLANT
TURN ON

72
58
B4

PLANT
TURN ON

73
68
66

PLANT
TURN ON

T4
T4
71

PLANT
TURN ON

63
LE

ALOAD

.00
-00

ALOGAD
83.56

Th. 4%
£7.36

ALOAD
82.33

72.07
$5.05

ALOAD
80.44

B7.24
59.05

ALOAD

81.64
68.24
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RUE NO.= 3

DEMAND= 2050.00

INCREASE IN YIELD>= 118.78 M.G.D.

PERIOD NO.= &

YE AR TIMES ON TIMES OFF MONTHS ON

DB NN & NN -

-t

-~
Qe ro O b Qe D0 e 0o gt s O b b o ) pem e e b e e par b P
P e () et b b 3 e (D D ED e e ho ) bt e et e ) et e g ) N B b e pe

EFFICIENCY= .86

AVERAGE COSTS FOR FEASIBLE OPERATING RULES

.768% 7627 «7670

MINIMUM COST OF FYINC= .7627 S/K GAL.

INCREASE IN FIRM YEILD= 1184.78 M.6.D.

TURN ONZ= 43

DATA

TURN OFF= -85

CARDS IGNORED - FIRST IS LISTED BELOW

11

s bt

WUNCBONWEDOWOHANNNWR S & O~ YN~

DSPRO
58.45
37.10
37.10
37.10
58.62
31.67
16.10
58.62
$8.62
21.00
21.35
58.62
82.35%
15.75
10.67
10.67
37.10
31.67
15.75
-00
«00
21.35
15.75
10.67
31.85
42.35
5.42
10.67
2677
15.75

psse
-00
«00
«00
-00
-00
.00
-00
.00
.00
-00
«00
<00
-00
.00
.00
131.30
<00
.00
57.68
98 .95
-00
00
33.1%
.00
-00
-00
9% .26
-00
.00
38.23

ANNUAL COST=384285450.5 S/ YEAR

UNIT

SPILL
.00
-00
.00
-00
-00
.00
-00
-00
.00
-00
.00
-00
.00
.00
00

131.30
.00
.00

57.68

111.57
«00
-00

33.1s
.00
.00
<00

220.33

262.32
.00

38.23

COST OF FYINC= .8184% $/K GAL .

SHORT.
47.46
-00
<00
.00
-00
«-00
-00
68.48
.00
«00
00
-00
.00
.00
.00
«00
«00
«00
.00
-00
-00
-00
.00
.00
.00
.00
-00
.00
.00
-00
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[aXaNal

PROGRAR OPRUL usu APRIL 1968 TO JULY 1969
THIS PROGRAM SIMULATES OPERATION TO AID IK EVALUATVING THE OPERATVING

RUWLE

COMMON /BLOCKA /0 (1201.5)

COMMON /BLOCKB/ONCONE1D03. OF COM(I00) -UCAP

COMMON /BLOCKC/CAP (100)RL (1001 DM 12121 ,RS{501°SALIDDIRLOSSITI2}0
IRELCL2)oMSNI222eDSVIL 2D SSHY (E0D)oCHDEL23eFV C200500,AYLF (200500
2CHAX cNPRCoDSCAPs FORCE«START e STEPePCFoNMSNoDENBe CRINK IP - RBARY
3KREADo ISTORCIFLOW. IYEARNMPER

COMNON /BLOCKD /M TONISO) ¢ NTOF (SO) o HMONIS0)«FACT (IDD o CAPC(10).0PCSTY
1350+1000FACT (10) oMOLFoNOFF oETONCoETOFCo INY »RATE

COMMON /BLOCKE/ AVFY(SD) o XLF(SD)»ON(2OPoAL (ED)

COMMON /BLOCKF /ONI2¢0F 12.0%13.0F13

OIMENSION OWLEVI 10).OFLEV(IDI.DSPROISOI-DSSP {501 oSSPLIST e
IKSTOUBORPoDSEFFE25)s UCFVI250200 o MRTHIL123, AVUCESD) o TROERTIOD
20%0P V(10D oOFCP T{ IO OFACLI0) oFVINCEID) e MNTHAEL2)

INTEGER FORCE -OFLAG

DATA HMYN/GHOTT «RMNOV oBHDEC o+ QHJAN oBMFEB <SHNAR +QMAPR oQHNAY o
18HJUNE o SHJUL Yo 8HAUG o ONSEPT/

DATA MATMA/GHJIAN oSMFEB oANNAR GHAPR o BHMAT «uMJUNE-QHJIUL VoBHAUG
LeSHSEP T GHOCT oaHWNOV «QHDEC /

#WRITE(6.5000)

S000 FORMAT(1HOoQ0X %00 coe OPERATING RULE PROGRAM cooce s

13H008SX: °OFFICE OF SALINE WAVER®/
2BHO0. 38X "UNITED STATES DEPARTMENY OF INTVERIOR®//7/
33H0. 38X, *PROJECT NAWE o°/

L L]
SiH

983X "0PTINUN OPERATION OF DESALTING PLANTYS AS°/
¢4 3% °A SUPPLEMEMTAL SOURCE OF SAFE VIELD.®/

6IHDo 38X CONTRACT NUWBER o 18-01-0001-1731°/
TiHO.63%o°A COMPUTER PROGRAM DEVELOPED BV°/

BiIH
94
SIH

e®3X.*UTAH HATER RESEARCH LABORATORYVY®/
s8THoYUTAH STATE UMIVERSITve/s
©53X0"JULY 19693°/

SIHDe 38R °PROJECT STAFFe°/

1M
S1H
SIH
$iM
BIH
SIH
SIH

eB31Xe°SAN SHIOZAWA OSY REPRESENTATIVE®/
e31Xo"CALVIN 6. CLYDE PROJECY LEMDER®/
eX1X.°"DEAN Fo PETERSOMsJR. ADVISOR®/
eB1Xe"ROLAND W. JEPPSOM ASSOCIATE PROFESSOR®/
vB1Xe"JANES H, MILLIGAN RESEARCHN ENGIMEER®/
eQ1Ro"WESLEY H. BLOOD RESEARCH EMGINEER®/
062X« "AND PROGRAMMER®/1H1)

READ(S.1000)
1000 FORKAT(8O0H

1

HRITE(S,1000)
INPUY CONTROL PARAMETERS © o o o o o o o o & @ & o o
RE2ZD(S501002) NPERoKNYPsNPFY NYFY  NPRCoCHAX+CMINoDSCAPFORCE+KIOeXPC
1oKIP+KREAD- IFLOUW ISTOR IYEARIKIK

1002 FORMAT(SISs 3F10.0,912)
MRITE(G¢2006INPERINYPoNPFYSNYFY NPRCoCAAX+CHINIDSCAP+FORCESKIOoKPC
1eKIP KREADs IFLOMIISTOR IVEARKIK

2006 FORMAT(1HO.*NO.OF PERTODS IN SIMULATIONZ°I3+10X."NO. OF YEARS IN E
IACH PERTIOD= *I3¢/1H »°*NO.OF PERIODS IN FTRM YIELD="I3.10X+"NO.OF Y
2EARS IN EACH PERIOD:Z "T3+/1HD«*NPRC="I3./1H "CMAXZ'F7,.3,° B.G,.*/

31H

¢*CMINT*F7.3¢° B.Go*/1H +"DSCAP-*FE.2+" M.G.Do"/1H +*FORCE="12¢

§/71H o*KTO="I2e¢/1H +"KPC=®T20/1H o "KIPT*I2+/1H o+ "KREADZ*I2+/1H +°1IF
SLOW=*T2¢/1H +°ISTOR="I2+/1H o IYFARZ*I20/1H »°KIKZ*][2
INPUY THE DEMAND DATA o s ¢ ® o ® © ® o 8 & s ©° &

1001
1010
1011
c
[
1003

507
sos
1008

1005

1110
c

1006
1007

2

3

[}
1012
1013
1018
1115

1015

1112
1113

1016

1017
1018

1019

1020
1021

1022

READ(S501001) DEMB+{DMII}eI=1s12)
FORMAT(F1 0.0+ 13F5.0)
READ(S5+1010) NOP.( TRDEM(J)»JT1sNDP)
FORMATII2+8Xe6F10.0)
HRIVE(G6+1011) NOP+ (TRDEMIJIoJT) +NOP)
FORMAT (1HOs *THERE ARE°I3o° DEWAMD LEVELS IN THIS RUN AS FOLLOUS®/
11H «B8F12.1)
INPUT RESERVOIR DEPTH-CAPACITY DATA ¢¢ ¢ o e & & 5 & o =«
READ ALL RESEVOIR DAVA IN FROM THE LOWESY TO THE HIGHEST YALUES.
READ(5+ 18031 (RL(JICAP{J)sJT 1o NPRC)
FORMAT (10F8.0¢
IF(ISTORLEQG.2) GO YO 508
DO 507 J=1.NPRC
CAPUUIZCAP(U)e .000326
INPUT OPERATING RULE CRITERA ¢ ¢ e ¢ © o o & © o s @
READ(So1D0R) NON+(ONLEV(J)osJ=1oNON)
READ (S 100%) NOFs» (OFLEV(J) +J=] oNOF)
FORRAT(IS 1 OF5.0)
READ(S+ 10051 START.STEP.PCF
FORMAT(8F 10.0)
READ(So 10011 RBARCIREL(I}oI=1412)
READ IS+ 10083 (RLOSSEJIou=1012)
READ(SoLO03! (SA(J)eJ=1NPRC)
YRITE(G+1110) DEMB.RBAR
FORMAY(1HO0 *DERB=°FBo30° M.6.D0.°/71H o "RBARZ°FB8.3¢° M.GoDo®/)
ORDER SEASOMS FROW TWE DRIEST YO VHE WETTEST
READISoROO7? NSKo(NSHIIloEI=1e12)
FORMAT(E3FS.OV
FORMAT(13IS)
GO TO(&o302)eMSH -
READ(So 005! ONI2+0FI2o0NI30FI3
60 7o &
READ(S-1005) ONI2-0FI2
WRITEC(E01012) HSH
FORMAT (1HO» °THIS IS A°12+° SEASON RUN®}
IF(NSK.EQ.2) WRITE(G.1013) ONI2.0FI2
FORMATELIN »°WET SEASON ON INC.=°F5.20 I0X°WET SEASON OFF INC.=°FS.2
1)
IFENSM.EQ.3) WRITE(G.1018) ONI2+0OFI2.0MI3<0FI3
FORMAT (1M +°AVE. SEASON ON INCT°FS5.3.13X*A¥E. SEASON OFF INC=°FS5.3
Lo/1H o°HET SEARSOM OM INC.="FS.301(X°WET SEASON OFF INC.=°FS.3)
60 TOC2111:1112) IVEAR
BRITECB01015) (MNTMHUT) o IT1o 1200 (MSHETIoT=1e12)
FORMAT(1HDo 28X+ 2286/1H o*HONTHLY SEASON ASSIGNMENT®12I6)
60 YO 1113
HRITE(G.101S) (MNTHACTI} eI=1e127o¢RSN(I),EZ1012D
CONTINUE
MRITE(6+1016) (OMII)eI=1012) e (REL(JIedT1e12)
FORMAT{1HOs *DEMAND COEFFICIENTS *SXo12F6.2/1H0. *RELEASE COEFFICIEN
1TS *aXe12F6.2)
WRITE(6¢1017) (OMLEVIJ) ¢eJ=] +NON)
FORMAT(1HOs *TURN-ON FRACTIONS®S5Xw 10FS5.2)
HRITE(6+1018) (OFLEVIJ) U=l NOF)
FORMATC(LIH +*TURN-OFF FRACTIONS®&X . 10f5.2)
WRITE(E.1019) STARTSTEP.PCF
FORMAT(1HO *STARTZ"FR.2+/1H ¢ *STEP=*F &, 20/1H +°PCF=*F§.2)
READ(5+1N20) NOLF+ (OFACT(J)+J=1 sNOLF)
READ (S« 1020) NOFF (FACTIU)cUT1e NOFF )
FORMAT(I2+3X.8F5.0)
READ(S+102)1) (CAPCUU)eJ=1+NOLF)
FORMAT (8F10.0)
WRITE(E.1022)
FORMAT(1H1s 30X+*COST DATA FOR DESALTING PLANTY USED IN ANALYSIS®)
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WRITEtS.1023)
WRITE(6.1024)
1123 FORMAT(1HO."0OPER. L. F. °"SX+*ANNUAL COST IN $/YR. FOR 'THE PLANT TH
1AT IS OPTIMIZED AT THE GIVEN LOAD FACTOR (IN PERCENTI')
1074 FOPMAT(IH +*(IN PFRCENT)®)
WRITE(H+1025) (OFACTIJI U1 NOLF)
1775 FORMAT(1IHOs ISX«1NF10.0)
D0 6 J=1+NOLF
READ(S¢1N21) (OPCSTI(TsJ)sIZtsNOFF)
60 CONTINUE
DO €1 I=1.NOFF
Al WRITE(G¢INZEBY FACTII)+(OPCSTEIvsJYsJT1NOLF)
1026 FORMAT(IHO, 2XoFS.0e 13X+ 10F1 0.0
READ(S5+,1N21) ETONCETOFCoINT+RATF
WRITE(E+1027) {CAPCU{JI=JT1eNOLF)
WRITE(E+102R) RATE
1N27 FORMAT (140, *ANNUAL FTIXED CHG."3X,13F10.0)
1928 FORMAT{IH s+ AT *1%+FS.2¢ 2% "PERCENT ")
WRITE(6+1029) ETONCSETOFCsINT
1079 FORMATAIHD»*FSTIMATEN TURN-ON COSTZ "F8.3+/1H +"ESTIMATED TURN-OFF
1 COST= *F8.0+¢/1H #*INTEREST RATEZ °*FB.4)
INITTALIZE PARAMETERS s o . * 5 & 3 o ¢ e . « s .
GO TO(305306)KREAD
305 NRZNONeNOF e}
READ{S»1005) (AVFY (LY «L=1s,NR)
PEADLS1005) (XLFIL)Y«LZ1eNR}
36 UCAP=CMAX-CHIN
IARG = 798531
Cz.0NNDU3SEeT.88/12.
00 309 I-1s12
CALL CON(DSCAP.DS+I1.1YEAR)
DSVITI=DS
3IN9 CONTINUE
IF{KREAD.EQ.1) GO TO 312
DO S JZ1+NON
S OMCON(JIZONLTV(J)eUCAPSCHIN
00 & J-1leNOF
6 OFCONTUITOFLEVIJIsUCAP+CMIN
CALL RULEL INOMN«NOF «NOR+NSN.KIO}
CALL YTELDUINPFYNYFY .NOReX10)
NRZINOR< 1
D0 8 J-1eNR
XLF{Y1z0.
8 AVFY(UIZD.
00 10 *NR
DO 9 T-1.NPFY
XLF LI oXLF(JYeAVLF (T o )
AVFYCIIZAVE YL J)eFO LTy}
9 CONTINUE
XtF{JYZXLF QI /NPFY
AVFY(JIZAVF YL )/-NPFY
17 CONTINUE
Go TO 310
J12 NX:zNPFY
IFINPEP.GT.NYX) NXZINPFQ
00 313 JZ1eNX
313 RS (4 RANITARG)
DO 318 JI 1eNPFY
NYGINYFY
314 CALL GNFLOINYRKIPIFLOweIYEAR)
310 DO 3Vl U 1eNR
311 AVUCEJIID.
WRITE(L2004)

