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As the Nation’s principal conservation agency, the Department
of the Interior has basic responsibilities for water, fish, wildlife,
mineral, land, park, and recreational resources. Indian Territorial
affairs are other major concerns of America’s “Department of
Natural Resources”.

The Department works to assure the wisest choice in managing
all our resources so each will make its full contribution to a better
United States—now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present
accounts of progress in saline water conversion and the economics of
its application. Such data are expected to contribute to the long-range
development of economical processes applicable to low-cost demineraliza-
tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by
the Department of the Interior.
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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 cf 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 firming-up 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 S0
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

1The 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.

2 .
Operational 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; i.e., 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 Burley (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 real-life 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
realdife 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. Each 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 80.0 242 75 0.36 0.40 65 0.82 197,500
Salt Lake-Deer Cr. 99 2200 176.8 65 46 .80 59 5 183,400
N. Y. City system 99 1970.0 1759.6 250 1 .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

A verage levelized annual cost for the five simulation periods.



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 leastcost 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; ie., 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 fingd 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 tum 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 sgeriod of
operational hydrology would be about 4 x 10"%". 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
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Figure 1. Objective function surface for fixed plant size.

intersection point specifies the operating rule and the
minimum cost of producing the additional firm yield.

A prescribed demand can be satisfied by more than
one size desalting plant; thus it is necessary to repeat the
analysis for several plant sizes. The eventual result is to
estimate the optimum size plant and its capital and
operating costs to produce a new increment of firm yield,
at the same time defining the plant operating rule.

Some refinement in the operating rule may be
profitable depending on the season. One would normally
be willing to permit the reservoir to draw down to a lower
level if the subsequent months normally constituted the
wet season of the year. Furthermore, the operating rule is
not necessarily the way the plant will actually be operated
in any given year once it has been constructed. The
operator may have better real-time information on which
to base his decision than the statistical history of the past
available to the planner. The purpose of the rule is to
greatly reduce the number of alternative cases that have to
be investigated, and to rapidly determine the rule for
maximum efficiency of operation. One could expect that
the efficiency achieved in actual operation would not
greatly differ from the best prediction using the operating
rule, but could be better if good forecast information is
available.

Simulation Model Data

The essential data for of the simulation model used
in this study are:

Streamflow (inflow to reservoir),

Storage (reservoir) characteristics,

Draft on storage

(a) Demand to be satisfied,

(b) Mandatory release,

(¢) Losses, and

4,  Desalting plant of specified capacity with the
associated operating and capital cost data.

W

Units of inflow may be in either cubic feet per second
(cfs) or million gallons per day (MGD) while storage may
be given in acre feet (A.F.) or billion gallons (BG). A brief
discussion of each item will serve to elucidate the overall
methodology used in the computer program.

Streamflow

Streamflow representation in the simulation model
is provided by means of operational hydrology. Opera-
tional hydrology, as described by Fiering (1967), involves
the generation of equally likely streamflow sequences.
The method is based on the fact that flows at stream
gaging stations comprise a sample from a time series. A
time series can be represented by a function of the form

in which
q¢ is the value of the parameter at time, t
f(t) isa deterministic component, and
u, isarandom component.

The extension of this type of function to a
workable flow generator is reported by Fiering (1967) and
the theory of streamflow generation will not be pursued
any further in this report.

The streamflow sequences used by the simulation
model are generated by subprogram GNFLO. This subpro-
gram is a modified version of a computer program
developed by the Hydrologic Engineering Center (1967)
of the Corps of Engineers. Subprogram GNFLO, as now
constituted will simultaneously generate monthly flows
for as many as five gaging stations for periods up to one
hundred years in length.

Operational hydrology should not, and indeed
cannot be used indiscriminately. Fiering (1967) indicates
that it cannot be used reliably on streams whose water-
sheds have been or will be altered appreciably with time
by the activities of man or the forces of nature.
Streamflow synthesis cannot improve the quality of a
hydrologic record and is not a forecasting mechanism. It
is, however, a means of obtaining a number of streamflow
sequences of whatever length desired with certain statisti-
cal parameters identical to those of the historical record.
The justification for generating a number of equally likely
sequences is that this procedure removes the reliance of
the analysis on a single, short sequence of streamflow and



also permits estimates of the probability of a particular
level of output.

The adequacy of the operational hydrology subpro-
gram GNFLO is more completely discussed in Appendix
B, “Evaluation of the Adequacy of Streamflow Operation-
al Hydrology.”

Storage characteristics

The reservoir storage capacity is assumed to be the
same for each set of simulation computations on the
computer. This assumption is reasonable since the pro-
gram is applied to existing systems planning to supple-
ment the natural supply with desaited water. Admittedly,
a model that treats storage capacity as a variable would be
useful in some planning situations, but is not necessary for
those planners dealing with existing water supply systems,
whose storage cannot be increased.

The program can be used to assess the effect of
increased storage capacity on the cost of the supplemental
water simply by making several sets of computations, each
with a different reservoir size. The larger reservoir would
produce more firm yield without desalting, and would
also lead to more efficient conjunctive operation of the
desalting plant with a corresponding lower cost. The
savings in the desalting cost of meeting the demand could
then be compared with the cost of providing the increased
storage capacity.

The present Operating Rule Program could be
modified to search automatically for the optimum reser-
voir size. The reservoir cost vs. size would be required as
an input. Unfortunately, the length and complexity of the
program would substantially increase. Effort to devclop
this modification is suggested as a worthwhile goal for
future research.

In the simulation model the reservoir storage is
assumed to meet a primary demand that can be described
by a yearly total demand and a set of monthly demand
coefficients. This primary demand may be for irrigation,
for municipal and industrial water needs, or for other uses
so long as the monthly coefficients describe the total
demand pattern. An extension of the model would be
required if the reservoir is to fulfill other multiple
purposes that follow a different demand pattern.

The limits of a conservation pool that can be drawn
on when demand is greater than the seasonal supply and
replenished when the condition is reversed must be
defined. The parameters required to describe the storage
in the simulation program are the maximum available
capacity of the reservoir, the dead or inactive storage, and
elevation-capacity-surface area curves in tabular form.

Draft on storage

Draft is defined as outflow from the conservation
pool to satisfy demands of the following types:

(a) Releases to meet the projected demand,
(b) Mandatory releases for other purposes, and
(c) Evaporation losses.

Projected or target demand is fumished by the
program user. By utilizing such. information as per capita
consumption of water and population projections, the
planner can estimate future water requirements. This
demand rate in million gallons per day (MGD) represents
an average rate over the period of a year. Along with the
overall demand rate, the planner must furnish a set of
monthly coefficients which are the ratios of the monthly.
demands to the average monthly demand. Thus,

r; =RC; fori=1,2, ..., 12..(2

12
subject to A c. =1
12 . 1
i=1
in which
r is the monthly demand rate,
R is the average of the monthly demand rates,

i
and
C; is the monthly demand coefficient.

If the inflow is on a water year basis, i = 1
represents October, and if on a calendar year basis, i = 1
represents January. The monthly rates are converted to
volumes on the basis of the number of days in the given
month.

Mandatory releases from storage generally have
priority over all other uses. Usually, the mandatory release
must satisfy the terms of some decree or compact. An
example would be that of maintaining a certain gage
height at some downstream point for the purpose of
conserving fish and wildlife and/or water quality. These
releases are described in the same manner as the target
demand; that is, an average rate of release in MGD over
the period of a year is specified along with release
coefficients for each month. If the releases are uniform
for each month, then all C;’s would equal 1.0.

Evaporation losses are represented in the model by
monthly evaporation coefficients. The coefficients are in
the form of average evaporation in inches per month. The
water surface area in acres must be known. Then, the
monthly volume of water in billions of gallons (BG) lost
by evaporation is obtained from

E. = 2.7152 x 105 A.e.
1 1 1

for i =1, 2, ..., 12 ....0
in which
E; is the volume of water (BG) evaporated in
_ monthi,
A. is the average water surface area (acres) in

1
month i, and

e; is the evaporation coefficient for month i.



the water surface area is given in the input data as a
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 fcr 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 1V computer language and consists of
about 1700 statements.

Y 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.
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fractions, reservoir and demand data
desalting plant costs. firm yield
criterion, etc.

!

Initialize parameters and arrays

)

Formulate the operating rules that
constitute the decision space

Y

Generate periods of streamflow data
to be used in the firm yield
determination

'

Obtain probable starting contents
of the reservoir for each period

!

Simulate operation to determine:
(a) Firm yield without the desalting
plant,

(b) Firm yield of the conjunctive oper-
ation for each operating rule

¥

Delimit the decision space; i.c.,
determine the set of rules that
produce the demand

!

Generate the streamflow data to be
used in simulation to obtain costs

'

Simulate operation for each feasible
rule and record the performance of
the system

!

Obtain the cost of each feasible
rule for producing the required
increase in yicld

Y

Output the least cost rule
and associated cost

Figure 2. Operating Rule Program macro logic.

Block 1-Input

The simulation requires the following input to the
program (A detailed description of the input format is
presented in Appendix A under Input Data.):

1. Control parameters. Parameters that specify the
length in years of the simulation period, number of
periods of simulation performed, desalting plant size,
options desired, and related items.

2. Demand data. The projected target demand rate
and the monthly demand coefficients.

3. Storage data. Elevation-capacity-surface area
curves in tabular form.

4. Operating rule fractions. Fractions of reservoir
storage contents at any time that are to be used to decide
when to turn the plant on and off. The procedure for
combining these fractions to generate the set of operating
rules is explained in block 3.

S. Mandatory releases. Releases for purposes other
than municipal and industrdal or other primary use. An
average rate and the monthly coefficients must be given.

6. Monthly season assignment. Each month is de-
scribed, on the basis of the historic record, as a low
streamflow, average or a high streamflow month relative
to other months of the year.