2304 FORMAT(1HTs "AVERAGE FIRM YIELD"™)
WRITE(B»2005) (AVFY(J)eJd=1eNR)
2005 FORMAT(1H +12F10.2)
WRITEt6.200T)
2007 FORMAT(1HO. *AVERAGE LOAD FACTORS®)
WRITE(6+2005) (XLF{J)eJ=1,NR)
DO S00 K=1.NDP
DD=TRDEM(K)
FYINC(KIZTRDEM(K)-AVFY{ 1)
CALL TERP3{NON«+NOF+DD+ONLEV)
KPZNSNeNOF
L=0
B0 11 J=1+KPsNSN
L=tel
ONCON(JIZON(L) 2UCAP+CMIN
OFCON(JUI=OFLEVILI«*UCAP+CMIN
IF(NSN.EQ.1) GO ToO 11
ONCON(J¢11=ONCONI(JI~-UCAP*ONI2
OFCON{J*1)=0FCON{J)-UCAP*OFI2
IF(NSN.EQ.2) 60 TO H
ONCON(J+2)=ONCON(JI-UCAP+ONI3
OFCON(J*2)=0FCON{JI-UCAPsOFI3
11 CONTINUE
NSI6=0
KMAX=CHMAX+0.5
KMINZCMIN®D.5
391 DO 380 LL=1+12
DEM=DD*DM(LLY*REL(LL)¢RBAR
CALL CONIDEMsCDsLL+IYEAR)
380 CMDILL)=CD
00 400 NP=1 .NPER
NYZNYP
CALL GNFLOINY +XKIP+IFLOW.IYEAR)
IF(IFLOW.EQ.8) GO TO 382
CALL GCONINYP.IYEAR)
382 DO 300 N-1sNOF
JUZNSN® (N-1) +MSN(I)
Mz
IF (ON(N) .GT.0.0) GO 7O 12
UCFY(NP«N)=9999,
60 TO 303
12 KONZD
LEV=1
KADDZ1
KCONZ=O
RSTORZRS (NP}
00 13 Jz1.NYP
NTON(J) =
NTOF (J)zn
13 CONTINUE
CALL TERP(CAP.RLoNPPC«RSTORRLEVsNSIG)
TFINSTG.E£G. 1) GO TO 130
IF(RSTORLLY.ONCON(JUY) GO TO 374
60 YO 375
374 KADDZ=?
HKONZ1
NTONC]) 2]
IF(RSTOR.LT.NFCONIE JIIY LEV=2
375 ®F ZFORCE
SDSP=0.
DELS=S.0
MM
10:=0
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115

116
118

20

22
23

T4

LD=Y

DFLAG=]

ALO0SSZ0.D

D0 15 LL=1eNYP
SSHT{LLI=O.

DSSPILL)= 0.
DSPROILLI =D,
NMONLLL)Y T D

SSPLLL)=O.

CONTINUE

00 97 Jz1leNYP

00 BO I:-1e12
JITNSNOIN-1} ¢MSNIT)
PSPZRSTOPR

DELP-OELS

MzMe]

MM oMM

CALL TERPURL+SAsNPRCQLEVISSAWNSIG)
IFINSIG.EQ.1) GO TO 131
EVAPZSSAORLOSS(I)eC
DFLS=O(M, 1)-CHD(I) ~FVAP
GO TO (17+16)eKADD

IF(KCNAN.LTL. 1Y) GO TO 118
IF(NSN.GT.1) GO Y0 116
XADD )

NTOF {J)ZNTOF(J)e]
XFZFORCE

KCONZDQ

GO 1O 17

IFAMSNIID).5T.1) GO TO 115
DELSZDELSOSYVID)

KEND -1

KFKF-1

KCONZKCONe)
NSPROCJI-DSPRO(IIeDSVLI}
SDSPSOSPeDSVED)
NPMONCIIZNMONGI )+ ]

KONZ1

RSTORIRSTORSDELS

JF tRSTOR.LT.CMAX) GO TO 26
IF(KADD.E0.2.AND.DELP.LT.0.0} GO TO 218
G0 T0 19

KGOz ?

GO Y0 33

DELSZQSTOR-CHAX
RSTORZCMAX

teEvsol

SSPLEJ)Y = SSPLHJ) « NELS
IF (KON EG.0) GO TO 70

GO T0(18422)¥END
IFINELS.LT.SNSPY GO 10 2]
NSSPLIIZDSSP LY Ie<DSP

sSnSse 9.

KENDZ2

GO 10 22
DSSPEJI-NSSPIYIeNELS
SOSP:SOSP-DELS

GO TOUT70s23)exAD0
TF(KFID4e24 .70

FNTER HERE YO TURN QOFF THE DESALTING PLANT
kenn

NIOF LJYINTCE €U}

KF FORCE

c

KCONZ=N
60 YO 70
?6 XGO=1
IF (RSTOR.GT.CMINY GO TO 30
IF(CMIN.LY..000%) GO YO 201
60 TO(201.200), DFLAG
DFLAG=2
DELS=CHIN-RSTOR
RSTORZCMIN
GO Y0 202
200 LD=LD+1
IFC(CMDII).LT.Q(Me1)) GO TO 1202
ALOSSTALOSS«EVAP
DELSTCHDIINI-0(M. 1
RSTORZCMIN-ALQSS
IF(RSTOR.GT.0.) GO TO 202
RSTOR=D.
G0 Y0 202
1202 DELS=CMIN-RSTOR
202 CALL TERP(CAP+RL+NPRC+RSTOR«RLEVeNSIG}
IF(NSIG.EG.1) GO TO 132
LEV=Z2
SSHY tJI=SSHT(J)eDELS
IF(I.EQ.12.AND.J.EQ.NYP) GO TO 330
28 GO TO(38+70)+KADD
30 GO TO (33143301, OFLAG
330 ID=ID«1
IF(T.EQ.12.AND.J.EQ.NYP) GO TO 80
L0=z1
OFLAG=1
ALOSS=0.0
331 CALL TERP(CAP.RL+NPRC+RSTORRLEVINSIG}
IFINSIG.EQ.1) GO TO 1 32 -
IF(KADD.EO. 1) GO TO 35
31 IF(DELS) 35¢35.32
32 IF(DELP) 33¢33,3%
33 IF(RSP.GT.(SDSP-DSVITINIGO TO 13N
SOSP=RSP+DSVII)
134 GO TOU(34,19)+KGO
34 IF(RSTOR.GT.SDSP) GO YO 35
SDSP=RSTOR
35 IF(OFCON(JJI.LT.ONCONIJJ)) GO TO &S
GO TN(3IT+41)¢KADD
27 IF(RSTOR.GT.ONCON(JY 11GO TO 70
ENTER HERE TO TURN ON THE DESALTING PLANT
33 KADDC-2
40 NTON(CJISNTON(J)e]
50 Y0 70
41 IF(RSTOR.GT.OFCONIJY 1)GO TO 23
60 T0 70
45 IF(RSTOR.LT.ONCON(JJY 1IGO TO SI
60 Yo 22
S0 IF(RSTOR.GT.CFCON(JJ )1GO TO 53
60 Y0 55
53 IF(DELS.LT.0.0) GO YO 55
GO TO(70+23),KADD
$5 GO TO (38.70).KADD
70 IF(KPC.NE.1) GO T0 87
71 KSTO(MM-1)ZRSTOR+N.S
80 CONTINUE
AT THIS POINT HAVE COMPLETED ONE YEAR OF THE PERIOD
20 CONTINUE
AT THIS POINT HAVE JUST COMPLETED 4 PERIOD OF NYP YEARS o

20

I~

.
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a9t
az

35

96

3000

mMing

32

3ans3

3N04
98

120
2000

mrQ
400

GO TO(91+721+KPC

CALL PLOTI{KSTO'NYP+KMAX +KMIN)
TEMAZN,

TEMB=0.

D0 95 JZ1-«NYP
TEMAZTEMA+DSPROC JY
TJEMBZTEMBSDSSP (U)

CONTINUE
OSEFFINPIZ(TEMA-TEMB)Y TEMA
53 THI96. 814X IK
WRITE(6.3000) NeNP

FORMAT (1H1+*RPULE NO.="12.10X°*PERIOD NO.z="I2})
WRITELE.3M 1)

FORMAT (1RO, * YFAR TIMES ON TIMES OFF MONTHS ON
10SPRO nsspP SPILL SHORT.*)

00 3002 J=i1.NYP

WRITE(643N03) JeNTONCIDIoNTOF (J) sNMONTJ) «DSPRO(U) e DSSPLUDIWSSPLIU)
1SSHT (U)

FORMAT (4] 12.4F12,2)

WRITE(B+3074) DDDSEFF(NP)

FORMAT { 1HO» "OF MANDC-*FA. 2. OXTEFFICIENCYZ*F5.2)
AVELFZALIN)

CALL COSTINYP.NPJAVELF+ANCST)
UCFY(NPoN)ZANCST/(FYINC(K)*365000.)

GO T0(120.300%.XI1K

HRITET(Be2000) FYINCIK) s ANCSToUCFY(NPeN)

FORMAT{IHO,*INCREASE IN YIELDT®FB8.2,° M.G.D."SX*ANNUAL COSTz°F10.1
1v* S/YEARTSXTUNIT COST OF FYINCZ*FB.4+" 3/XK GAL.")

CONTTINUE
CONTINUE

AVERAGE THE UNIT COST OF THE INCREASE IN FIRM YIELD

un3
495
410
2109

2M0

nns
3006

3007

5Q0

130
40ng
9no
131
40Q2

132
4091

DO &#10 J=1.NDF

DO &35 I=1sNPER

AVUCIJUIZAVUCIIICUCFY(Toa)

CONT INUE

AVUC(JIZAVUCIJII/NPER

CONTINUE

WRITE(B+2 M9

FORMAT(1HN. *AVERAGE COSTS FOR FEASIBLE OPERATENG RULES®)
WRITE(R.2010) {AVUCIJ) +JZ14NOF)

FORMAT (1H + 1IF 12,41

FIND THE LOWEST AVERAGE UNIT COST OF FYINC
CALL FIND(AVUCNOF+IX)

HRITE(E.3035) AVUC (TN

FORMAT(IHL, *MINIMUM _LOST OF FYINCZ"F7.44° 8/K GAL.")
WRITF(E.3N06) FYINCIN)

FORMAT (180, *INCREASE IN FIPM YEILD=*F7.2,% M.G.D.")
WRITF(R.3NIT1 ONLIXI-OFLEVIIXD

FORMAT(IHO, "TURN ON-*FER,2.10X*TUPN OFFZ*F 6,2
OFACIKIZALIIX}

ONOP T (X} -ON(TX)

QFOPT(XIZOFLEVITIY)

CONTINUE

s10P

WRITE (40701 2ST0R

FOPMAT{ IHO. "STARTZ" £10.29

sTop

WRITE(R.4ND2) RLFV

FORMATC1HOL "RLEV-" F10.2)

STOP

WRITE(B,4T01Y RSTER

FORMAT (1HA, *RSTOR:® F10.2)

sToe

END

SUBPOUTINE YIELD(NOPNYPwyNORKI0}
COMMON /BLOCKA/Q (1201 +5)
COMMON /BLOCKB/ONCON{130)»0FCON(] 0O)+UCAP
COMMON /BLOCKC/CAP(1JD) «RLAEIBGI +DMII2)oRSIS01SALIND)IeRLOSSHL 200
AIREL(12) ¢MSNT12)oDSVI1 2)oSSHT(10.0)+CMO (1 23+FY(20+5D) «AVLF (23500«
2CMAX s NPRC «DSCAP FORCE +START »STEP.PCFoNSNeDEMBoCMINS KIP o RBAR .
SKREAD+ISTORTFLOWsIYEARSNPER
DIMENSION KON(2G)+IDD(20)+DLEVI20)+NMONTID0) +STOT(20)KFREQL2D) Y
1ALOADI20)+TS( 203 +PTI(20)+AVDUR(20) vXKDURT250)+RCONC 1D D
INTEGER FORCE<DFLAG
NYPSVINYP
PPCF=PCF»108.
TARG=798531
Z.O0NND4356+7.4R/12.
RS{Y)IZCMIN+O.5UCAP
KSTRY=Z1
DO 300 NP=1.NOP
GENERATE NYP YEARS OF STREAMFLOW AND CONVERY RATES TO VOLUMES . .
NYGZNYP
IFAINP.EQ.1.AND.NYP.LT.75) NYG=7S
CALL GNFLOINYG+KIP,IFLOWsIYEAR)
IF(IFLOW.E0.4Y GO TO 11
IF(NP.EQ. 1. AND.NYP.LT.75) NYP=TS
CALL GCON(NYP,IYEAR!
NYP=NYPSV
11 JJzMSHLD)
DBAR=DEMB
NRZNOR+1
00 200 NZ1+NR
11=0
KNT=1
XCOoN=0
MG=0
HL=0
MCK=0
IF (N.NE.L1) GO TO 17
SSTARY-START-D.20
G0 10 18
17 SSTARTZSTART
MODIFY THE STARTING DEVELOPMENT LEVEL DEPENBING ON THE RULE e¢ s es
JIZNSN* (N=23 41
TESTAZD.52UCAPSTHIN
TIF{ONCON(JJI .GTLTESTAY SSTARTSSTART«D.IS
IF CONCONTJUJ) LLTLTESTAY SSTARTZSTART-3.3S
IF (ONCON(JJ2 LY. TESTALAND.OFCONCI ML T.TESTAY SSTARTZSTARY-0.10
IF (ONCON(JJ) L T.0.3¢UCAP+CMINY SSTARTZSTART-0.15
18 IK=0
SINC=STEP
TKNT Z0
IF{II.€6.0) 60 To 21
20 SSTARYZSSTART-SINC
21 TIFUKNT.GT.1 1) GO TO 903
M1
HzI1+1
KNTZKNT ]
DLEVITI)IZSSTART
221 DD:=DBARSDLENITI)
CONVERT TRT DEMAND PATES TO VOLUMES . B . . . . . .
322 D0 22 121412



22

?3
n

A

-

IL

32

15

335

336
38

40

42
ay
L1

DEM=DDDMIIIsREL (I 1eRBAR
CALL CON(DEM,CDs1+IYEAR)Y
CHDLTIY=CD 1

CONTINUE

LEVZ1

KADD=1

KON(TII)ZD

RSTORZ-RSINP)

CALL TERPICAP+RLNPRCRSTORWRLEVeNSIG)
IFINSIG.EQG.1) GO TO 901
IFIN.EQ.1) GO TO 33
IFIRSTOR.GT.ONCONIUJ)) GO TO 23
KADD=2

KCONZ1

KON(TINZ]
IF(RSTORP.LT.OFCONIJJI) LEVZ2
KF-FORCE

10z0

Lo=t

DFLAG=]

ALO0SS=0.0

100¢111=0

XKOUR L 1)=N

DC 31 J-1eNYP

SSHY tU1=0.

NMON{(J) =0

CONT INUE

DO 90 JZleNYP

00 89 I-1.12

IFIN.EQ.1) GO TO 32
JISNSNe (N-231+MSNL1)
IF(TI.EQ.12) GO TO 32
JIZNSNOIN-2)+MSN(T*1}
MZMe)

CALL TERPUIRL+SA+NPRCIRLEV,SSANSIG)
IFINSIG.EQ.1) GO TO 9n2
EVAPZSSACRLOSSH(I)*C
DELS=Q(Ms 11-CHD(I} -EVAP

GO TO(36e35)+KADD

IF (XCON.LT.11}Y GO TO 338
IF(NSN.GT.1} GO T0 336
KAQOD =1

KCONZ=O

GO 10 38

IF(MSNIT).57.1) GO TO 335
DELSTNELSeDSVIIY

KF ZKF -}

KCONZKCON+1}
NMON{J)IZNMONtY )+
PSTORZRSTORCDFLS
IF(RSTOR.LT.CMAX) GO TO 50
DELS=RSTOR-CuAX

RSTOR-CMAX

LEV=1

60 TOURD,44)+XADD

IF(KF) G46.46.,80

KADDZ1

KF ZFORCE

XCONZO

GC Y0 BQ

TFIRSTOR.GT.CHIN) GO TO 56
IF(CHMIN.LT..Q005) GO TO 5S4
GO TOU54s53)1+0FL AG

S4

53

155
55

56
57

59

62

64

€5

68

70

72

7

w

75
80

9

o

2

DFLAG=2

DELS=CMIN-RSTOR

RSTOR=CMIN

60 TO 55

LO=LD+1

IF(CMD(I).LY.0¢tMe1)) GO TO 155
ALOSSTALOSS+EVAP
DELSZCMDITII-G(Me1)}
RSTORTCMIN-ALOSS

IF(RSTOR.67.0.) GO 10 55

RSTOR=0.

60 T0 S5

DELS=CMIN-RSTOR

CALL TERP{(CAP+RL+NPRC+RSTORIRLEVsNSIG)
IFINSIG.EG. 1) GO TO 901

LEVZ=2

SSHY (J)=SSHT(J)IDELS
IF(I.EQ.12.AND.J.EQ.NYP) GO TO 57
IF(N.EQ.1) GO TO 80

60 TO(65+80)+KADD

60 TO(59+57)+0FLAG

10=1ID+1

I0DC(IIN=ID

KOURCID)I=LD
IF(I.EQ.12.AND.J.EG.NYP} GO TO 0
LD=1

DFLAG=1

AL0SS=0.0

OBTAIN THE NEW RESERVOIR LEVEL . .
CALL TERP(CAPRL «NPRC+RSTORRLEV.NSIG)
IF(NSIG.EG.1) GO TO 901
IFI(N.EG.1) GO YO 80

IF(OFCON(JJ) .LT.ONCONCJJ)Y) GO TO T0
G0 TO(B4+KB)+KADD
IF(RSTOR.GT.ONCONLJJ)) GO TO 87
KADD=2

KONCITIZKON(IT )1

GO Y0 80

IF(RSTOR.6T.0FCON(JJ)) GO TO 44
GO TO 80

IF(RSTOR.LT.ONCONC JJIY GO TO T2
60 70 42

IF{RSTOR.GY.OFCON(JJY) GO YO 73
60 TO 75

IF(DELS.LT.0.0) GO ¥0 75

GO TO(80s54)+KADD

GO YO(BES«80)+XADD

CONYINUE

IF(KSTRT.NE.2) GO TO 90
RCON(JIZRSTOR

AT THIS POINT HAVE JUST COMPLETED ONE YEAR OF THE PERIOD

CONTINUE

AT THIS POINT HAVE JUST COMPLETED A PERIDD OF NYP YEARS

IF(KSTRT.NE.2) GO TD 96
NNZCNPFY

IF (NPER.GT.NPFY) NNZNPER
00 32 L=1eNN
YNUMZRANIIARG) ¢S0.0+0.5
NUMZXNUM

NUMZNUMe2S
RS(LIZRCONINUY)

CONTINUE

KSTRTZ}

.

.



L

NYPZNYPSY
GO TO0 139
96 STOT(III=N.0
KFREG(TIT)ZO
TLOAD=D.
YRK=0.
D0 100 J-1leNYP
TFINMON(U)Y.FO0.0) GO TO 97
YRKZYRK+1.D
ARCZNMONTJ)
TLOAD=TLOADsAA/12.
IF(SSHT(J).GT.0.0) GO TO 98
G0 T0 100
38 KFPEQUIT)IZKFREQ(ITI el
STOVATIIIZSTOT(III+SSHY ()
170 CONTINUFE
ALOADCIIIZTLOAD/ YRKe} 0D,
YDEM-DBARSDLEV(II) e.365
XNYP-NYP
XFZKFREQIII)
TSEITY=Z(1.0-XF/XNYP) o130,
104 PICITI=(1.0-STOT(IT)I/CXNYPsYDEM))«100.
KSum:=n
DO 120 Ix=1.1D
KSUM-KSUMSKDUR (I X)
173 CONTINUE
SUMZKSUM
X10=10
AVOUREIT1=SUM/XID
1F(PPCF.G7.99.9) GO 10 S00
IF(TSIIIN.GT.64.0) GO TO 121
SSTARTZSSTART-2.0eSINC
Go Tn 21
121 IF(TSEII).GY.PPCF) GO T0 125
IFITSOII).LT.PPCF-1.3) GO 70 122
FY(NPoN}ZDND
AVLF (NP,NIZALOADI(ITY
GO Y0 139
122 IKNT-IKNT+1
IF(IXK.GT.0.AND.IKNT.GT. 1) SINC=0.8¢SINC
GO0 To 20
125 IFAYSUIT).LY,.100.0.AND.[T1.6GT.1) GO 710 131
IF(IT.EQ.1) GO YO 133
IF{IK.EN.3)Y GO TO 131
IKZIKe])
TKNTZD
SINC:=SINC/2.D
SSTARTZSSTAPT«SINC
Ir=rr-y
60 10 21
131 NPTSZIT-1
DO 132 IZ1eNPTS
(S0
IFATSOE)oLF .PPCF LANDLTS{I¢1) .GE.PPCF)Y GO TO 135
1372 CONTINUE
MRITE(E.400D)
4000 FORMAT{(IHL,*PCF TEST NOT IN RANGE *}
GO TO 999
139 FYINPSN)TI(OBARCIDLEVIL Y -NUEVIL 1)} e(TSIL*Y1)-PPCF)/LTSIL+1)~TS (L)Y
1+DRBARSOLEVIL+ 1)
AVLF (NP ONYT (ALDARILY *ALOADCL s 1))/ 2,
GO0 1o 139
SO0 IF(SINC.LT.0.005.0R.MCK.EG.2) 6O 10 512

q

~

13

-

WRITE(B+6031) TSITI)eSSTARTSINCeKFREBIII) 0D
60N FORMAT(1H »3F15.2+113.,F15.2)
IF(TS(II).5T.B5.N.0R., MG .NE.O) GO TO 501