7. Turn-on and turn-off increments. These incre-
ments arc used to refine the operating rule to account for
the effect of the seasonal trends in streamflow. The
turn-on and turn-oft levels are adjusted according to the
pre-assigned increments to modify the rule for wet and
dry seasonal effects. A more detailed explanation of how
these increments are used can be found in the discussion
of block 3.

8. Desalting plant cost data. Included in these data
are costs of operation at different load factors for plants
optimized at specified load factors, interest rate, fixed
charge rate, and estimate; turn-on and turn-off costs.

9. Historical streamflow record. This is the basic
hydrologic record from which the operational hydrology
subprogram derives the statistics for generating the
streamflow sequences. This historical record is the best
information that can be furnished as to the natural or
unregulated monthly flows into the storage of the system.

Block 2--Initialization

Prior to simulating system operation, some initial-
ization procedures are required. Certain arrays and param-
eters involved in summations arc set to zero, daily flow
rates are converted to monthly flow volumes, and the



values of the variables involved in the simulation are
altered to make the units consistent. All flow rates are
converted to million gallons per day (MGD) and all
volumes are converted to billions of gallons (BG).

Block 3—Formulation of operating rules

The objective of the computation is to find the
optimum operating rule; i.e., the rule that will furnish the
required additional firm yield at the least cost. The
operating rule is the criterion for turning the desalting
plant on or off. Both reservoir contents and the season of
year are embodied in the rule. Each operating rule
specifies a certain reservoir content below which the
desalting plant will be operated and another reservoir
content above which the desalting plant is turned off, but
on standby.

For any given computation, the turn-on and turn-
off fractions may be adjusted upwards or downwards by
the program depending on whether the month under
examination at the time is usually relatively wet or dry.
During the simulation the state of the system is examined
at the end of each month. If the storage content is below
that specified by the operating rule and if the desalting
plant is not operating, it is tumed on for the ensuing
month. If the storage contents are above that specified by
the rule and the plant is operating, then it is turned off for
the coming month

A set of operating rules can include three possible
conditions: (1) The turn-on contents are less than the
turn-off contents; (2) The turn-on and turn-off contents
are equal; and (3) The turn-on contents are greater than
the turn-off contents.

The first two conditions as shown in Figs. 3(a) and
3(b) present no special problems. When the contents of
the system storage become less than that specified by the
operating rule, the desalting plant is turned on. The plant
is then operated until the contents of storage become
greater than that specified by the rule.

The third condition as shown in Fig. 3(c) requires
special treatment. The plant will be turned off when the
storage contents become greater than the turn-off con-
tents (point A) specified by the rule. The storage may
subsequently be drawn lower before reaching the turn-on
contents, in which case the desalting plant is tumned on
(point B), and operated until the time that the storage
starts to increase again (point C).

A set of operating rules is formulated by the
computer on the basis of the operating rule fractions
(input item No. 4 specified by the user) and the seasonal
turn-on and turn-off increments (input item No. 7 also
specified by the user). Each one of the turn-on fractions
selected for examination is combined with each of the
turn-off fractions to form the set of operating rules.
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Therefore, the number of rules for a particular run is given
by

N -

, = (Ngp) (Nogg)

in which
N,
NOI’I

is the total number of rules in the set,

is the number of turn-on fractions specified,

and

Nogs is the number of tum-off fractions specified.
The following example will serve to demonstrate

how the rules are formed when subject to the following

input:

Turn-on fractions = .80, .60, and 40
Turn-off fractions = .70, .60, and .50
Turn-on increments = 05and .10
Turn-off increments = .05 and .10



One of the three possible cases can be specified by
assigning 1, 2 or 3 to the input parameter NSN: 1

1. A one-season characterization which implies lit-
tle variation of mean monthly streamflow through a
typical year.

2. A twoseason characterization in which the
monthly flows fit a pattern wherein some months are
appreciably higher in flow than others, and

3. A threeseason characterization in_which each
monthly flow is identifiable as either high, average, or low
flow.

Table 2 summarizes a typical set of operating rules.
If the one-season characterization is specified (NSN = 1),
the operating rule is defined by column A in Table 1. Rule
No. 5, for example, is turn-on = .60, turn-off = .70. No
turn-on and turn-off increments are required and columns
B and C are not needed for the simple one-season rule. If a
two-season characterization is specified (NSN = 2), the
operating rule is defined by columns A and B. Rule No. 3,
for example, is turn-on = .80, turn-off = 60 for the
months designated as low flow and turn-on = .75, turn-off
= .55 for the months designated as high flow. One turn-on
increment (.05) and one tum-off increment (.05) are
required. Column € is not part of the rule. If the
three-season characterization is specified (NSN = 3), all
three columns define the rule. Rule No. 2, for example, is
turn-on = .80, turn-off = .70 for months designated as low
flow, turn-on .75, turn-off = .65 for those months
designated average, and tum-on = .70, turn-off = .60 for
those months designated as the high flow months. As
shown in the example, two turn-on and two turn-off
increments are required. Judgment based on knowledge of
the hydrologic conditions along with past experience with
the program is used in specifying the seasonal characteri-
zation and the turn-on and turn-off increments.

Block 4—Generation of streamflow for firm yield

The streamflow generator, subprogram GNFLO,
generates the streamflow sequences that are utilized in the
firm yield analysis. The parameter, NPFY, specifies the

lSeasonal configuration of the mean monthly inflows (see
Appendix A).
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Table 2. Typical set of operating rules.

Turn-on Turn-off

Rule

No. A B C A B C
1 Operation without the desalting plant
2 80 a5 .70 70 65 60
3 80 a5 .70 60 55 S0
4 80 .75 .70 50 45 40
5 .60 S5 .50 g0 65 60
6 60 S5 .50 60 S5 S0
7 .60 .55 .50 50 45 40
8 40 35 30 70 65 60
9 40 35 30 60 S5 S0

10 40 35 .30 50 45 40

number of periods to be generated, and the parameter,
NYFY, specifies the number of years in each period.
NPFY can vary in the range from 1 to 20 and NYFY
cannot exceed 100 years. Considerations for selecting a
value for NPFY and NYFY will be discusséd under block
6.

Block 5—Selection of reservoir starting content

The reservoir storage contents at the beginning of a
simulation period exert some influence upon the results
obtained, particularly if the period of simulation is short.
An arbitrary assumption as to initial contents of storage is
considered inadequate. The problem is resolved by select-
ing, at random, a starting content from a sample of the
distribution of year-end (or start of year) storage con-
tents, for each period to be used in the simulation. The
distribution, which is a function of the storage capacity,
inflow and outflow is unknown. However, a 50-year
sample of the distribution is obtained by simulating
operation for 75 years and retaining the last 50 years of
end of year contents. To start the simulation procedure
for the 75 years, the initial contents are assumed to be
one-half the storage capacity. The first 25 years of the
simulation are rejected to eliminate the effect of the
arbitrary starting point and are not considered as part of
the sample.

Block 6—Firm yield analysis
In the first phase of the simulation the program

obtains the firm yield of the system for the following two
different conditions:



1. The existing supply system without any desalted
water supplement.

2. The system when operated in conjunction with a
desalting plant. This entails finding the firm yield for
every operating rule formulated in block 3.

The procedure for obtaining the firm yield depe..ds upon
the definition of firm yield furnished by the program user.
If a drought proof condition, i.e., 100 percent frequency
of meeting demand, is specified, a straight iterative
procedure is used in which successive guesses are made
and checked until the yield is found that can be met all
the time. If a firm yield definition of less than 100
percent is furnished, then a quasi iterative procedure is
used. This procedure involves finding a firm yield above
and below that which can be met the specified percent of
time and then an interpolation is performed to obtain the
desired firm yield.

Four input parameters are involved directly in the
iterative procedure:

1. An estimate of the yield of the natural system
expressed as a decimal fraction of the mean inflow rate
(SSTART),

2. An increment used to modify (SSTART) while
iterating to find the firm yield (STEP),

3. The firm yield definition expressed as a frequen-
cy of meeting the target demand (PCF), and

4. The mean inflow rate to the system (DEMB).

If the system had unlimited storage and no losses,
the demand that could be furnished 100 percent of the
time would be the mean flow rate into the system.
However, as this condition does not exist, the problem
becomes that of finding the yield that will satisfy the firm
yield definition.

An average demand rate is obtained as follows:

Ro= FoQ o v oo oo 5)
in which
R is the average demand rate,
Q  is the mean inflow rate (DEMB), and
f is the fractional level of yield (SSTART),

00 <f<1.0.

For example, if Q = 350 MGD and f = 0.80, then the
average demand rate unposed on the system is R = 280
MGD. Simulation then proceeds by routing a period of
generated streamflow through the system subject to the
monthly demand rates obtained from Eq. (2).
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The basic storage equation involved in the simula-
tion is

I=0=2A4S .. ....... (6)
in which
1 is the inflow,
O s the outflow, and
AS is the change in storage.

Substituting for each term of Eq. (6) its components
treated as rates, gives the following equation:

(As)i,j =443 tw-eyq - (ri)t - (ri)m

for

=1, 2, .iay NG
j=1, 2, ..., NYP
in which
Qi; is the streamflow rate for month, i, year, j,
w s the desalting plant rate,
€; is the evaporation rate for month, i,

(ri)¢ is the target demand rate for month, i,
(r{)m is the mandatory release rate for month, i, and
(AS)i’jis the change in storage for month, i, year, j.

The state of the system is examined prior to the
start of each month by converting each term on the
right-hand side of Eq. (7) to a volume (BG) on the basis of
the number of days in the given month and solving

Sit1,5 T Si¥Qi, W By - (Ry)e - ®Ry)

in which
Si+1,jis the storage contents at the start of month i
+ | (or end of month, i), year, j,

S; isthe storage contents at the start of month, i,
year, j, and

all other terms correspond to their counterparts in
Eq. (7).

The value of S;,,; is compared to the operating rule and
the appropriate action is initiated to turn the plant on or
off or leave it unchanged. During simulation without the
desalting plant, W, in Eq. (8) is zero for every month.