ML =1
SSTARTZSSTART-2.0% SINC
60 1O 21

501 IF(TS(IT!.1T7.99.9) GO TO 535
ENTER HERE IF VS(II} EQUAL 130 PERCENY
MGt
IF(ML.EQ.DO) GO TO 502
MCK=MCKs1
TISAVZIT
DDSAV=0DD
SINC=SINC/2.0
RM2 SSTARTZSSTART+SINC
GO Y0 21
ENTER HERE IF TS(II) IS LESS THAN 100 PERCENT
505 ML=1
IF{M6.6T.0) SINC=SINC/2.D
G0 T0 20
512 IF(YS(II).6T.99.9) GO 10 S15
DD=DDSAV
II=ITISAY
515 FY(NPsNIZ=DD
AVLF INPoNIZALOAD(II)
139 GO Y0 (18Ds1831+KI0
180 IFIN.GT.1) GO TO 142
WRITE(6+3000)
3000 FORMAT(1H1s *OPERATION WITHOUT THE DESALTING PLANT®)
GO TO 147
142 KPZNSN#(N-2)+1
WRITE(6+3001) ONCON(KP) +OFCONIKP)
3001 FORMATY(1HO. *OPERATING RULE®/LIH ¢*SEASON le¢ ONZ*F6.2+* B.G.*10X"OFF
1=*F€.2¢* B.G.")
IF(NSN.EG.1) GO TO 147
KP=KPel
145 WRITE(6,3002) ONCON(KP),OFCON(KP)
3002 FORMAT(IH +°*SFASON 2+ ONZ"F6.2s° B.G.'1 OX'OFF="F6.2+" B.Ga"®)
IF INSN.EQ.2) GO YO 147
KPZKPe]l
WRITE (65+3103) ONCONIKP)+OFCONIKP)
3103 FORMAT(IH +*SEASON 35 ONZ'F6.2¢° BeG."1OX OFF-"F6.2¢°* B.G."*)
147 WRIYE(6.,3003)

3003 FORMAT(1HO»" PERCENT DEMAND NO. OF SHORTAGES FREQ
LUENCY PERFORMANCE SHORYAGE PLANT")

3IN04 FORMAT{IH »* DEMAND M.6.0. SHOPTAGES B.6. oF T
1ARGET INDEX DURATION TURN ON ALOAD* /)

WRITE(E.300W)
150 DO 160 I-1.I1
RDZDAAR«DLEVII)
KRITF(6+3005) DLEVII)eRDKFREQUI) «STOT(TeTS(II.PICTII+AVIOURLI)
LKON( )+ ALOADIT)
30N5 FORMATY (2F12.2¢112+F12.2+3F12.2,112.F12.2)
160 ‘CONTINUE
189 IF(KSTRT.NF.1.0P.N.GT.1.0R.NP.GT,. 1) GO TO 199
KSTRT=2
NYPZT5
Mz
DDZFY(1l.1)
GO T0 322
193 IF(N.EQ.1) DBAR=DBAR+DSCAP
208 CONTINUE
AT THIS POQINT HAVE COMPLETED ONE PERIOD FOR ALL RULES - . »



€L

300 CONTTINUE 40 CONYINUE
AT THIS POINT HAVE COMPLETED NOP PERIODS OF NYP YEARS . . . * C APPLY CAPITAL RECOVERY FACTOR 70 OBTAIN UNIFORM SERIES
GO TN{301+350) K10 USER=PWTH*INT+FAC/ (FAC~1.0)
IN1 DO 310 JT1eNR ANCSTZUSER+CAPCI U}
WRITE(H 30101 Je (FY{L+J)eL=1sNOP) RETURN
3010 FORMAT(1HO. "RULE NUMBER®I3I/1H (1 2F10.4)) END
310 CONTINUE
350 RETURN
901 WRITE(6.3001)
4001 FORMAT(LHLs»"RLEV NOT IN RANGE OF TABLE®) SUBROUTINE TERP3I(NONsNOFTRDEMs ONLEV)
Go 10 999 COMMON /BLOCKE/ AVFY(SD)+XLFUSO)sON(10)ALL1D)
9N2 WRITE(H.4002) DIMENSION ONLEVIID)
4nn2 FORMAT(IHLs*SSA NOT TN RANGE OF TABLE®) 00 5 JZ1.NOF
GO YO 3899 ON(J}=0.
903 WRITE(6.3003) S CONTINUE
4nNN3 FOPMAT(1H1+*SSTARY LES THAN ZFRO OR II GREATER THAN 10%) 1 DO 60 L=1+NOF °
999 STOP 00 S0 u=
END IZNOFe(JU-1) L+l
IFCAVFY(I) LT, TRDEM) GO Y0 u8
IF(J.NE.NON) GO TO SO
45 DIFF-AVFY(I)-TRDEM
SUBROUTINE COSTUNYP.NPsAVEL+ANCST) IF(DIFF.6T.0.02¢ TRDEM) GO TO 52
COMMON /BLOCKD/NTON(SD) oNTOF (53) ¢ NMONI50),FACT(I0) s CAPC(I0).0PCST( ONIL)I=ONLEV (Y)Y
11N+10)+OF ACT(10) +NOLF +NOFF+ETONCVETOFCo INTHRATE ALELIZXLF LI
REAL INT 60 T0 &0
IFCAVEL.GT.OFACT (1)) GO TO 12 48 IF(J.EQ.1) GO ¥O S2
Js1 60 Y0 57
60 T0 20 52 DIFFZTRDEM-AVFYLI)
12 JFCAVEL.LT.OFACTI(NOLF)) GO TO 14 IF(DIFF.E6T.0.02+TRDEM) GO TO S5
JINOLF ON(LIZONLEV L)
GO0 10 20 ALAL)I=XLF ()
14 DO 18 IZ1.NOLF GO Y0 60
IF(OFACT(I+11.LT.AVEL) GO 10 18 57 ON(LIZONLEV(J) 4 (TRDEM-AVFY(I N F(AVFY (I~NOF)I-AVFYUI)I#(ONLEV(J-1)~
ENTER HERE IF AVEL FALLS BETWEEN OFACT(I) AND OFACTtI¢l) 1ONLEVIO)?
IF C(AVEL-OFACYC(I) LLT.OFACT(I*])~AVEL) GO TO 17 ALILDIZXLF (TN (ONCL)I-ONLEVCJDI I/ CONLEVII-1)-ONLEVIJ) 1 (XLFCI-NOF)~
Jzlet IXLFLT))
6o T0 20 GO 70 60
17 u:=1 N S0 CONTINUE
60 T0 20 WRITE(E2000) L
18 CONTINUE 2000 FORMAT(1HOs "MINIMUM VALUE OF CURVE®IZ2+' GREATER THAN TRDEM®)
20 PWIHZID. 60 T0 &0
ANNUALTIZE THE OPERATING EXPENSES S5 WRITE(6.2M01) L
DO 4N L=Z1eNYP 2001 FORMAT{1HO. *MAXIMUM VALUE OF CURVE®I2+* LESS THAN TRDEM')
TEM-ETONCONTONILISETNFCeNTOF (L) 60 CONTINUE
AAINMON(L? WRITE(6.2012)
XLF-AAR/12.0100.0 2012 FORMAT(IH1v*INTERPOLATED TURN-ON FRACTIONS®)
DO TABLE LOOK-UP WITH INTERPOLATIONC(LINFAR T0O OBTAIN COST(S/YEAR} WRITE(6+2002) (ON(I}sIZ1.NOF)
IF4XIF.GT.0.) GO 1O 22 WRITE(E.2001 3)
CSTz0PCSTIL . ) 2013 FORMAT{1HOs *INTERPOLATED AVERAGE LOAD FACTORS®)
60 Y0 30 WRITE(6+,2003) (ALII)+T1Z1sNOF)
22 IFAXLF.LY.95.0) GO TO 25 2002 FORMAT(1H +10F12.3) -
CSTZOPCSTINOFFeJ) 2003 FORMAT(IH »13F10.2)
60 Y0 30 RETURN
25 DO 27 I:1.NOFF END |
IF (XLF .GY.FACT(I+1)) GO TO 27 FUNCTION RAN (I1ARG)
ENTER HERE IF XULF FALLS BETWEEN FACT(I) AND FACT(Tel) DATA Ix/n/
FRACTZ(XLF-FACTII)) /CFACT(LI+1)-FACT(T}} IF (I8RG.EG.IX) GO TH 3
CST=0PCSTITeJ) sFRACO (OPCSTII*10J)-0PCST(T o)) IXZI1ARG
G0 T0 30 1v=-1Ix

27 CONTINUE
DISCOUNT THF COSTS FOP THE L TH YEAR TO THE PRESENT
30 FACT(1.0%INT e oL
PUTHZPWTHs (CST+TEM)/EAC

w

1YZIYe262147

TFeIY.eT.M TYzIY+e3435973A367¢1
RANZTY

RANZRAN«.2910383E-10
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RETURN
END

SUBROUTINE FIND{AAWN.IX)
DIMENSION R&A(SD)

C THIS SUBROUTINE FINDS THE MINIMUM COSY OF THE INCREASE IN FIRM YIELD®

1

2

Q

3

10
11

~

W

AMINZ999993.

D0 20 JUzZ1.N
IF(AR(J).GT.AKINY GO TO 20
AMINZAACY)

Ixz-y

CONTINUE

RE TURN

END

SUBROUTINE GCONINY-»IYFAR)
COMMON /BLOCKA/Q(1201,.5)
L = }

DO 8 JZleNY

DO & I=1.12

Mo#e |

SUPzQ(Me1)

CALL CONISUP.CSeI I1YFAR]
GtMel}CS

CONTINUE

RE TURN

END

SUBROUTINE CONIVAL+CVAL+K+IYFAR)
60 TN(10.11)+,1YEAR

GO TO(}e3elole2ceto30ls3elole3)oK
GO TO(le2ele3sdo3elole3ele3sllsK
CVaLz.031ovaL

GO 10 S

Cvar-.028evaL

GG 10 S

CVAL Z.330evVAL

RE TURN

END

SUBROUTINE PLOT(HMSTORWNY'NFULL*NEMPT)
DIMENSION NARP (1201.MA¢(1201.0UT(120)+MSTOR 3R 0}
DATA BK/IH /eY/1He/

NKNT-NYel?2

DO 2 T:z1eNKNT

MSTORIEIIZH(MSTICRITII «YTDI/NFULL
TEM-MSTIORL])

TEMZTEM/2,.]

NTEMZTI M

ATEMCONTEM

JEATEM-ATEM NE.O.N) MSTOREIITHMSTAR(T )]
CONTINUE

FLININY

TE“ZFLIN/1D. (.5

NNZTEH

11
12

16

20
1100

1002

22
1003

122

23
24

2?5
26
1001

30

35

00 30 TIZ1.NN

KK=Z120

LtL=(IT-1)e10

TR OINY-LL) L T.10) KK=pLe12
JAZ(IT-1)«120

DO S JJI1 KX
NARRU(JJ)IZMSTOR (UJeJA}
MACIIYTUY

CONTINUE

RANK VALUES IN DESTENDING ORDER
NZKK

MZN

MzZM/2

IF(M) 10,20¢10

K=N-M

Jz1

I=u

L=Iem

IF{NARR(L)-NARR(I)) 16s16+15
NBZNARRI(L)

NAZHMA (L)

NARR(LIZNARR(I )
MACLI-HACLY

NARRCIDZNB

MA{TI)I=NA

I1=1-%
IF(I-1211612+12
JzJdel

TF(U-K)11+11e¢9

WRITE(B6.1000) NFULLeNEMPTLII
FORMAT{1H1+ *CAPACITY WHEN FULLZ="16+° BoG.'s4Xo*CAPACITY
1ABLE LEVELZ"IWs' B.G.°/1H +»*ORDINATE(RESERVOIR CONTENT)
2ENT'+20Xs *PAGE="127)

KORD =100

Kz1

Ixz1

DO 28 I=1.51

IF(I.NE.IX) GO TO 22
NORD=(51-IX}e2

IXNZIX+5

¥RITF(6+10302) NORD

FORMAT(IH +I3elH~)

GO Y0 122

WRITE(6+1003)

FORMAT{LIH » 3XelH-)

DO 23 Jz1.120

OUT () =BK

IF(K.GT.KK) GO T0O 26

IF (NARR(K) .NF.KORD) GO TO 25
LIMA(K)

ouTiLYI=X

KZKe1l

.60 TO 28

KORDz=XORD -2

WRITE(6,1001) (OUTILJYsdZ14120)
FORMAT (1H+,6X+12081)
CONTINUE

CONTINUE

RETURN

END

AT MIN. US
IS IN PERC
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SUBROUTINE TERPUAB+NPYS+ARGeVAL+NSIG)
THIS SUBROUTINE ASSUMES THAT THE B ARRAY IS NONDECREASING AS THE
A ARRAY INCREASES.
OIMENSION A(100).A¢10M
IF(ARG.LY.A(]) .OR.ARG.GT.A(NPTSY) GO TO 30
IF (ARG .NELAINPTS))Y GO TO 17
VAL=ARG
60 10 50
10 DO 20 I=1«NPTS
IF(ARG.GELA(TY) 60 YO 20
VALZBC(I-11e(BCI)-A(TI-1))s(ARG-A(I-1V )/ CLACT)~-ALI-1))
G0 T0 50
20 CONTINUE
60 10 50
30 WRITEt(E .4 0)

%0 FORMAT(1MOs*THE ARGUMENT IS OUT OF THE RANGE OF THE RESERVOIR DATA

|8}

NSIG=1
50 RETURN

END

SUBROUTINE RULE(NON:NOF +NOR+NSN+X10)
COMMON /BLOCKB/ONCONT120).0FCON(] OD)UC AP
COMMON /BLOCKF /ONT2+0F]12.,0NI3.0FI3
DIMENSION RULL25+2)

THIS ROUTINE FORMULATES THE RULES THAT CONSTIVUTE THE DECISION SPACE #+ o¢ o

LL ]
DO S Iz1eNON
DO S J=1.NOF
LLE LT3
RUL (XM 1)=ONCONC( 1)
RUL (XM 2)=0FCONC YD
CONT INUE
KP=NSNeKM
IF (NSN.EQ.1}) GO TO 15
DON2:=ONI2eUCAP
DOF2:=0F12euCAP
IFINSN,.EQ.2) GO TO 1S
DONIZONI3eUCAP
DOF3=0FI3euCAP
IF(NSN.NE.3) GO YO 91N
15 NORz-K™
L=0
D0 20 J1:-1+KP.NSN
LILe}
ONCONCIDNZPUL L1
OF CONCTI=RULIL2)
IF (NSN.ECG.1) GO TO 22 N
ONCON{(I*1)=0ONCONI(I)- DON2
OF CON(J+1)-0FCON(T)- DOF2
IF {NSN.EQ.2) GO 10 22
ONCON(I+2)-ONCONIII-DONS
OFCON(I+21-0FCON(I)I-NDOF3
20 CONTINUE
GO TO (21+221.KI0
21 MRITE(6.1005) (ONCONCJ)«OFCONLIIe T 1eKP)

w

100S% FORMAT (1ML "OPERATIMNG RULFS®*// (14 +10F1 0.2

22 RETURN

900 WRITF(6.,2000)

2008 FORMAT(1IHL. *NUMBER QF SEASONS SPECIFIFD IS IN ERROR®)

101

N E N

—
(-]

11
12

13

20

25

30

&0

~

.2

sTop .

SUBROUTINE GNFLOINYRG+KIP-IFLOWIYEAR)

FIVE STATION VERSION DIMENSIONED FOR 130 YEARS

COMMON /BLOCKA/0(1201.5)

DIMENSION ALCFT{12¢5)eAVL12+5)eBETALL12:5+51eDQ(1251¢10(15)¢
LISTAUS) +MOUL12) o NCABCI 20 5)sNLOGI 12450 AMU12) +QPREVILO)
2RE10+11)¢RAC12:65010)¢SDE12¢5)¢SKEWILI3e5)+SOAC12+10).S@B (32,100
3SUMALI201 T oSUMB (1201 D) eXE10) XPAR(12¢10) NLE(12¢5)oAVELL2
WeS5) eSOV 2051 eAA112501010AB(12¢5+300+ACE100B(20)+0R(1201,5)

23-Co-L 267 MONTHLY STREAMFLOW SIMULATION MECs C OF E¢ USA 8-18-67

€ INDEXES I=CALENOAR MONTH JU-YEAR X=STA L=RELATED STA N-SUCCESSIVE MONTH
c

OOUBLE PRECISION R.B
OATA LTRAZIHAZ+BLANK/IM /7+eE/IHE/oKENT/YY
NYNXGZ=NYRG
IF(KENT.EQ.2) GO YO 1091
KENT=2
IARG
XSTaz1
KYR=100
KMZKYRe 124}
IENDF=O
I06S7=0
FORMAT(1X+17.318)
FORMAT (IR ¢A3r A4 1DAN)
FORMAY (1HO)
FORMAT(IG o8 XoIN,12F5.0)
FORMAT(1XoE3eIn,121I6)
FORMAT(1X,13:I8,12F6.3) ‘ -
WASTE CARDS UNTIL AN A IN COLUMN 1, FIRST TITLE CARD
READ(Se12) TA(QIN,1)en=1.20)
IF (IA.NE.LTRA}Y 60 TO 10
IF(IENDF.6T.3) GO YO 127
TENDF=TENDF ¢1
FORMATU(IH +IN.161218,1)10
FORMAT (A1eA3:9A%,10AN)
WRITE(6+3)
IFI(KIP . £Q0.2) 60 YO 13
WRITE(B+2) (Q(Me1)e™M=1.20)
READ(Ss 1) IYRASIMMTHe IMSNGe ITEST IRCONGNSTA,IPCHE
ITMP=IRCONNYPG
IFLITMP.6T.0)GO YO 33
60 10 10
WRITE (6.25)
stop
FORMAT(/19H DIMENSION EXCEEOQED)
IFIKIP.EC.2)Y GO TO &2
WRITE(G o4
FORMATCIHO-"TYRA IMNTH IMSNG JTEST IRCON NYPG NSTA IPCHG NYMXG®
n
WRITE(G+81) IYRACIMNTH) INSNGo ITEST. IRCONINYRGoNSTAs IPCHONYMXG
FORMAT (2016)
SET CONSTANTS
1299999999,
IM=7T-1.0
IYRAZIYRA-1
IMNTHZIMNTH-1
D0 SN I=1e12
ITHPCHSTAS2
D0 46 K-l exSTA

98531
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DO 85 L=1+1THP
AA(T oKt )T,

%5 AB(IeKeL)IZDO.

46 CONTINUE
MOCII-IMNTHeT
IF(MO(TI).LT.13)60 70 SO
MO(IIZHMO(I}-12

S0 CONTINUE

S8 NYRSZ=OD
DO 70 K=-1+KSTA
ISTAUK)=1000-K

INITIATE -1+ NO RECORD FOR ALL FLOWS

DO 60 H=1.KM

60 @IM.K)I=-1.
DO 65 Iz1.,12
NLOGIT»K)=0
DO(I+K1=0.

65 CONTINUE

70 CONTINUE

¢ o o s & o READ AND PROCESS 1 STATION-YEAR OF DATA 5 ¢ « ¢ & ¢ s 3

NSTAZ-O
TS READIS+4IISTANCIYR(OMIIIoT=1 1 2V
BLANK CARD INDICAYES END OF FLOW DATA
78 IF(ISTAN.LT,1160 TO 13D
IFANSTA.LT.1)G0 YO 97
ASSIGN SUBSCRIPT TO STATION
DO 80 K=]1NSTA
IFCISTAN.EQ.ISTA(K))IBO TO 100
80 CONTINUE
90 NSTAZNSTA<]
KZNSTA
ISTA(KIZISTAN
ASSIGN SUBSCRIPT TO YEAR
100 J=IYR-IYRA
IF(NYRS.LT.JINYRSZY
IF(4.GT.0160 TO 110
WRITE 6+ 10511 YR
10S FORMAT (/18H UNACCEPTABLE YEAR IS5)
SToP
STORE FLOWS IN STATION AND MONTH ARRAY
110 MzJe12-11
D0 170 =112
M=Me]
12zQemtl)
1IFLIZ2.EQ.-1) GO TO 120
NLOGUT+KIZNLOG (T oK) e
GO TO(506+,507501+507)+[FLOW
501 GO TO01511.512)+IYEAR
511 GO TNU{502+503:¢502+502¢504+502¢503+502,503+,502+502.503)+1
512 GO TO(S502+504+502+503¢502+503+502+502+503+4502+503+502) 1
502 OM(T)I-0M(T)eD, 3226
GO Y0 505
SN3 GMIII=QOMIT}e0.3333
60 To 50%
S04 QMIT)I=GM{TI)=0.3571
505 QMII)I=EMII)eD. 50505
CONVERY C.F.S. TO M.G.D.
SN6 IMIII-OMIINe0.68627
S07 00(1+XIZNOCIeMIeGMIT)
QMK )ZOM(T)
120 CONTINUE
GO YO 75
130 NSTAAINSTAS]

«

e o 8 8

C

»

131
314

315

316

317

318

320

330
3480
350

355

360

. o

361
162

366

IFINYRS.GT.KYR) GO T0 20
NSTAXZNSTA+NSTA
# * &« « « COMPUTE FREGUENCY STATISTICS & ¢ & » & o
GO TO(1I31+316) KIP
WRITE(E«314)
FORMAT (/21H FREQUENCY STATISTICS)
WRITE(E»315)(MOCIIoI=1y12)
FORMAT(/148H STA ITEM 17.1118)
MISSING FLOW PRECEDING FIRSYT RECORD MONTH
DO 317 K-1sNSTA
Q(1leK)=T
CONTINUE
D0 421 K=1+NSTA
DO 320 I=1ls12
AVIIsK)Z=0.
SO(IL«X)=D.
SKEW(I.K)=O.
TEMPZNLOG(IsK)
DOUI+KIZDO(TsK)e .012/TEMP
IFIDG(TIeK)alT. .01IDQITIIKI=. 01
CONTINUE
LB
DO 350 J=1eNYRS
DO 380 I=1e12
HZMe 1
IZ=6(H.K)
IF(IZ.EQ.~1) GO TO 330
REPLACE FLOW ARRAY WITH LOG ARRAY
TEMPZALOG(Q(MeK) DO(1+sK))/2.3026
QUMeK)=TEMP
SUMe SQUARES AND CUBES
AVIIoKIZAVII+K)eTENP
SD(I+KI=SDCIsKIeTEMPTEMP
SKEW(TeKIZSKEWCI+K 1+ TEMP*TEMPeTEMP
GO YO 340
MISSING FLOWS EQUAYED To 7V
QtMeNI =T
CONT INUE
CONTINUE
00 360 I=1.1?
TEMPZNLOB (T «X)
THPZAVLII oK)
AVIIoK)I=TMP/TEMP
IF(SD(TI+K).LE.O.)GO TO 355
THPAZSD (1K)
SDUTeKIZ(SD(T oK) -AVIT oK) #THP)I/ (TEMP-1,)
SD(IeXKI=SDI(IsK}Ies.§

0

« s % 3

¢ 8 o

SKEW(TeK)IZ(TEMPe TEMP oSKEW( T ¢K) —3. ¢ TEMPoTHP ¢ THPA¢2 .« TMP2 TMP&THP)

L/UTEMP & (TEMP-1.) s{ TEMP-2,10SD(T K} o+3.)
IF (SKEW(I+K).GT.5.) SKEW(I+KIZ5.

IF (SKEW(I+K).LTot-5.1) SKEW(IeKIZ(-5.)
GO TO 360

SD(I+K)1zZ0.