During the simulation the response or behavior of
the system is recorded by the program. The amount of
shortage, average duration of shortage, and frequency of
satisfying the demand are computed for the length of
period specified by the parameter NYFY. The average
plant load factor (based only on the years the plant
operates and not on total years simulated) is also
determined by the following equation:



in which
L, is the average plant load factor for rule r, r =

1,2,....,Ng,

is the number of months the plant operated in

year, j, 0 <O; =12, as counted by the

program,

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

and

is the number of years that the plant operated

in the simulation as counted by the program

and

is the number of operating rules in the set.

0;

Nop

N:

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 (Nop).

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; = 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)Sth(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 cori be mat I00%
of the time.

1 N a linear interpolation is performed to obtain the value of
F = (1.0 - = I K.) (100) firm yield for the given period. The method is demonstra-
t N j=1 J . .(10) ted graphically in Fig. 4.
A - Turn -On =.90; Turn-Off = .60
© - Turn -On =.70; Turn-Off =.60
400 3 - without Desalting
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o
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& 300 |-
‘ I
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=]
l
I
250 !
I
200 L 1 1 1 | i

50 60
Frequancy ( % of Years)

Figure 4. Procedure for determining firm yield.
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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,> 51000 in the k'iteration to
F: < 1000 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:

_ 1 Np
n- N_ T (Yp)y
p i=0
forn=0, 1, 2, .c., Nr .(13)

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
Y, is the firm yield of the system without
desalted supplement.

Average operating load factors are obtained for each
operating rule as Np

- 1
L =x '2 @Lpdy
P 1=
forr=1, 2, ceey N .(14)
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
amray involves three variables because each entry has a
value for the firm yield, a tum-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 tum-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 — e e e . 15
L, 5 a1s5)
in which

L¢ is the load factor for the feasible rule,
_L:, is the load factor associated with the r'® rule,
L.+, is the load factor associated with the 't o+

rule.
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Figure 6. Feasible operating rule curves.

15

A linear interpolation was selected because it was
not subject to erratic results as frequently as interpola-
tions based on higher degree polynomials.

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
of the analysis to more closely define the optimum rule.

Block 8—-Generation of streamflow for simulation

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
number of years per period by NYP. The number of years
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.

Block 9 —Simulation with feasible rules

Simulation of the system is performed for each rule
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
analysis.



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):

(@) 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.

(c) 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.

O

®

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

(®

Simulation is performed NPER periods for each
rule.

The total amount of shortages, SHORT.

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 =D - Y

t o
where, in units of MGD,
AY  is the additional firm yield
D; is the 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 tum-on and turn-off costs (dollars),
(c) 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
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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, Us, enter the computation as uniform annual
payments and include:

(2)
()
(©
@

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:

Interest on initial capital,
Amortization of initial capital,
Interim replacements, and
Taxes and insurance.

N

1
Yoo I TG0, [(€1); + (C2)41. .07
j=1 3
in which

Vp is the present value of the operation and
maintenance costs,

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

AR
(Cy); 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 5 is a summation of the number of times the
plant is turned on and turned off each year muitiplied by
the cost of each event.

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

_y g+t
P+ - 1.0]

UO

... .(18)

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



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

T, =Ug+Ug. oo
in which T, is the uniform annual cost in dollars and
Uy is the annual fixed charge. The cost of additional firm

yield, C,, is then computed as:

Tu
C, = =
AY
in $/yr. per MGD of additional firm yield . . . (209)
T x 10=°
or C = e
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

—- 1 N

C, == C).

i N =1 (u)l,J

for 1 = 1,2, ..., Nf ..... 21
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—C—i is the average unit cos. of the i™" feasible
rule,

Cu;; is the unit cost of the i™ rule for period j,

N is 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., Cpn 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 vatue
of water or marginal cost of water from an altemative source.






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 668 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).



Table 4. Inflow to Cachuma in ac-ft.
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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. Elevationcapacity 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.
73S. 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 697
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 tum-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
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Table 7. Summary of cost computations, Cachuma application.

-—

Optimum Average Desalted Number Averago
Probability Firm yield  Required rule plant es " © ; levelized cost
Line level Demand without increase  Plant (reservoir . water o in $/yr
No. defining  MGD  desal ting in size fraction oot use/prot!uctlon 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 0.80 095 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 5444 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
5 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
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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 alt
rules that cannot produce enough water to satisfy the
demand. Then the program eliminates those rules which
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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
A0 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 desalted
water production are not counted in the computation.
This average plant load factor might be called 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.
Each 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 tum-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 tum-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.



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 $10.50 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 pattern 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 vield. 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 illustrate 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



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. 1f 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 equat 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 Sait 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 S 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.



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. 51949.
5370. 59102.
5375. 66663.
5380. 74653.
5385. 83177.
5390. 92272.
539s. 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 smallest 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
1934
193¢
1936
1937
1938
1939
1940
1941
1942
1943
1944
1985
1946
1947
1948
1949
1950
1951
1952
1953
1954
195%
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965

ocT
157
1480
1400
1860
820
1320
1070
1430
1160
1410
1660
sS40
910
710
370
7170
390
1150
1210
1050
730
976
834
1024
974
1239
1090
1180
811
1360
1310
1597
2139
111s
927
1165
975
1581
1070
1569
878
1290
1130
1018
919

NOV
181
1720
1360
1720
1230
1360
1320
2211
1490
1580
1510
850
1110
8810
620
950
1360
1360
1490
980
939
1095
856
1121
990
1349
1403
1295
1141
1460
1118
1644
1670
1560
1403
1560
1423
1820
1433
1514
1285
1554
1033
1373
1452

NEC
168
2320
2060
1770
1150
1380
1480
1930
1470
1770
1510
79
1200
870
810
860
122n
1459
1430
920
a70
1532
1n83
1355
848
131
2879
1487
1710
1330
1717
1810
1865
1596
1331
2410
1€79
1600
1486
1311
1253
1526
1177
1575
1990

JAN
158
1810
1770
182n
1140
1190
112N
172¢
137"'
1580
1400
9]n
1320
1070
1010
1080
121n
1260
1260
122¢
1100
1531
1395
1421
1366
1615
2705
1430
1711
170
1749
1776
1730
1659
1399
211FR
1626
1374
16027
1268
11590
1422
1247
12758
1606

FER
137
16N0
1490
1650
1230
1120
17260
1470
1700
1570
1230
1250
1020
1040
950
1100
1260
1200
1130
120
1110
1241
1634
1175
1350
1380
153y
1365
1405
1uqn
160N
1637
1360
1557
1237
1671
1678
1459
1411
1183
1020
2u98
199%
Q18
148y

MaAR
ne
22nn
1970
167N
1770
2000
2200
2500
2220
1780
1320
18an
1740
104N
1020
1630
1930
2309
2190
1300
15920
146 =
2113
1260
2189
1635
1985
459
1741
1770
1840
17r7
13an
1622
17un
2159
173%
1343
17724
1929
13u0
1887
1325
1212
142¢C

30

APR

340
3500
4550
1960
17260
3000
3600
2320
2470
2130

850
2440
1580

R20Y

a3o
3430
2680
31000
2100
1030
1159
2754
3638
1480
1620
1720
2723
13€n
2095
201¢C
2237
SQ7C
1711
241cC
2011
3548
1907
3062
1854
24807

A70
FY70
2100
21RC
3140

MAY

6RS
92860
agn o
2610
2600
3750
5730
6851
444yn
2360
1220
4830
2010
650
242n
h600
S8N QD
4920
293n
210N
3461
3254
3303
4070
46N0
3087
3878
33249
371°?
40872
3975
9730
2585
4520
6011
IYG R
637e
2530
3879
4937
2e1e
2357
6806
R15°
8706

JUNE
1014
691N
545N
1170
2070
1€30
4133
?8ap
4280
2420

750
4730
4120

ue N
4710
311N
2860
3s53n
1910
136N
2821
Y74
37317
565N
12N
2892
285R
29212
5046
583N
47N
f1kY
7515
1550
4580
569
7450
usg2n
46672
3uls
122¢

17e00
6217
sul1?

10380

JuLy
209
196N
2314
350
13490
990
1203
1560
1630
1270
cln
162C
1217
Isn
1190
1660
1610
179C
aen
830
1681
1815
20u¢&
2290
2464
2774
265N
2420
2997
2890
012
3120
133°
11¢1
1220
1379
710C
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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 __ ful) factor ratio rules of added
% MGD ON OFF % (efficiency) tried firm yield

1 99 220 176.8 43.2 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 99 220 176.8 432 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
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of these two reservoirs is carried to Rondout Creck
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 Corners 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

1923 57 a6 229 248 130
1930 EL 64 142 LA 38
1931 17 31 4 201 138
1932 121 9% b4 186 67
1933 53 43 135 213 S8
1934 90 26 124 142 102
1925 106 uy 148 106 80
1935 70 29 4092 152 6
1937 174 97 71 162 120
1938 100 a0 82 g0 &7
1939 62 121 141 154 35
1940 36 35 110 315 137
1941 68 57 59 13R 38
1942 57 48 180 135 91
1943 a0 98 170 128 182
1944 2% 35 125 148 6R
1945 78 64 278 ag 157
1946 110 58 4Qq 38 126
1947 A 50 32 189 170
1948 23 69 283 152 118
1949 166 105 95 85 92
1950 106 62 132 1890 8a
1951 117 143 161 182 56
195? 130 90 140 205 105
1953 129 103 202 140 118
19%4 55 112 110 95 133
1955 54 64 164 110 40
1956 85 57 132 292 96
1957 69 51 80 141 81
1958 80 46 178 251 223
195¢ 8u 60 92 168 40
1960 Ak 198 87 203 84
1961 23 128 153 189 115
19€2 89 30 122 193 51
1963 26 24 174 108 40
1964 119 61 131 183 47
196S 37 101 49 128 60

JUN
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58 1C 6 12 1 it 17
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23 & 12 14 21 60 110
bu 36 48 65 107 94 86
53 120 8¢ 162 33 63 150
22 7 7 0 31 51 41
aNn 26 11 23 12 55 95
22 22 17 1 1 25 655
44 19 29 Su B3 39 128
76 11 13 0 26 102 27
25 b 12 27 19 38 86
85 117 46 59 76 100 90
97 25 20 17 24 2R 3cC
72 4 21 14 12 90 40
T4 27 13 1 11 48 120
14 7 12 12 9 28 36
60 35 33 22 13 120 167
34 52 18 14 46 ug 134
78 53 27 25 12 55 146
19 7 6 14 8 38 115
28 7 6 25 22 137 13
3u 7 157 19 293 160 38
40 25 7 23 27 gy 109
15 7 6 1 7 32 175
37 20 8 16 46 37 Su
18 & 6 6 102 1u2 148
56 34 23 123 34 43 4S
58 16 21 9 6 20 29
18 6 6 1 20 61 72
16 18 17 6 ) 58 55
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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. 8s.
535. 109.
540. 135.
545. 163.
550. 193.
555. 225.
560. 260.
565. 298.
570. 337.
575. 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. 20
Mar. 2.0
April 30
May 40
June 50
July 50
Aug. 40
Sept. 30
Oct. 20
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 culled 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
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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 2104 275 74 170 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 1138 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 1138 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 S50 SO 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 1138 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

8Computation 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

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
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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 QOperational 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

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 shutdowrn. 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 tum-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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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 desaited 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
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as to waste no water at all. Surprisingly, even rather
“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 multicoaxial
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 muitivariate
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 1-5 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 21-25 number of entries in the elevation-
capacity surface area table

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

CMIN 3645 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

KREAD

IFLOW

ISTOR

IYEAR

KIK

51

61

63

65

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 1072),

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 momhly 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-

ing in column 11)
E. Elevation-capacity table.

RL is the array of elevations in ascending order

CAP capacity of the reservoir at the corresponding
elevation

The entries are paired on the input cards with
up to S5 pairs per card (10F8.0) RL(1),
CAP(1), RL(2), CAP(2),..., RL(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. Tum-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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1. Mandatory releases.

RBAR  average release rate in MGD (columns 1-10)

REL 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).
RLOSS array of average monthly evaporation rates

from the reservoir expressed in inches per
month (12F5.0)

K. Surface area table.
SA table of surface areas which correspond to

each entry in the reservoir elevation table,
expressed in acres (8F10.0)

L. Monthly season assignment.
NSN seasonal configuration of the mean monthly
inflows to the system
1 = level case
2 = low and high flows
3 =low, average, and high flows
MSN

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.

(a) ONI2 the increment subtracted from turn-on frac-
tion for the high flow months (columns 1-8)
OFI2 the increment subtracted from turn-off frac-
tions for the high flow months (columns 9-16)
(b) ONI2 the increment subtracted from the turn-on
fractions for the average flow months (col-
umns 1-8)
OFI[2 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)

ONI3



OFI3 the increment subtracted from the turn-off
fractions for the high flow months (columns

25-32)

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 (12, right
justified)
OFACT  array of load factors at which the plant is

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

0. 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; i.e., 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)

oM 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

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.

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 usedon 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-capacitysurface 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.

LH]

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
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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
n= 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 ¥ 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 periods

First period

Iterate to obtain firm yield
without desalting plant

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

Last period
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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.
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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,

Ny

e

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

2N, - K+
12Ny = K+ 1

=
PN+ -
r

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 duata 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
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computed by

X. N
e = S P
C

.. (3)

P
in which Xq4 is the average difference between the two
standard deviations, N _is the number of separate periods
used in the analyses and o is the standard deviation of
this same difference. While the value of t computed 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 differing consider-
ably both in total magnitude and seasonal distribution. It
is necessary, therefore, to analyze streamflow data for
each watershed separately to ascertajn 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 Orange-
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 Cottonwood
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, zero flow has occurred
for many separate periods several months in length. The
third selection is on the East Coast of the United States,
Schoharie 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 selection 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



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 SanPitch 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 cumuliative 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 Orangeviile.

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 25 104 907 98%

Months) {storic |Generated Historic | Generated| Historlc [ Generated [Hiatorlc | 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 4768 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 »m Standaxd deviations
Consecutive Percent
Monthe Historie Generated Difference Diffexence
24 1810 1680 + 130 7.25
48 1350 1180 4+ 170 12,71
72 1090 970 + 120 11.15
96 934 838 + 99 11.47
120 898 728 + 167 18.70
144 822 641 + 181 23.30
168 695 570 + 125 17.96
192 590 817 + 73 12.25
8
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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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Figure 1. Continued.
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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 L
35.00 S0, 80.00
PROBABILITY (PEALENT;

T Ly 1

T
70.00 80.00 90.00

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 petiod 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 Standaxd deviations
Consecutive Percent
Months Historic Generated Difference Difference
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. 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 resuits 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
(Consecutiv: 28 T0% 90% 987

Months) {storic | Generated Historic | Generated| HIstorIc | Generated |Historic Generate
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
168 481 532 474 490 431 411 406 390
192 478 521 470 487 436 413 420 397
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Table 6, which contains the standard deviations of
the running averages, also shows larger standard deviations
for all sequences of generated data than the corresponding
standard deviations from the historic data. The larger
standard deviations further substantiate that for Schoharie
Creek the generated data gives more critical periods for
both sequences of high and low flows. This is the trend
one would expect because 500 years of data generally will

contain more severe droughts and also periods of high
flow than the 64 years of historic data. In addition small
differences in the standard deviations indicate that the
frequency distribution of the running averages for the
generated and historic data are very close. Consequently,
the conclusion is that the operational hydrology program
does a good job of reproducing long time trends in
Schoharie Creek data, if any such trends are present.

Table 6. Comparison of standard deviations of running average data of streamflow at Schoharie
Creek at Prattsville, New York. (Units are in cubic feet per second.)

No. of Standard deviations
Consecutive Percent
Months Historic Generated Difference Difference|
24 444.6 447.9 ~3.3 .7
48 447 .9 447.8 0.1 .0
72 450.2 447.8 2.2 .5
96 452.5 447.9 4.6 1.0
120 453.7 447 .9 5.8 1.3
144 454.4 447.9 6.5 1.4
168 484.,0 448.0 6.0 1.3
192 453.8 448.1 5.7 1.3
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Figure 3. Relationships between average quantities of runoff over extended periods of time and probability of

occurrence for Schoharie Creek, New York.
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Figure 3. Concluded.
Summary Use, Description and Listing

The development of operational hydrology tech-
niques and computer programs is not static. Knowledge of
the limitations of present operational hydrology programs
will give incentive for overcoming these limitations.
Progress toward this end has, without doubt, already
occurred (see for example Mandelbrot and Wallis, 1968),
and in the near future more improvements in methodol-
ogy of generating streamflow will oceur. It is expected
that generated data for streams such as Cottonwood Creek
near Orangeville, soon will be adequate in all respects.

The computer program listed in a latter section of
this appendix gives 2 method of evaluating one aspect of
streamflow operational hydrologies- namely, whether ex-
tended periods of historic high and low flows are
duplicated in generated data. When used in conjunction
with the program for analyzing the optimum operation of
a desalting plant as a supplemental source of sate vield,
the program on page 104 can help evaluate this aspect of
the adequacy of the operational hydrology program. It
the program does not reproduce extended periods of
droughts or high flows adequately, then either another,
‘more adequate progiam should be used to generate the
streamflow data, or the conclusions about the economics
of the supplemental desalted water should be moditied by
professional judgment in light of the degree of inuwdequacy
of the generated streamflow.

of Fortran Program
Data input required by program

The data cards read by the program consist of
several control cards. Data containing the monthly values
of streamflow are subsequently input. The program has
been written for a system on which the FORTRAN logical
unit S is the card reader and the control input parameters
is through punched cards. The proper order of these
control cards, containing the parameters which were used
to evaluate the adequacy of the generated streamflow for
Schoharie Creek at Prattsville, New York, is shown in Fig.
4. These control cards are as follows (unless stated
otherwise all numbers are punched in the designated
columns right-justified):

Card 1. The first control card contains the format of
the monthly streamflow data in columns 1 through 72
left-justified. The FORTRAN logical unit containing the
input ronthly streamflow data is in columns 73 through
76. and the FORTRAN logical unit on which the output
is to be written is in columns 77 through 80.

Curd 2. The second control card specifies the
number of periods of consecutive months that are to be
analyzed and the length of each of these periods in
months. The number of periods is contained in columns 1
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|99 i i i LT 1
TERMINATION OF THIS ACESS TO THE COMPUTER

CARDS)CONTAINING GENERATED DATA (MAY BE ON ANY OTHER SPECIFIED INPUT
UNIT

1 3500 1 500 0 3 10 0 1 236.0 2 1
NBASIN NYRB MISSNG NPRIT IPLOT NGEN
NSTA NRRE NPRT NRIT AREA NCOMPR

SCHOHARIE CREEK -- GENERATED DATé

CARDS)CONTAINING HISTORIC DATA (MAY BE ON ANY OTHER SPECIFIED INPUT
UNIT

1 3500 4 &7 0 1 1@ 0 1 23¢.90 1 1
NBASIN NYRB MISSNG NPRIT IPLOT NGEN
NSTA NYRE KPRT NRIT  AREA NCOMPR

SCHOHARIE CREEK AT PRATTSYILLESN.Y.