SKEW(T K123,

‘CONTINUE

* & ¢ o OUTPUT FREQUENCY STATISTICS # o » o o o & ¢ & s s & % o 3

TMPZSYEWL 12 o)

SKEWCLI3+KI=SKEW(1sK)

GO TO(361«821).KIP
WRITE(Ee3R2VISTAIN I« (AV(IeKIeTZ1s12)
FORMAT{/T6s8H MEAN 12F8.3)
WRITEC(G+364){SDITeK)eIZ1012)
FORMAT(TX+THSTD DEV 12F8.3)
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BRD

870
880
88s

9

932

913
93a

935

936

919
940
950

952

FORMAT(20X3R8H WITH PRECEDING MONTH AT ABOVE STATION}
ITPINSTA]L
DO 870 XZ1eNSTA
WRITE(GE+8501ISTAIK)I e (RACTI«KosL)oL=ITP+NSTAX)
CONTINUE
IF (IRCON.LE.C) GO TO 1015
WRITELE.3)
Mzl
NVARCNSTASs1

USE AVERAGE FOR MONTH PRECFDING' RECORD
DO 931 K=1eNSTA
0C1sK)=0.
D0 990 J=1+NYRS
DO 980 I=1.12
HoMe]
DO 970 K= 1sNSTA
QR (MoK )=BLANK
IF(Q(MK).LY.TH) GO TO 970
NINOPZO

FORM CORRELATION MATRIX FOR EACH HISSING FLOW
D0 950 L=1»NSTA
LXZUL#NSTA
IFtL-X) 934,932,933
NINDP=NINDP+1
X{NINDP)=Q(M-1.L)
ACININDOPIZABII oK oL X) -ARLT KoLX)
RULoNVARIZRALT oKL XD
GO YO 935
TFEQG (ML) . GT.TH} GO TO 950
NINDP-NINDP+1
X{NINDP)IZQ (ML }
ACININDP)IZABIT oM oL )-RAC(LsKol )
RUNINDP«NVARIZRAILI+XoL)
1TP=NINDP
REITP.ITPIC L.
DO 980 LAZL «NSTA
IF(LA.EQ.L) GO TO 943
JXZLACNSTA
IF (L .EC.K) GO TO 936
IF(QEMiLA).GT.TH.AND.LALNE XK} GO TO 94]
1TP=1TPe}
IFCLALEQ.KIRININDP«ITP)IZRALT WL » JX)
TFLLALNE.KIRININDPITPIZRA{T L LA}
G0 TO0 939
TFIQIM LAY .GT.TM) GO TO 940
ITPZITPs]
RININDPITPIZRA(I+LASLX)

ADD SYMMETYRICAL ELEMENTS
RUITP.NINDP)ZRININDP.[TP)
CONTINUE
CONTINUE
1TMP=NINDP o 1
00 952 L=1«NINDP
RIL«ITMPIZRIL +NVAR)

CROUT(RsDTIRMC.NINDP.B)

ADD RANDOM COMPONENT TO PRESFRVE VARTANCE
TEMPZRAN{IARS)
TMP-RAN(IARG)
TEMPZ(-2.¢ALNGITEMP)Y Yoo SeSIN(S .2 RB2eTHP)

COMPUTE FLOW
I (DTRMC.LE.1..AND.DTRMC.GE.D.) GO TO 955

c

95%

960

970
98’0
930

993
19938

995
1935

2000
21701

99

fosd

933
992

996
937

998
999

.
1000

1011

11792
1003

WRITE (E+7) T+KsDVTRMC
IF (NTRMC.GT.1.) DIRMCZ1.
IF (DTRMC.LTY.0.) DIRMC=O.
AL=(1.-DTRMC)s e, 5
TEMPZTEMPeAL
00 960 L=1+NINDP
TEMP-TEMP«B(L) s X(L}-AC(L)}
Q{MeX)=TEMP
QR (M K)IZE
CONT INUE
CONTINUE
CONTINUE
IF(KIP.EQ.2) GO TO 1994
WRITE (6+993)
FORMAT (33H RECORDED AND RECONSTITUTED FLOWSH
ANYRSZNYRS
D0 1011 K=1eNSTA
IF(KIP.£Q.2) GO TO 1995
HRITE(B+995)(MOCIYI=1s12)
FORMAT(/11H STA YEAR 12IB.6XsSHTOTAL )
M1
00 998 Jz1.NYPRS
1TP=0
00 397 Ic-ls 12
M=Me]
TEMPZQ (MeK)
CONVERY STANDARD DEVIATES TO FLOWS
TMP=SKEW(TI K}
IF(TMP2000+2001.2009

TEMPZ((TMPe(TEMP-THMP/B.) /6.+1.0%23 —1.1e2./THP

IF(QR{M.X) . NE.E}) GO TO 992

IF(TEMP.6T .24 AND. SDUToKIGT eu3) TEMPZ2 .4 (TEMP-2.14.3/SDCI+K)

TMPZ (~2.31/SKEWLI XY

IFCSKEN(IKI) 991+992+994
IF(TEMP.GT.THMP) TEMP-TMP

GO TO0 992

IF(TEMP.LT.TMP) TEMPZTMP

THPZTEMP eSDITeK) +AVIT K}

QMoK Z10.0¢TMP-DG(IeK)
JF(GIMeK)LTo0.) GEMeK)IZD.
GMITI=QR(M.K)

TO(INZ0(MyKI+. S

ITPZITP+IQ(I)

IYRZIYRA+Y

IF(KIP.EQ.2) GO TO 17N
IF(IPCHO.LE.D1GO TO 998

WRITE (7+5) ISTAUK)+TYRG(IGUI)I» 11412
MRITEC(H+9991TISTAIX)IeTYRIIO(II«+OM(IVoIz1s12)

FORMAT(IXoTUaTheT8+A1 1 LITT.A1).110)
* » *RECOMPUTE MEAN AND STANDARD DEVIATION

00 1001 Iz1e12

AVIIsK)IZO.

SOtI.K)=0.

LES

DO 1003 J=1+NYRS

00 12302 I=1+12

MIMel

TEMPZALOG(Q(MsK) +DO(T oK) )

AVITsKIZAVII oK )e TEMP

SOUIvK)IZSOUTsK)s TEMPOTEMP

CONTINUE

00 1004 I=1.12

TEMPZAV(T.x)

o ITP

.

« s @

« s s % e s
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THPZ{SD(T+XK)-TENPe TEMP /ANYRS )/ (ANYRS ~1.) NJ=2
SDECIsX)IZTMPee,Se 4382945 Jx=-2
1004 AVII«KI=TEMP/ANYRS o, 4 34 2945 60 TO 5106
1311 CONTINUE c N = SEQUENCE NO.s M = MONTH NOe» JX = YEAR NO.
C PRINT ADJUSTED FREQUENCY STATISTICS 1105 WRITE(6+3)
IF(KIP.EQ.2) GO TO 1215 N=N+1
WRITE(G+3)} IF(KIP.EQ.2) GO YO S106
WRITE(GE.1012) WRITE (6+1106) N
1012 FORMAT{/30H ADJUSTED FREQUENCY STATISTICS) 1106 FORMAT (27H GENERATED FLOWS FOR PERIOD I3
DO 1013 K=1.,NSTA 5106 JXTMPZ X
WRITE (6+315) (MOtTI)eI=1s12) 00 3107 K=1e¢NSTA
WRITE (60362) ISTA(K)«(AVII K)oIT1e12} DO 3106 I=1.12
WRITE (6+368) (SDUI+K)eIZ1e12)? NLE(I.K)=D
WRITE (6+366) (SKEW(TeKIeIZ1e12) AVG(I+K)=0.
WRITE (6¢368) (DOCT XK¥eIZ1s12) SOVI{TsK)=0.
1013 CONTINUE 3106 CONTINUE
C o o o & o o FLOW GENERATION EQUATIONS ¢ & ¢ ¢ & ¢ & ¢ o ¢ & & & % & 5 & 3107 CONTINUE
1015 NINDPINSTA 1108 DO 3125 J=JAWNJ
NVAR=NSTA1 M=12e(U-1)e1
D0 1090 I=1.,12 JX=JX e
IPzI-1 DG 1125 I=1.12
IF (IP.LT.1) TPZ]12 M=Mel
D0 1080 K=1.NSTA DO 1120 K1 sNSTA
D0 10RD L=1eNSTA c RANDOM COMPONENT
c CORRELATIONS IN CURRENT MONTH 1111 TEMP=RAN(IARG)
IF (L.GE.K) GO TO 1055 THPZRAN(IARG)
RILeNVARIZRA(T oKsL ) TEMP=(~2.4ALOG(TEMP) Jes . 5¢SIN(E .2 8320 THPI)
D0 1052 LAZL+NSTA TEMP-VEMPsALCFT(I+K}
LXZLAGNSTA [ GENERATE CORRELATED STANDARD DEVIATE
IF (LALLT.K) RILSLAIZRALTIsL LAY DO 1110 L=1¢NSTA
IF (LAGE.K) RILOLAIZRALT«LoLX) TMPZOPREVIL)
1052 R{LASLIZRIL LAY IF(LLT.K)ITHPZQUM.L) B
GO TO 1060 1110 TEMP-TEMP+BETALI XoL)eTHP
4 CORRELATIONS WITH PRECEDING MONTH NLG(ToKIZNLG(T oK 2]
1155 LXZLeNSTA AVE({TeKIZAVG (T +KIe TEMP
RILeNVARIZRA(I KoL X) SOVIIKI=SDVIL+K)+ TEMPTENP
00 1957 LAZLsNSTR QUMeK) ZTENP
RUELeLAIZRALIPoLoLAY QPRE V(K) =TEMP
1057 R(LASLIZRIL LA 1120 CONTINUE
1060 CONTINUE 1125 CONTINUE
c 3125 CONTINUE
1065 DO 1130 K=1«NSTA
(4 1122 IF(NJeUXTMP.GET c0.AND.KIP.EQ.1) WRITE(Gs I95) (MOLINvIZ1ei2)
00 1070 D0 3126 I-1.12
1070 BETA(T.KoL)ZRIL) TEMP=NLG (I K
IFIDTRMC.LE.T1.) GO TO 1078 AVEB(TeK)ZAVGIT oK )}/ TEMP
WRITE (6+ 10721 1+KsNTRMC SOV(TeKIZC(LSOVIIvK)~AVELI oK) 002 ¢ TEMP I/ TENP Jes.5
1072 FORMAT (34H INCONSISTVTENT CORREL MATRIX FOR Iz T3e4H K=-[2, IFAINLGEI oK) .GT.19. AND.KIP.EQ.1) WRITE(B¢5126) ISTAIK)IoMO{I)vAVGLI
I BH DIRMC: F6.3) 1K) +SDV LT eX)
DIRMC=]. 3126 CONTINUE
1078 IF(DTRMC.GE.D.) GO Y0 1079 5126 FORMAT (&H STAI&.8H MONTHI3+TH MEANFB.3.10H STD DEVF5.3)
WRITE(BeT)IIeK.DTRMC JXZJIXTHP
DYRMC=0. 00 3129 JZJAWNJ
1779 ALCFY(I+KIZC],-DIPMCIee .5 ’ JXzJxel
1080 CONTINUE MZ12e4-11
1090 CONTINUE IF (UX.LE.O) GO TO 3129
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IF (NLGUT oK) GTa19) OUMeKIZ(OUMK)I-AVGIIoKI} /SDVIIoK) BUNINDP)ZRININDP +NVAR}

THPZ((TMP o (QUMsK I~ TMP/B . )/Batladeel ~1.)02./THP D0 B8O I=2+NINDP
TEMPZ(-2.) /SKEWLT KD JEZNVAR-I
TF(SKEW(T K} 112311261124 IXzI-1
1123 IF(THP GT.YEMP)TMP-TEMP B{JIZR(JeNVAR)
G0 10 1127 DO 70 L=1e1X
1124 IFA(THPLT.TEMP) THPZTEMP KzJdeL
60 10 1127 70 BUJIZB(JII-BIK) *R (JoK)
1126 TMP=Q(M«X) 80 CONTINUE
1127 IF(TMP .GT 2. AND.SOUT oK) oGTaa3) THPZZ.4(THP-2.)0.3/S0(T.X) DTRMC=D.
THP=TMPeSDIIsK ) AVII oK) DO 90 J=1+NINDP
GiMeK)}Z10.0eTHP-DO (LK) 90 DTRMC-DTRMC+BUJ) *RX(JsNVAR)
3128 IF(QIMeX).LT.0.) OIM,K)=D. RETURN
1128 1GUIN=Q(MeN} .5 END

ITPZITP+IQ(I)
1179 CONTINUE
Ie(13)=17pP
IF(XKIP.EQ.2) GO TO 3129
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MRITE (7¢6) ISTA(KI+JUXs(JOUI)s12Z1412)
3129 CONTINUE
1130 CONTINUE
1250 NJ = NVYMXG
GO T0 NEW JO8
1270 IFE¢NYR6.LE.O) GO TO 1271
IF INJ.BT .NYRGINJZNYRG
NYRG=NYRE-NJ
60 T0 1105
1271 RETURN
END

SUBROUTINE CROUT(RX.DYRMC,NINDP .8}
DIMENSION BI20)«R(10s11)+RX(10. 1)
DOUBLE PRECISION RsB.RX
NVARZININDP <}
DO S JUT1+NINDP
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RUJeK)ZRX (I oK)}
5 CONTINUE
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DO &0 J-K.NINDP
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LZK-1
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30 CONTINUE
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Suggestions for More Efficient Use of the Operating Rule Program

The user may be somewhat bewildered as to the
proper formulation of certain input parameters to achieve
the desired objectives. Therefore a few suggestions are
made for getting started on a computation.