NAME OF STREAM

2 o4 48 ve 9L 20 144 163 192

NO. OF LENGTH OF EACH PERIOD IN MONTHS

PERIODS

(2Xs 123X 12F5. 12 3 £

iveut RHF

FORMAT OF INPUT DATA UNIT yYniT
0 00 0 000000000000CO000GGO000C0000000000000000600000000000000000000000066030080
123458678 310N12131415161718192021222324252627 282930 313233343536 37 383940 4142 4341454647 49495051 525354 5555 57 58 5960 61 626364 6566 CTCRR 0 NN 23 ML N 1A 1980
IRERRRER AR R R AR R R R R R R R R AR R AR R R R R R R R R R PR R AR R AR R R R R R R R R R R R AR R AR R R RERERER]

2 222222222 2222222222225?25 2‘,2-22692&.2';‘2?2202%222222222222222222222222222222222
333 33 33 3333 33333333333333§% Eg}?3333333333333333333333333333333333333333333
G444 44444444448 444844440404 0044444484444444444444444444444444444044444044400 44
5555555555555 5555555555555555555555555555555555555555555555555555555595555 3553
666666666666 G6C666666666666666666665666666666666666666666666666666666666666646
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123456178039 20
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1011213191516 1718 1920 21 222324 2526 77 2829 30 31 5233 34 3538 57 383943 €1 424344 4546 47 484D 50 51 5253 54 5556 5758 5980 €1 €2 6364 6566 ETEBEITO N M B U ISIE T 119 40
D-5081

H

Figure 4. Example input for execution of program.
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through 5, and with the present dimensions of the
program must be equal to or less than 10. The lengths of
each of these periods (given as number of consecutive
months), are contained in the following columns of this
card. Five columns are allocated for each number.

Card 3. The third card contains the name of the
stream being investigated, and any other identification
information desired in columns 1 through 72, leftjusti-
fied.

Card 4. The fourth card contains several parameters
which control the nature and amount of output as well as
supply needed information about the data being analyzed.
The name of each of these parameters as used in the
FORTRAN program as well as its effect on the program
are given in Table 7.

Streamflow. The streamflow data to be analyzed is
required next by the program. This data may be punched
on data cards. If so these cards follow the above control
cards. The card reader must then be specified as the
FORTRAN logical unit for data input. By specifying a
tape unit, disk, drum or other input device, the stream-
flow data can be read from whatever input device this
data is available on. The program contains a test to insure
that the data for each year is for the specified station.
This test requires that the station number precede the
monthly data for that year. Should the station number be
incorrect, execution is terminated. This portion of the
program can readily be modified by deleting a few
FORTRAN statements.

Any number of streamflow data can be analyzed by
a single access to the computer. For each subsequent
station’s data (historic or generated) control cards 3 and 4
must be repeated. Should the format of the input data, its
logical unit devices, or the number or lengths of consecu-
tive months change for any subsequent station’s data,
then a card with any information followed by a card with
89 in columns 4 and 5 must precede the control cards
beginning again with card 1 for that station. Execution is
terminated by a card with any information followed by a
card containing 99 punched in columns 4 and §.

Table 7. Control parameters on input data card no. 4.

Variable Col’s Information Contained in
Name Containing Parameter or Effect of
Information Parameter

NBASIN 1-5 is the river basin number of the
streamflow data.

NSTA 6-10 is the number assigned to the
streamflow data.

NYRB 11-15 is the beginning year of the stream-

flow data.

NYRE 16-20

MISSING 21-25

KPRT 26-30
NPRIT  31-35
NRIT 36-40
IPLOT 4145
AREA 46-55
NGEN 56-60
NCOMPR 61-65
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is the final year of the streamflow
data.

is the number of missing years of
data in the streamflow data.

is a parameter, which if assigned a
value greater than O suppresses the
writing of all the running average
data which are computed for all
possible consecutive months. The
ranked running averages, their
probabilities and ranked number
are also printed.

determines how many of the run-
ning average data are written. For
example if NPRIT equals 10 every
tenth value is printed along with its
probability of occurrence. If KPRT
equals zero this data is not written
separate from the data already writ-
ten.

determines whether the input
streamflow data is to be written or
not. If NRIT equals O the input
streamflow data is written.

if IPLOT is greater than zero the
subroutine PLTTR is called which
writes a plot tape for plotting the
results from the frequency distribu-
tion of the running averages, in
order of high to lower values of
streamflow. The subroutine PLTTR
must be altered as necessary to call
plot subroutines implemented on
the particular system being used.

is the area of the watershed con-
tributing to the streamflow in
square miles.

is a parameter which determines
whether the streamflow data is the
historic data or the data obtained
from an operational hydrology pro-
gram. NGEN must equal 1 if histor-
ic data is input and must equal 2 if
operational hydrology data is in-
put.

if a table comparing the historic
and generated data is to be written
NCOMPR should be greater than
zero. Otherwise NCOMPR should
be assigned zero. If NCOMPR is
greater than zero, it is necessary to
follow the historic data by opera-
tional hydrology data in the same
access to the program.



Other variables used in computer program

FSUM

S2

S3

FNID

DIF
FNIDM
DIF2

NAME

SUMA

SUMAL1
SUMA?2

PRBOL

double precision value used to temporarily
store running average values

used to obtain sums of the running averages
used to obtain sum of differences squared
between average and individual running aver-
ages

used to obtain sum of difference cubed

double precision value of the number of years
of data

difference
FNID-1.0
difference squared

two-dimensional array used to store monthly
streamflow data, and annual values

array for storing the name of stream gaging
station

array for storing format of streamflow data

array for storing individual running averages
which are computed from the streamflow data

array for storing ranked values of SUMA
array for storing a selected number of SUMAL1

array for storing probabilities corresponding to
values in SUMA?2

List of References

Crippen, J. R. 1965. Cycles in hydrologic data. Civil
Engineering, ASCE, January.

Beard, Leo R. 1965. Use of interrelated records to
simulate streamflow. Journal of the Hydraulics
Division, ASCE, Vol. 91, No. HYS, Proc. Paper
4463, September pp. 13-22.

Fiering, M. B. 1967. Streamflow: synthesis. Harvard
University Press, Cambridge, Massachusetts.

STAD

MEANR

NPER

NPERID

NI &
NYRS

NYREM

FAC

NCOUNT

SUM

FNI

VAR
STD
SKEW
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two-dimensional array for storing standard
deviations

two-dimensional array for storing means

array for storing length of periods of consecu-
tive months which are to be analyzed

number of periods NPER

number of years of streamflow data. NI latter
in the program also represents the number of
computed running averages

used to compute annual streamflow

NYRE - 1

factor to convert ac-ft to equivalent inches of
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variable used to obtain running averages
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value to compare with statical t-distribution

Hufschmidt, M. M. and M. B. Fiering. 1966. Simulation
techniques for design of water resource systems.
Harvard University Press, Cambridge, Massachusetts.

Hydrologic Engineering Center. 1967. Generalized com-
puter program-monthly streamflow simulation.

UsS.

Army Corps of Engineers, 650 Capitol Mall,

Sacramento, California, July.

Mandelbrot, B. B. and J. R. Wallis. 1968. Water Resources
Research, Vol. 4, No. 5, October, pp. 909-918.

Yevdjevich, V. M. 1968. Misconceptions in hydrology and
their consequences. Water Resources Research, Vol.
4, pp. 225-232.

103



BUJ= (NI ITT1T10NI8Nd
1281 0L 02 (2 *83° NI IT
TelIIIZTIIT
®G21 01 29 (6 *aN° (LI¥dN*T=T)00W) 41
ANd= TGN
13+ TINIZQYA
14/1H4zdl
1=14
IN*IZI 55 0O
Q1M j/sszsy

WNS 44525 ag
(1) TYWOSZWAS 4
INe1z1 25 037
0=111T1
1=dl
0°0=daS4
0°0=184d
0°0=cS
0*0:2S

0*0=S €1
{ A3A37 s

*¥3LK] S3HONI OW/i3=dv  SIHONI  OW/Lla=DV HI9e HI)LVNNO4 €01

(Z0T¢SLINANY FLT UM
{ *AdNg %
HH910HT)LVANOS 211
[FAEEISELIUIETRE-1Y
4 0k 09 (0 *1D* 1ddW) 31
(99TTeS<INON =431 ¢ 30 0OIN3d vi
B33 HLTehIe-HTeCIeNDILYLS HOs SISATIVNY AIN3NDIYS HIL//7¢0HT) Lynyd0d TNT
CTTOT=I 0TI 3nuN) ¢ N v ASNONISTAl (TOT+2L1T5uMN) 31T HM
IANTINDD 22¢
NITLITALIC (w=rT) J]
1+0r=re 12¢
FICFITeIZT (1-1) 23]
W-1=1
8z () Tenns
(M IvAIS= (1) TyWIS
(1) TvensS=8 32¢
VZET20412¢ ({1 TYWNS=( 1) TeknNS) 41
wWiIz7 81¢
~~s1 Lie
1zrr
wW=10zA 91
ITLe22¢1227 (w4l
27wz nlf
1H=H
(C°TeIND/°0PT=TINS
0000 ° T-QIi4=nW 1S

a0l 43047y T3uNvY 33000 AV

It d=CINS
0 I-IMd=nING
INzINg

LNNAINZIN
S 04 09 (314 °17° 19034l Tt
I=1r
T+1I211 20
2TaTTeTY (21=-1P) 41
T+irz1r
WSS (1HADON) Tyans
WASZ (INODIN)I YANS
T+ LNAJINSLINNDDY
AN/ (TR TI)Re=(3N 4TI AY) +41SZANS 6
T=3r
T+131=131 02
024646 (21=3™)41

T+3r=3r §

NNSS (LNNOIN) TYWNS
ANSZ (LNNODN) VANS
dNJ/ANSZANS

(P TI1)ANGANSZWNS
ar«iz=r 8 00

{C 1) AH+NNSSWNS
2t41zr £ 03
31¢1=1 € oC

h 01 09 (0 *03° 3II)4l
T+ (2T TaN)QON=IN
14312131
21/1dN=31
TSINNOIN

0°0=ANS
TdN=SHAN®ZT=3IN
dN=dNd

1~-dN=TdN

(A1) YIdN=dN

=ir

=11

T @

GIYISNT=ND 2 0Q Hh
VIYY/SL8T0°0=0vVd 29
(1°0136°T h3dnenls HI)LYNHOI £8ST
(RT4ISre (Pel)AY) *TT (COST¢ILTUAN) ILIHM 2867

T+ A3YANZTT

IMeT=1 2891 00
T=AHANZAIHAN

29 01 09 (0 °19° 1laN)dl

AWNZ (ST )WY €9

(POT)YAUSANESANY

2T41=r %9 00

0 0=WWY

INeTZ] €9 00

INNTINOD

866 0L 09

; 1=11
T 0L 09 (¥iSN 03 BNNYIT
(PTOIZCe (M1 )IAY) *ONY) {LAJ*TVIUNICOYIY
IN?T=1 Y 00

INZSUAN
ONSSTA-T+AYAN=IYANZIN

86 01l 09 (68 *03° NISYHN) 4T
66 0L 09 (K6 *03° NISVIN) 41

"9

aeee

-

1Sual3 5ti J010MS vivd JI¥OLSIA ¢0 01 “WNO3 38 LON QINUHS HAWOIN 40 3NTvA )

31b Juves dd 0L 51 vivG LILVH3INI9 UvV DIHOLSIH N3I3IML3A NOSTAVdAOD 41 HIWO D!
VivQ J3lvdanN39 31 2 = WVLIV] DIH0LSIH 41 T=N3

{9Yh) LYNHOS

GIY0 (CET¢G)IQVIY (0 °19° 107dI) 31

{SI€4G°0Td ¢GI6)IVAHOS
. HdAOONNIIN* ¥ IHVS
20T falunLlTadN LUdNYONSSTAC JUANCHYANSYLSNONISYEN (00T¢5)0vIY
(UATSI(IIINVNILITRTSIOVIY

(SITT)ivAN0d

(JIY3aNeT=14 (1) 83dN) *QTHIAN (201¢G)0V3Y

(n12¢9Y2T) LYAY0d

ILIUMNCQYIUN (2T TSI (I LAS) (EHT¢SIOVIY

(OT)NITI¢(0TINIIN ¥IOIUINI
{(hs
14140 (0T4ubINOdHd ¢ (0T /0B INVANS (24011 4NV AN (2¢0TIAVLS(CHL)108Ud*S
(£6L)2Varia* {0U0DI TYANS 2 (OU0IIVANS (2T IANL (2T)IMYN(ET100S)WY T¥IY
fm=me==H9/H3Y0 YV1Y¥Q

23IU* AQINA*ALO2QINI*ES12SS*wNS S NOISId3Wd 3I18N00
4N3YLS ¢ INIULS O

WVHO0Hd NVHLHO04 40 ONILSIT

N
ON
£eY
oot
o1
2017

€t
26

4 1

]
2

104



0nLT210192 026§ 0062100CTHO09HH0LES 0C€22 09ST 0S9T 0SLT 0LST 0BLT #16T Gh2ee

00TT1070619 OT1C 0289 006£200LEN09SL OWBTI 06ST 0HST 0€2T 0641 0£02 €161 SHZCE

BHh9L6 0422 069C 00SCLTO0HZS00WSTIO6HE OCST L99 198 0HGT 0LST O€LI 2167 Sheee

09418 0942 0442 0CTS 001L20020€006h 0265 OLIZ OHBT On8T 0061 O0HGT TI6T Sh2ce

0YSE0T0L8h 0062 009§ 00S6T00CLL000LT065S 0L9T1 0h8T 0222 00C2 0642 0161 ahece
1 14 *G02 ¢ 1 ot T 0 s9 (129 Shee 6

¥3342 (QOOMNO110D

I+x2)

1T

€61 69T hhl 02T 96 2L o4 ne e
1{0°GS42T¢X8* 4
4N3¥LS 10X N

N3
N3NL3IY
INId VD
{€=*0°T=+0°T~)107d WD
(LT40°0400143d NI SHINOW MLT*HT*4G*0¢G*TI41GAAS TIVD
(0°02d74HT*¢G°0¢C°0) THANNN TIVD
(0E0°0¢3AYNIST*48°412°2) H18AAS WD
(0°04VLISNI2T**8°0¢S°0) IHEANN TV
(TodANETSALTSHYINIT 1TYVD
(TOINCASA)INTT 1IVD
CAAQYNIWAC0®064ATW*H2¢Q1HO00°040°0)SIXY VD
tXAQ*0°090°04XIV*22~4 (LN3DYId) ALITIAYHOUD H2Z90°0¢0°03SIXY ITVD
(€=40°T40°7)407d ¥IVD
(TCAAQNIAACATVAINSAY IIVIS TV
(TEXAQNIANXSXWAINI ) IWIS TV

(8540064 T2EHB4HYLNINYOO T4 *AINN u»q»m u«m
. *NOS *M*d OL VIVWHUSI0T*+40°0¢2* ) hIHNAS TIWI (H2°03°dT)

411 THANSNOS AT (S T+A I S  T+XI¥) 107d0I TW)
0°i=AW

. 0*0T=XY

O Td= (I 1Sd

O T TAZ(I) TSR

dMN4T=1 € 0a

O NNZ AN

(OTINN ¥3931INI
(081 1Sd$

. ¢(1)Q1¥0+ (0T408) Td* (OT*08)TA¢ (TIINYN (€6L)d? (CHLIA WY
(osrisk .wxx.a;.mzaz.q»mz.zz._z.oamo.ﬁa.a>.a.>.xh»4u 3INILNOHEANS

481474 48110d HOd T

QN3

d01S

(£°842T¢GI4ST¢4°vLS HO4 viva LDOIYUOINI +)1VANOS
(TT=P4 (M4 TTIWY) *UNNYYLISN (666¢9)3LTUM

6T 01 09

(0697 ¢ILIUMN)ILTI UM
INNTLINGD

¢ (e UNYINS (TONTIENVING (RT)IYIAIN (689T4ILIYMN) ILTHM
4404044072430 (T¢NIIUNVIN/ 340«°00T=440d
(24N1IUNYIA=(T ¢ AL ) UNVIN= 44

QI¥3dN*T=NI 9BLY 00

(6¢1=r+HSYQ)

66
666
866

98LT

(6¢T=P¢HSYU) (069TILIUMN) ILTHM

(+S3IOVHIAY ONINNNAY 40 SNVIW  QOTA3d04¢/¢/)LYAHOA

(889T+3LTUMN) ILIYM

(LBLT43LIUMN) I  TYM

(€°2T4 +¢ SIYNDI 3INIVA-L  IWITLSILVIS « 1iVANO4

L (269T+34i1dMN) I THM

(2°214¢4=°A30 QHYANVLSs *X9T / ¢2*2T444= *441Q JOVHIAY, *X9T ) LYAUOS
QLS*ANY (T69T+3LTHMN) ILTyM

045/ (A1H3d) LHOS ANy =L

(8YA) LHOS=QLS

(0°T-01¥3d) /7 (RWNS*NNY=2WNS) =¥VA

A1 ¥3d/nWNS=WNY
QId34N=01¥3d
(069T 31 THMN) ILT UM
3440% 4404 2ANS=2WNS
440+WNS=WNS
(S°2T4h4GT* HI)LYANOL

430d 3404 (29N1IOVLS(T4NI)IQVLSs (NI ) HIAN (689T4ILTUMN) ILTHM
(TANT)IOVLIS/ 440« 00T=440d

(CoNI)AVLS~(T4NI}OVLIS=440

OIMN3dN¢T=NI 9891 0Q

(9Y6¢ HT)LVANOS

(641N *HSYG) (069T+ILTUMN) ILTHM

¢ 341G IN3IDY3d *4410 Q3LVHINIO JI¥OLSIH SHINOW +)LYNHOS
(s SNOILVIAIQ OYVONVLS QOIHIdT4 ) LVYNAOS

{64 1=r+HSYQ)

0°0=2ANS

0°0=ANS

(889T¢ILTYMN) J1TIym

{LB9T4ILTHMN) 31T UM

07 04 09 (T °*D3* NION *¥O* 0 *03I* YJIWOIN) 41
3NNTANOD

L8417

c691

1691

98971

6891

06971

8891
1891

2

(AT ¢dNSIWYNVLSN'NITI*TTIIT*01H0S

4NOHYQ VWIS I0dHd * ZVWNS)I ULLTd TyD (2*O3°NIIN *OMY* 0°19°107dT) 41
SY=(NION* NI ) UNVIN
Q1S=(NIONHIHIOVLS

9.91 01 09

CT+2NNZ2ZHN

ET+TANZTAN

I120¢ OL 09 (TII1@ °*D3° 2wN)dI

{1°0T4CT¢ HI)YLVYWHOA

(€°0T4CT*OHT) L¥YNNOS
(2ANSTWNST*(T)2YNNS) (SLIT*ILTUMN) ILTHM
(CAN*TANZTI ¢ (1)1088d) (HhL9TILTYMN) FLT YN
TITI=2WN (TIIX *19* 2wWN) 41

CT=2WN

T=TWN

( «340NNY 40 SIONLINOVW ONY ALITVEBVEOUd +¢/ *OHT)ILVANHOS
(6L9T+ILIUMN) L TUM

1202 0L 09 (0 °*D3* L¥dN) 41

(S nTICITMINS HOIZ°2THZ0LS HG42 CTS4zUVA HG42°2T4¢SAV HY)1YWHD 4
RINS QLS UYACSY (TSTYILIUMN) ILTUM

((*2=INS)*0LS) /ADUS=MINS

(SS*NQINS) 7ES*QINIZMIS

(HYA) LHOS=QLS

NOINJ/ZS=uvA

0° T=INJ=WINS

(201424 (h°L 4°2°0T14)2C1¢ HT)LVWNOS
TITI=ONIINITI (T °03°* NI9IN) ST
INNILINOD

(IIVANST (OTT¢3LIUMN) ILTHM
(1) TYWNS#IVI=2HNS S

(1) VANS*IVI=TANSS

GS 0L 09 (0 *19° 1udi)dl
31Q0#2410+€52¢€S
2410+25=2S

410%410=2410

SY=WNS3=410

(1) TVNNS=WNS S
{I)TYRNSZ(TIITIZVANS
GY¥d=(TI11)7084d

(DY TIYANSZ(RI*TITTINVANS

HEDIdL4ZANS I L) TVANS S TWNS I

1202

SL91

VAR

9491

6497

121

181
oty

[*1]