The projected water demand is satisfied by two
components: (1) the natural yield of the system, and (2)
the supplement from the desalting plant. The natural yield
of the system is determined by the program and is not
known beforehand. This makes selection of the trial plant
size somewhat difficult. If the plant size selected is too
small, then even the high yield producing rules fall short
of the required demand. On the othet hand, if the plant
selected is too large, the lower yield producing rules
exceed the target demand. In either case, the set of
feasible rules cannot be determined and the computer
time involved is wasted. Experience with the program has
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shown that a plant size 1.30 times the required increase in
firm yield is usually near optimal.

To decrease the wasted computer time, a pilot run
should be made utilizing the best information available
about the physical system under study and with the trial
plant size suggested above. Select one or two operating
rules and make a run using two or three periods. If one
high and one low yield producing rule are used, the results
will indicate an upper and lower limit on the firm yield
for the given plant size. Actually, the information gained
is twofold. First, the ability of the selected plant to
produce the required yield can be judged, and second, if
the plant is adequate, information is gained for formu- .
lating the operating rules. If the required demand is in the -
range of the high yield producing rules, then the lower
yield producing rules need not be considered, and vice
versa. By judicious selection of the operating rules, the
computational effort can be greatly reduced.



APPENDIX B
EVALUATION OF THE ADEQUACY OF STREAMFLOW OPERATIONAL

HYDROLOGY IN DUPLICATING EXTENDED PERIODS OF HIGH
AND LOW FLOWS |

by
Roland W. Jeppson and Calyin G, Clyde

TABLE OF CONTENTS
Page
Introduction . . . . . . . . . L L L L e e e e e e e e e e 83
Method of Approach . . . . . . . . . . . . Lo ... 83
Results from Analyses of Three Streams . . . . . . . . . . . . . . . . . . . ... 84
Cottonwood Creek near Oranggvillg, Utah . , . . . ., . . . . . ... . - e . .. 85
Streamflow at the Cachuma Project, California . . . . . . . . . . . . . . . . . . .. 90
Schoharie Creek at Prattsville, New York . . . . . . . . . . . . . . . . . . . ... 95
SUMMATY .« o o o e e o e e e e 100
Use, Description and Listing of Fortran Program . . . . . . . . . . . . . . .. .. ... 100
Data input required by program . . . . . . . . . . . . . . . ..o 100
Card1 . . . . . . . . .. ... .. C e e e e e e e e e e e e 180,
o R N B I SN 1
Cardd . . . . .. e e e e e e e L e e e e e e e e e 102
Streamflow . . . . . . . . Lo 0L oL Lo ... 102
Other variables used in computer program . . . . . . . . . . . . . e e e 103
List of References . . . . . . . . . . . . oL L0 o e 103
Listing of Fortran Program . . . . . . . . . . . . . . . . ... ... 104

82



EVALUATION OF THE ADEQUACY OF STREAMFLOW OPERATIONAL
HYDROLOGY IN DUPLICATING EXTENDED PERIODS OF
HIGH AND LOW FLOWS '

Introduction

In recent years the generation of synthetic hydro-
logic records, particularly streamflow data, has been
common in hydrologic studies which use a simulation
approach. Operational hydrology is the term used to
denote the generation of synthetic data. One of the most
active groups promoting simulation techniques and opera-
tional hydrology was founded by Professor Harold A.
Thomas, Jr. at Harvard, and from this group a number of
publications originated (see Hufschmidt and Fiering,
1966; and Fiering, 1967). The operational hydrology
computer program by the U.S. Corps of Engineers (Beard,
1965, and Hydrologic Engineering Center, 1967) has been
used in research at USU supported by the Office of Saline
Water, U.S. Dept. of the Interior.

*Much thought and many analyses have contributed
to present techniques of operational hydrology. It has
long been recognized that monthly and seasonal flows
demonstrate a high order of persistence, reflected by large
correlation coefficients between flows in successive time
periods. Although this is true to a lesser extent for annual
values, examination of many flow records using spectral
density methods, correlograms and other techniques
discloses cycles that range over periods of several years.
The fact that a long period of low or high flow can
sometimes be extremely long has been called by Mandel-
brot and Wallis (1968) the “Joseph Effect.” Some have
questioned the significance of these results, but analysis of
precipitation records has demonstrated that it is possible
to create such cyclic effects by a purely random variable
as shown by Crippen (1965). Just the same persistently
high flow and drought sequences are present in some
historic streamflow data. Furthermore, the watershed can
accentuate precipitation cycles so that the streamflow
cycles become even more extreme. There might well be
some as yet unknown meteorologic cause for such
extended cycles. Several hypotheses have been suggested
including the influence of solar spots, cosmic dust, and
radiation belts. Whatever the cause, natural streamflow in
certain regions exhibits a persistence even on an annual
event basis that is difficult to attribute to a random
variable, and evidently is also difficult to duplicate with
operational hydrology.

While considerable disappointment with specific
hydrologic models has been expressed by hydrologists (see
Yevdjevich, 1968), verbal communication with Warren
Hall at the University of California at Riverside, and Leo
R. Beard and Harold Kubic of the Hydrologic Engineering
Center at Sacramento, indicated that operational hydrol-
ogy programs adequately retain critically low and high
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sequences for streams in more humid regions, but fail to
adequately duplicate the “Joseph Effect” for streams in
arid regions. These comments lead to careful examination
of the generated streamflow obtained from the operation-
al hydrology computer program. It is clear that such an
evaluation is needed because the approach used in the
OSW sponsored study for evaluating the incremental
increases in safe yield obtainable from standby desalted
water sources depends directly upon the simulated stream-
flow data for its results. The study of the adequacy of the
generated streamflow data has not been exhaustive.
Rather, a computer program applicable to any stream has
been developed to aid in evaluating the adequacy of the
generated streamflow. (The input data called for by this

program is described in a latter section along with a listing
of the FORTRAN source statements.) Other methods
than those used in the program might well have been
selected for this evaluation. The urgency of examining the
generated streamflow before proceeding further into the
major work of the OSW contract necessitated that the
evaluation be made without delay. Because the computer
program thusly developed might be of aid to others in
evaluating operational hydrologies, it seemed desirable to
document the approach used and to list and explain the
computer program in a separate report specifically direc-
ted to the evaluation of generated streamflow data.

Method of Approach

A preliminary analysis comparing the monthly
means, monthly standard deviations, annual means and
annual standard deviations of generated data and historic
data from several streams indicated that these statistical
parameters of the generated data were close to the same
historic parameters. In essence this comparison simply
verified the proper operation of the operational hydrology
program, since these parameters are maintained in the
generation process.

The deficiency in generated streamflow data, as
others have pointed out, is that in consecutive annual
events the historic data tend to be either consistently
higher or lower than the generated data for some streams.
To examine this characteristic of the generated stream-
flow data all possible running averages (averages of
consecutive monthly flows) within the streamflow record
are computed for several different lengths of periods. The
computer program, developed to accomplish this compu-
tation, has been designed to permit the analyses of the
running average data for several specified periods of
consecutive months during the same execution of the



program. For the analyses already performed at USU,
periods starting with 24 consecutive months and going
through 192 consecutive months in increments of 24
months have been used. The computed running averages
represent an additional data set covering flows of extend-
ed periods of time. The number of individual running
averages computed in this manner are given by,

N - K+ 1

L= 12N

¢!
y )]
in which Ny is the number of years of streamflow data,
and K is the length of the period of consecutive months.
While these individual averages are not independent, a
frequency distribution of the resulting data indicates
persistency trends of the data, To obtain this frequency
distribution running averages are ranked in order of
magnitude by the program from high to low. In addition,
the mean, variance, standard deviation and skewness
coefficient of the running averages of each period are
computed, so that one might obtain the frequency
distribution under the assumption that the data fit a
normal distribution. The ranked running averages are then
plotted as the ordinate against the probability computed
by

as the abscissa. In Eq. 2 n refers to the rank number.

By comparing the distribution of running averages
obtained from the historic data with those resulting from
the data obtained from the operational hydrology pro-
gram it is possible to determine whether extended periods
of droughts and high flows are duplicated. If the running
averages associated with small probabilities (i.e. the high
flows) obtained from the generated streamflow data are
smaller than the corresponding averages from the historic
data, then the generated data does not maintain the
needed dependence between annual events. Likewise if
the running averages associated with large probabilities
(i.e. the low flows) from the generated data are not as
small as those from the-historic data, persistence of
droughts are not duplicated. In fact since the generated
data cover a much longer time period than the historic
data, its record should actually contain both larger and
smaller running averages than the historic data.

An index to how well the generated data maintains
critical periods is the difference between generated and
historic standard deviations of the running averages. Since
the standard deviation is a measure of the spread about
the mean, the standard deviations of the running averages
from the generated data should not be consistently
smaller than those resulting from the historic data. The
computer program contains instructions which compare
the two standard deviations for each specified period of
consecutive months by printing the difference between
the two values. In addition the mean and standard
deviation of these differences among the specified periods
of consecutive months is computed and a value of t

84

computed by

P

in which Xg4 is the average difference between the two
standard deviations, N pis the number of separate periods
used in the analyses and o , is the standard deviation of
this same difference. While the value of t camputed by
Eq. 3 does not represent a true distribution of difference
in mean values, an idea of the likelihood that the
generated data is from the same population as the historic
data can be acquired by comparing its value with the
tabulated t-distribution.

Results from Analyses of Three Streams

The streamflow at each gaging station is influenced
by unique and complex interrelated phenomena. These
phenomena are the result of the meteorology, geology and
hydrology of that particular area, Completely meaningful
generalizations cannot be made about watershed types,
areal location, or climate and their effects on streamflow.
Often adjacent watersheds with similar topographical
characteristics may have streamflows djffering consider-
ably both in total magnitude and seasonal distribution, It
is necessary, therefore, to analyze streamflow data for
each watershed separately to ascertain the adequacy of a
particular operational hydrology for that stream gaging
site. Three separate stream gaging sites have been selected
for analysis of their streamflow in this report.

These three sites are all in different parts of the
United States and their geologic histories are quite
different. The first site, Cottonwood Creek near Qrange-
ville, Utah, is in the Colorado River Basin in Central Utah,
a relatively arid part of the United States. A significant
portion of the streamflow results from groundwater
storage, because flow continues through periods of neither
snowmelt nor rainfall. The second selection is at the
Cachuma project site in California. The streamflow at this
site varies drastically when contrasted with Cottonwaod
Creek, and within a period of a month a difference of
several thousand cubic feet per second of flow are
commonly observed. Even though this area is not as arid
as the Cottonwood Creek region, zerq flow has occurred
for many separate periods several months in length. The
third selection is on the East Coast of the United States,
Schoharje Creek at Prattsville, New York, a stream in a
region of higher annual precipitation and exhibiting less
erratic flow fluctuations than the Cachuma data.

The sglection of these three stream gaging sites was
not based on an attempt to find streams with peculiar
behavior. Rather their selection resulted because they
represent differing conditions and the latter two are to be
used as bench marks on which the operating rule program
resulting from the OSW contract is to be tested. The
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selection of Cottonwood Creek resulted because of the
availability of good streamflow records and because it lies
in a region similar to those in which other investigators
have noted that operational hydrology programs do not
adequately reproduce the “Joseph Effect” in historic
data.

Partial results from the analyses provided by the
computer program are given below for each of the three
selected sites. These results are presented not only to
document the findings regarding the adequacy or inade-
quacy of the operational hydrology program for each
stream but also to illustrate how judgment might be used
in interpreting the results from similar analyses of other
streams. For each of these streams 500 years of data were
obtained from the operational hydrology program using
the available historic data as input. For each stream the
generated data were obtained as 10 groups of 50 years
each.

Cottonwood Creek near Orangeville, Utah

Historic streamflow data are available for Cotton-
wood Creek near Orangeville, Utah, from 1910 through
1965. The watershed area contributing to the flow at the
gaging station is 205 square miles. For the entire 56 year
period of record the streamflow data represents the
natural flow of the stream with the exception of small
diversions for irrigation above the gaging station, which
are not measured. Diversions from the headwaters of
Cottonwood Creek through Ephraim and Spring City
tunnels, constructed by the Bureau of Reclamation in
1936 and 1938 respectively to the San-Pitch River Basin
within the Great Basin, have been added to the measured
flow at the station site near Orangeville, in order for the
historic data to represent natural conditions.

For both the historic and the generated streamflow
data, the cumulative frequency distributions of periods

starting with all possible averages from 24 consecutive
months through 192 consecutive months in increments of
24 months were obtained. On Fig. 1 are graphs on which
the results of the frequency analyses are displayed. In
comparing the curves on the graphs resulting from the
generated data with those from the historic data a
smoothing effect can be detected. A certain amount of
this effect would be expected because the sample of data
from the generated streamflow is larger. One might also
note that the flows which are exceeded for small
probabilities of occurrence (high flows), particularly for
the longer periods of consecutive months as given by the
analysis of the historic data, are larger than the corre-
sponding flows as given by the analysis of the generated
data. Furthermore, for larger probabilities of occurrence
the average flow rates resulting from the analyses of the
generated data are larger. Table 1 has been prepared to
illustrate these differences.

If the generated data maintained the ‘“Joseph
Effect” which the historic data exhibits, this difference
should not have occurred. In fact because of the larger
number of generated data, one might expect the opposite
tendency.

A further indication of the inadequacy of the
generated data in duplicating extended critical periods is
given in Table 2 in which the standard deviations of the
running averages from both the historic and generated
data are given. The fact that, for all periods of consecutive
months, the standard deviations from the historic data are
larger than those from the generated data indicates that
the generated data do not contain as many persistently
high-flow or drought sequences as do the historic data.

The conclusion, therefore, is that the operational
hydrology program does not adequately reproduce the
“Joseph Effect” for Cottonwood Creek near Orangeville.

Table 1. Average flowrate (ac-ft/month) over the given period of consecutive months that will be exceeded for
several probabilities of occurrence. The flowrates are for both the historic and generated streamflow
of Cottonwood Creek near Orangeville, Utah.

Period Probability of occurrence
(Consecutiv 27 107 907 98%

Months) [Historic [Generated Historic | Generated| Historic [ Generated |[Historic | Generated
24 9786 10,010 9210 8400 4068 4170 2797 3480
48 8769 8,960 8119 7670 4533 4660 3663 4110
72 8220 8,550 7930 7450 4838 4900 3557 4370
96 8095 7,930 7680 7320 5058 5180 4760 4510
120 8115 7,810 7564 7200 5060 5280 4719 4710
144 8164 7,550 7467 7080 5226 5370 4765 4890
168 7878 7,370 7122 6960 5365 5430 5165 5090
192, 7437 7,200 7097 6900 5416 5490 5182 5170
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Table 2. Comparison of standard deviations of running average data of streamflow at Cottonwood
Creek near Orangeville, Utah. (Units are in ac-ft/month.)
No. of N Standard deviations
Congecutive Percent
Montha Historie Generated Difference Difference]
24 1810 1680 + 130 7.25
48 1350 1180 + 170 12.71
72 1030 970 + 120 11.15
96 934 835 + 99 11.47
120 895 728 + 167 18.70
144 822 641 + 181 23.30
168 695 570 + 125 17.96
192 590 517 + 73 12.25
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Figure 1. Relationships between average quantities of runoff over extended periods of time and

probability of occurrence for Cottonwood Creek near Orangeville, Utah.
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Streamflow at the Cachuma Project, California

Historic streamflow data for the period 1905
through 1962 were obtained from the California Division
of Water Resources. After inputing these historic data to
the operational hydrology program and generating 500
years of streamflow data in 10 groups of 50 years, both
the historic and generated data were used as input to the
program described in this report. Each of the curves on
Fig. 2 displays the results of the frequency analyses of the
running averages over the specified period of consecutive
months. Table 3 summarizes the runoff quantities associa-

T T T
30.00 40.00 80.00
PROBABILITY (PEJCENT;

-
70.00 60.00

ted with four probabilities of occurrence. The results from
the frequency analyses show that the generated stream-
flow for extended periods of droughts are slightly higher
than the corresponding historic averages. This effect is less
pronounced than for Cottonwood Creek near Orangeville.
Just the same the results seem to indicate that the
generated data are not adequately reproducing droughts.
On the other hand the averages from the generated data
are greater than the historic data for high flows or low
probabilities. Extended periods of high flow are therefore
retained in the operational hydrology program for the
flows at Cachuma.

Table 3. Average flowrate (ac-ft/month) over the given period of consecutive months that will be exceeded for
four probabilities of occurrence. The flowrates are for both the historic and generated streamflow at

the Cachuma Project, California.

Period Probability of occurrence
(Consecutive 2% 10% 907% 98%

Months) Historic [ Generated Historic Generated | Historic Generated | Historic Generated
24 2600 3500 1935 1810 16 81 6.7 26
48 2290 2750 1550 1600 130 182 14.5 84
72 2100 2290 1320 1330 195 258 110 140
96 1880 1900 1245 1297 188 300 149 184
120 1710 1770 1080 1243 213 337 196 240
144 1585 1590 1060 1175 222 369 197 270
168 1465 1450 1055 1117 241 413 198 285
192 1300 1365 960 1130 295 445 220 290
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Table 4 shows a comparison of the standard
deviations. The differences in the standard deviations have
both negative and positive values. Because the magnitudes
of these differences are relatively large, it cannot be

concluded that the operational hydrology program ade-
quately reproduces extended trends of the historic record.
Conversely, it cannot be concluded that the operational
hydrology program is not reproducing the “Joseph Ef-
fect.”

Table 4. Comparison of standard deviations of running average data of streamflow at Cachuma,

California. (Units are in ac-ft/month )

No. of Standard deviations
Consecutive Percent
Months Historic Generated Difference Differencel
24 7220 9280 «2040 -28.3
48 5920 6250 - 320 - 5.4
72 5180 4850 + 330 + 6.37
96 4600 4080 + 520 +12.70
144 3650 3190 + 460 +12,60
168 3140 2900 + 240 + 7.64
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Figure 2. Relationships between average quantities of runoff over extended periods of time and
probability of occurrence for streamflow at the Cachuma Project, California.
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Figure 2. Continued.
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Figure 2. Concluded.

Schoharie Creek at Prattsville, New York

Monthly streamflow data for Schoharie Creek at
Prattsville, New York were obtained for the period 1904
through 1967. These data are in terms of discharge in
cubic feet per second, while the data for the other two
streams are in terms of ac-ft per month. Fig. 3 contains
the plotted results from the frequency analyses of the
running averages over extended periods. Table 5 contains

values of average discharge for the specified periods which
might be expected to be exceeded for the four specified
probabilities of occurrence. In contrast to the results of
Cottonwood Creek, for the two low probabilities (i.e. the
high flows), the averages obtained from the historic data
are smaller than those obtained from the generated data,
whereas, for the two larger percentages (i.e. the low
flows), the historic averages are larger than the generated
averages for the longer sequences.

Table 5. Average flowrate (cfs) for the given period of consecutive months that will be exceeded for four
probabilities of occurrence. The flowrates are for both the historic and generated streamflow at

Schoharie Creek at Prattsville, New York.

Period Probabllity of occurrence
(Consecutivd 27 10% 907 98%

Months) Istoric [Generated Historlc | Generated| Historic | Generated [Historic Generated
24 611 662 543 566 347 340 276 301
48 532 598 516 529 382 367 297 332
72 527 574 496 515 400 383 317 351
96 504 554 489 509 407 392 , 352 365
120 498 550 485 501 412 399 366 379
144 489 545 480 495 422 407 398 385
168 481 532 474 490 431 41 406 390
192 478 521 470 487 436 413 420 397
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IT1

Unif.CosT of Water as a Function of the Operating Plant

TABLE 8

Load Factor and Optimum Load Factor

Plant Size _ 75 Mgq
Operating Total unit water cost and cost of fuel ¢/1000 gal. for the plant that is optimized
Load at the given plant load factor
Factor
08 | 2o 302 50% 70% %0%
Total | Fuel [ Total;i Fuel | Total | Fuel | Total | Fuel | Total | Fuel | Total | Fuel
§ '
10% 218.3 | 41.3 i 222.5 35.6 {228.3 32.3 [240.7 28.3 250.8 | 26.2 | 259.7 24.8
é .
20% 133.9 | 41.2 133.3 35.8 1134.5 32.3 138.9 28.3 143.0 § 26.2 146.8 1 24.8
30% . 105.8 | 41.2 103.5 35.6 §103.3 32.3 {105 28.3 107.1 26.2 [09.1 24.8
50% 83.3 } 41.2 79.7 35.6 78.4 32.3 77.8 (28.4 78.2 26.2 79.1 24.8
70% 73.7 t+41.2 69.6 35.6 67.6 32.3 66.9. 28.3 66.0 | 26.3 66. | 24.8
90% 68.1 |41.2 63.71 35.6 | 61.5 | 32.3 [59.5 |[28.3 58.9 | 26.2 ! 58.8 524.8




(44!

Plant Size 100 Dlgg

TABLE 9

Unit Cost of Water as a Function of the Operating Plant

Load Factor and Optimum Load Factor

Operating Total unit water cost and cost of fuel ¢/1000 gal. for the plant that is optimized
Load at the given plant load factor
Factor 1
10% P 20% 30% 50% 70% 0%
Total | Fuel E Total | Fuel | Total | Fuel | Total | Fuel | Total | Fuel | Total i Fuel
10% 211.2 41.3 5 ZIS.B% 35.51 221.0 32.2 |233.2 28.2 242.9 26. 1 251.6 E 24.7
s. | E
20% {30.2 41.2 129.4? 35.7 1 130.6 32.2 1134.9 28.2 138.8 26. 1 142.5 i 24.7
| ;
¢ i
30% 103.1 41.2 IOO.BE 35.5 § 100.5 32.3 1102.1 28.2 103.9 26. | 106.2 % 24.7
50% 81.5 41.2 % 77.9 35.5 76.4 32.2 75.9 28.3 76.3 26. 1 76.9 24.7
70% 72.3  41.2 68.1 35.5 66. | 32.2 64.6 28.2 64.4 26.0 64.6 224.7
Ly é :
90% 69.9 41.2 : 62.4 35.5 60.1 32.2 58.1 28.2 57.6 | 26.1 g 57.4 224.7
3 i z
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OAK RIDGE NATIONAL LABORATORY
OPERATED BY

UNION CARBIDE CORPORATION
{ NUCLEAR DIVISION

POST OFFICE BOX Y
OAK RIDGE, TENNESSEE 37830

April 29, 1969

Mr. Wesley H. Blood
Utah State University
College of Engineering
Logan, Utah 84321

Dear Mr. Blood:

SUBJECT: Reply to Your Letter of April 22, 1969

Time does not permit us to develop cost tables for 150, 200, 250
and 300 Mgd plants as requested. I would suggest that the 100 Mgd

costs be used as a base with the following arithmetic multipliers
for unit capital, annual or water costs:

100 Mgd 1.0

150 Mgd 0.97
200 Mgd 0.9k
250 Mgd 0.92
300 Mgd 0.90

The total annual cost ($/yr) at 0% plant factor would be the sum of
the annual fixed charge tabulated in my letter to Mr. Clyde,
March 1k, 1969, plus the following operating cost:

Plant Size Op. Cost, $/yr
25 Mgd 20,7h0
50 Mgd 30,480
75 Mgd 31,420

100 Mgd Lo,260

It is likely that a thorough anslysis of the guestions would give
more refined answers in both cases. T have reviewed our approach
briefly with Shiozawa and I believe he is in agreement with the
approach taken.

Sincerely,
7

N . 5
L
" ﬁyug, £ ot 1.;%,
1. Sphiewak

IS:jb
cc: Dr. C. G. Clyde
" Mr. Sam Shiozawa
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