LLITA
1281

105



APPENDIX C

DESALTING COST DATA
TABLE OF CONTENTS

Page
Cover Letter and Abstract . . . . . . . . B 107
Introduction . . . . . . . . .. L 0oL Lo L L s s e e e 109
Ground Rules and Basis for Costs anci Design . . . . . . . . . . .. .. ... 109
Costof Steam . . . . . . . . . . oL Lo e e e e e e e e e e e e 109
Cost of Startup Shutdown,and Storage . . . . . . . . . . . . . . . 000 e e, 110
Design and Cost of the OptimizedPlants . . . . . . . . . . . . . . . . . . ... .... 110
Costof Water . . . . . . . . . . . L e e e e e e e e e e e e e e -l 10
Conclusion . . . . . . . . L L Lo e e e e e e e e e e e e e e e e 110
Multipliers for Plants Larger than 100MGD . . . . . . . . . . . . . . . . ... ... 127

106



DATE:

SUBJECT:

T0:

FROM:

OAK RIDGE NATIONAL LABORATORY
OPERATED BY SPeCial Distribution

UNION CARBIDE CORPORATION

NUCL%ISION 0 R N L
rost arrice sox x CENTRAL FILES NUMBER

OAK RIDGE, TENNESSEE 37830

69-1+-20

April T, 1969 COPY NO. 35

Design and Cost Data on Water-Only MSF Desalting Plants for Use
in Conjunctive Water System Economic and Feasibility Studies

Distribution

H. R. Payne

ABSTRACT

The results of a cost study on MSF desalting plants for
conjunctive water systems are presented. These are water
only plants of 25, 50, 75 and 100 Mgd capacity operating
at plant factors of 10, 20, 30, 50, 70 and 90%. The design
and costs for en optimized plant of each size and plant
factor, including a steam plant, is determined using the
MSF 21 computer program. The cost of water from each of
the optimized plants is then determined with it operacing
at each of the other 5 plant factors. Included are costs for
the startup-shutdown and mothballing required in a conjunc-
tive system.

The annuel cost, total unit water cost, and unit fuel
cost for 1Ll cases are presented in tabular form. Detailed
design and cost data for the 50 Mgd plant at 90% PF are
given and the basic design data and costs for the 24 opti-
mized plants are given. Curves show cost trends for each
plant size as a function of the plant factor at which the
plant was optimized and the operating plant factor.
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DESALTING COST DATA

Introduction

One application for desalting plants is in conjunctive
use with conventional surface water supplies. Conjunctive
use implies the operation of the desalting plant during
periods of drought or at other times when the reservoir
levels are subnormal. It has been postulated that the
construction of partly-firm water-works plus conjunctive
desalting plants may be more economical than the
construction of larger water-works which guarantee firm
yield of the same total water supply.

Under a contract between Utah State University and
OSW to study operating rules for conjunctive systems, the
following objectives are listed:

1. To determine the optimum fashion in which to
operate desalting plants to provide supplemental safe
yield.

2. To assess the impact of such operation on the
performance characteristics and design of a desalting plant
used .in this service as well as in the identification of
unique operating features of the plant.

3. To program the relationships of the above
mentioned objectives 1 and 2 so that the digital computer
output can be conveniently used to assess alternatives and
aid in decision making,.

ORNL was asked to provide Utah State University
with estimates of multistage flash plant capital and
operating costs. Plants were optimized with the MSF21
computer program developed for OSW, with costs revised
in December 1968. The designs are based on current
commercial practice; thus the costs should be a reasonable
estimate of present day costs. The four sizes included in
this study are 25, 50, 75 and 100 Mgd . In conjunctive
use the desirable plant load factor may range from O to
100 percent. The upper limit is unobtainable, so for
practical reasons, a range of 10 percent to 90 percent was
used.

Ground Rules and Basis

for Costs and Design
1.  Size of plants—25,50,75 and 100 Mgd .
2. Plant load factors—10%, 20%, 30%, 50%, 70%

and 90%.
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3. Determine the cost of water from a plant of
each of the above sizes optimized at each of
the above plant factors (24 cases).

4. Determine the cost of water for each of the
optimized plants operating at each of the
other 5 plant factors (120 cases).

5.  Water-only plants.

6.  Fuel cost of 35¢/ MBtu .

7. Interest rate of 4 5/8%, 30 year plant life.

8. Include capital and operating cost of steam
supply.

9. Include cost for startup, shutdown, and moth-
balling of evaporators.

10. Use Base Line 50 Mgd as a basis for water
plant design and cost.

11. Fix the following parameters before optimiz-

ing the 24 base cases.

Number of plant levels = 1.

OD of heater tubing = 0.75 in.

OD of recovery tubing =0.75 in.

OD of reject tubing = 0.75 in.

Wall thickness of heater, recovery and
reject tubing = 0.049 in.

Concentration ratio = 2.

Maximum specific tray flow rate = & x
10 ° lb/hrt.

Feedwater temperature = 61 °F.

oo oe

™

Cost of Steam

The capital cost of the steain plant is based on
information in OSW R&D Report No.257. An equation
developed defining the cost as a function of the mega-
watts thermal supplied to water plant was added to the
computer program MSF21 for this study. This equation
is:

C = 42.72 x 103 (Mwt)*83883

where:
total capital cost including indirects
heat supplied to water plant in megawatts

MWt



The annuat fuel cost is a function of the plant
factor, water plant size, performance ratio and delivered
fuel cost. Using a furnace stack efficiency of 85 percent
and fuel cost of 35¢/ MBtu, the following equation for
the annual fuel cost was added to the computer program.

Cp = 1253.5 x 303 x MRE $/yr
where:

M = water plant size in Mgd

PF = plant load factor

R = performance ratio.

Operating labor for the steam plant is estimated to
be equal to 35 percent of the water plant operating labor.
Maintenance labor is a function of capital cost and plant
factor. For a plant operating full time (90% PF), it is 0.6
percent of the capital cost. It is related to the plant factor
by multiplying it by a factor equal to (.1+PF). Thus for a
plant operating full time (90% PF), this factor is 1.

Cost of Startup, Shutdown, and Storage

All plants are assumed to be equipped with a
nitrogen flooding facility. When mothballed the plant will
be drained, flushed, and flooded with nitrogen. The
nitrogen will be maintained at a very slight positive
pressure during the storage period. Table 1 lists the capital
cost for the nitrogen flushing system.

It is assumed that operating and maintenance labor
costs are increased as a result of intermittent operation.
This will vary with plant size and plant factor (inversely).
The estimated annual cost for this, plus the annual cost of
the nitrogen system and nitrogen are summed and
presented in Table 2. The cost for the 90 percent plant
factor includes only the nitrogen system and nitrogen.
The estimated annual cost is rounded to the nearest
$1,000. The equivalent unit cost is given in Table 3.

Design and Cost of the Optimized Plants

Table 4 gives in some detail the design and cost data
for the 50 Mgd MSF plant of this study optimized at a
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plant factor of 90 percent. The costs and basic design data
of the 24 optimized plants are shown in Table 5.

The unit fuel costs are shown on Tables 6 through 9
so the effect on the total is readily apparent. This cost
becomes an increasing fraction of the total as the plant
factor increases.

Figures 1 through 4 give a picture of the cost trends
for plants optimized at 10, 50, and 90 percent plant
factors and operating over the range of 10 to 90 percent.

Cost of Water

From the annual operating costs shown in Table 5,
the unit costs of water are calculated and shown in Tables
6 through 9. The costs of water from the optimized plants
operating at the other plant factors included in this study
are also given in these tables.

As the plant factor increases the optimum perfor-
mance ratio increases. This gives a corresponding increase
in capital cost which in terms of unit cost is more than
offset by the increased production.

The operating and maintenance labor are assumed
to vary with the plant factor in the same manner as for
the steam supply. This also contributes to a decreasing
unit cost as the plant factor increases.

Conclusion

As expected the unit cost of water from the
desalting plants decreased with increasing size and plant
factor. When these plants are considered as part of a
conjunctive system, a completely different effect on the
overall cost of water would resuit.

As stated in the ground rules, only one fuel cost and
interest rate is used. Their share (fuel and fixed charges)
of the cost can be readily adjusted for other values which,
if not greatly different, will still yield reasonable estimates
for the total cost of water from these desalting plants.
Thus, this information can be used in a wide range of
conjunctive water system cost studies.



TABLE 1

Capital Cost of Nitrogen Flooding System

Plant Size

25 50 75 100

$ $ $ $
N, Storage Facility 40,000 40,000 40,000 40,000
Piping and Crossover for 5,000 5,000 5,000 5,000
Adding Nitrogen
Special Valves & Controls 20,000 20,000 20,000 20,000
for Flushing
First Change of N, 900 1,800 2,700 3,600

Total 65,900 71,800 80,200 86,100

TABLE 2
Annual Cost of Nitrogen System, Nitrogen, Startup, Shutdown,
and Storage
Plant Plant Size-Mgd
Factor 25 50 75 100
% $/yr $/yr $/yr $/yr
10 46,000 69,000 95,000 117,000
20 L4 ,000 67,000 93,000 113,000
30 41,000 62,000 89,000 109,000
50 37,000 56,000 82,000 100,000
T0 33,000 50,000 76,000 90,000
90 5,000 5,000 6,000 6,000

Note: Except for 90% plant factor, costs include one startup-shutdown
cycle per year,
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TABLE 3

Unit Cost of Nitrogen System, Nitrogen, Startup, Shutdown,
and Storage

Plant Plant Size-Mgd

Factor 25 50 75 100
% ¢/kgal ¢/kgal ¢/kgal ¢/kgal
10 5.0k 3.78 3.47 3.2
20 2.41 1.84 1.70 1.55
30 1.5 1.31 1.08 1.0
50 0.81 0.62 0.60 0.55
70 .51 0.39 0.Lo 0.35
90 0.06 0.03 0.02 0.02

Note: Except for 90% plant factor, costs include one startup-shutdown
cycle per year.
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Typical Cost and Design Values for an Optimized

MSF Plant.

TABLE 4

These values are for a 50 Mgd

Plant at 90% PF,

COST SUMMARY PAGE

CAPITAL COMPONENTS COST-$/YR COST-C/KGAL COST-SDIRECY
CONDENSING SURFACE 1464860,89 8.9185 14984235.43
SHELL AND FOUNDATION 14C05120.15 845548 14373140.28
PUMPS AND MOTORS 255457.81 1.5553 2613108.14
SEA-WATER INTAKE 183972.62 1.1201 1881877.72
VALVES AND PIPING 103660.72 0.6311 1060357.75
CHEMICAL CAPITAL 71631.90 C.4361 732731.20
INSTRUMENTS 75959442 0.4625 776997.817
ELECTRICAL 25115.42 0.1529 256908.58
DEAERATOR 29189.81 0.1777 298585.99
BRINE HEATER 87340.82 C.5318 893419.64
SITE, BLDGS, CRANE 16003,93 0.0974 163706.07
STEAM PLANT 593461.19 3.6132 4489446.82
TOTAL CAPITAL 4162392.40 25.3418 42524515 .49%
TOTAL INVESTMENT, .
$DIR+IND, INCLUDING N2 SYSTEM 57573152..17
SPECIFIC INVESTMENT,
$/GPD 1.15146
PETUBING 0.0
OPERATING CCMPONENTS
HEAT 4102757.901 24.9787
CHEMICALS 271026.19 1. 6501
POWER 579004.38 3.5251
OPERATING 528724.19 3,2190
MAINT. ¢+ SUPPLIES 357836.09 2.1786
TOTAL OPERATING 5839347.86 35.5516
TOTAL(CAP+RETUB+0P) 10001550 60.89
COST FACTORS
COST OF POWER,C/KWHR 0.480000
COSY OF HEAT,C/MMBTU 34, 999996
ANNUAL CHARGE RATE 0.072297
INTEREST RATE 0,046250
HIGHER COST FACTOR 1.352193
PUMP AND MOTOR EFF, 0,827000
PLANT LOAD FACTOR 0.900000
PLLANY LIFE,YEARS 30.000000
REJECT RECOVERY BRINE HEATER
TUBE LIFELYEARS 30,000 30,000 30,000
AREA CDST,8$/SQ.FT. 2.859 2.859 2.859

*Nitrogen (N2) System Not Included.
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TABLE 4.

(continued)

Typical Cost and Design Values for an Optimized MSF Plant.

SUMMARY OF PLANT DATA

GENERAL
PLANT CAPACITY, MGD 50,0000
PERFORMANCE RATIO 13,7487
SEA WATER CONCENTRATION 0.0340
PRODUCT CONCENTRATION, PPM 25.0000
CONCENTRATION RATIO 2. 0000
NO OF REJECT STAGES 2.0000
NO OF RECOVERY STAGES 28+ 0000
YEAR CONSTRUCTION STARTED 1969.0000

TEMPERATURES - DEG F
STEAM 258.0000
MAXTMUM BRINE 250.0000
BLOWDOWN 89, 6265
PRODUCT 84,9268
OCEAN 61,0000

FLOW RATES, MILLIONS OF LB/HR
STEAM 1.3377
PRODUCT 17,2855
BLOWDOWN 17.2728
SEA INTAKE 49,2863
HEAT REJECT 14.7280
RECYCLE 88.4307
RECOV. TUBINGs BRINE HTR. 122.9889
REJECT TUBING 49,2863

II_ _DESCRIPTION OF PHYSICAL PLANT
NO OF TRAINS 2.0000
NO OF MODULES 8.0000
NO OF LEVELS ] 0000
PLANT HEIGHT, FT 12.9500
RECOVERY LENGTH, FT 592. 5948
RECOVERY TRAIN WIDTHLFT 76.8681
REJECT LENGTH, FT 83.67617
REJECT TRAIN WIDTH, FT 66.7388
I0TAL PLANT VOLUME,
MILLIONS OF CUBIC FEET 1le3244
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TABLE 5

Summary of Cost for Optimized MSF Plants

As a Function of 5ize and Plant Load Factor
Plant Capatity, Mgd 25 25 25 25 25 25 50 50 50 50 50 50 75 75 75 75 75 75 100 100 100 100 100 100
Rated Plant Factor, $ 10 20 30 50 70 90 0 20 30 50 70 90 10 20 30 50 70 90 10 20 30 50 70 90
Pert. Ratib,|b/1000 Bt 8.266 9.445 10.288 12.656 13.52 8.2M 9.522 10.493 11.873 12.959 13.749 8.310 9.603 10.579 12.083 13.073 13.856 8.314 9.630 10.619 12.136 13,191 13,88l
No. Stagesi, Heat Recover: 17 20 2y 26 27 17 20 22 24 26 28 8 20 22 25 27 28 18 20 22 25 27 28
No. Stages],Heat Reject 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
No. Trains 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Tot.Surface, 103 sq ft 1547 1747 1945 2272 2505 2753 3042 3536 3961 4642 5202 5604 4534 5367 6008 7075 7833 8515 6051 7186 8057 9498 10595 11388
Capital Copt, §
Surface, Londensing 4,199,000 | 4,817,000 | 5,348,000{ 6,221,000 | 6,842,000 7,503,000 [ 8,253,000 9,561,000 | 40,682,000 12,468,000} t3,934,000| 14,984,000 12,178,000| 14,356,000 | 16,029,000 18,801,000} 20,764,000(22,528,000 | 16,131,000 | 19,080,000 | 2,335,000 |25,056,000 | 27,877,000 | 29,913,000
Shell & Fpundations 3,732,000 | 4,462,000 | 4,962,000{ 5,987,000 { 6,748,000 7,473,000 | 7,005,000 8,434,000 | 9,633,000{ 11,392,000] i3,006,000| 14,373,000 10,336,000| 12,297,000 | 14,038,000 17,016,000} 19,219,000/20,966,000 | 13,441,000 | 16,026,000 | i8,313,000 | 22,214,000 | 25,241,000 | 27,281,000
Pumps & Mptors 1,482,000 | |,475,000 1,475,000( 1,482,000 ,489,000 1,499,000 | 2,581,000| 2,969,000 | 2,569,000 2,582,000| 2,599,000} 2,613,000, 3,570,006| 3,553,000 | 3,554,000( 3,573,000| 3,594,000/ 3,618,000 | 4,494,000 | 4,473,000 4,474,000 | 4,499,000] 4,529,000] 4,555,000
Seawater [Intake 1,086,000 | 1,050,000 1,030,000| 997,000 974,000 953,000 | 2,151,000 2,081,000 2,033,000} 1,972,000] 1,922,000} ), 882,000 3,199,000 3,107,000 | 3,029,000 2,930,000| 2,861,000 2,805,000 | 4,248,000 | 4,124,000 4,020,000 | 3,889,000{ 3,768,000| 3,727,000
Brine Heater 615,000 | 569,000 543,000 505,000 485,000 468,000 [ 1,182,000 1,089,000 ,031,000 964,000 920,000 893,000{ 1,728,000| 1,389,000 | 1,506,000 1,399,000| 1,344,000} 1,306,000| 2,267,000 | 2,083,000] 1,972,000 | 1,833,000 1,754,000 1,713,000
Other Dirpct Costs 1,631,000 | 1,624,000 1,618,000| 1,613,000 { 1,611,000 4,571,000 | 3,336,000| 3,318,000 3,306,000{ 3,298,000} 3,293,000{ 3,290,000 4,724,000 4,695,000 4,678,000\ 4,662,000| 4,654,000\ 4,652,000 | 6,059,000 | 6,015,000} 5,993,000 [ 5,970,000 | 5,958,000} 5,954,000
Indirect Posts 5,126,000 | 5,606,000 | 5,974,000 6,648,000 | 7,134,000 7,603,000 | 8,044,000 9,912,000 | 10,643,000} 11,749,000| 12,680,000| 3,395,000 12,339,000] 13,542,000 } 14,517,000/ 16,133,000 17,280,000}18,233,000 | 15,276,000 | 16,794,000 | 18,021,000 | 20,054,000 | 21,593,000 | 22,699,000
Subtotal,| MSF 17,871,000 }19,602,000 | 20,950,000[23,453,000 |25,283,000{ 27,070,000 | 33,551,000 | 36,962,000 | 39,897,000 | 44,424,000 48,354,000 5/ ,430,000| 48,074,000| 53,139,000 |57,351,000| 64,514,000 69,718,000{74,108,000 | 61,916,000 |68,595,000 | 74,128,000 183,515,000 | 90,741,000 | 95,842,000
Boller & N2 System 5,267,000 | 4,716,000 | 4,395,000] 3,949,000 | 3,704,000] 3,508,000 ) 9,369,000 8,334,000 | 7,683,000| 6,937,000 6,451,000 ¢, 143,000 13,092,000 1,606,000 {10,707,000( 9,586,000| 8,978,000} 8,554,000 | 16,643,000 | 14,723,000 13,570,000 | 12,141,000 | 11,327,000 10,857,000
Total Caplital Cost 23,138,000 4,318,000 | 25,345,000)27,402,000 |28,987,000 | 30,578,000 | 42,920,000 | 45,296,000 | 47,580,000 | 51,361,000 [ 54,805,000 57,573,000 61,166,000] 64,745,000 | 68,058,000 74,100,000 | 78,696,000(82,662,000 | 78,559,000 { 83,318,000 | 87,698,000 | 95,656,000 }102,068,000 }106,699,000
Water Cost], $/yr .
Flxed Charges 1,673,000 | 1,758,000 | 1,832,000| 1,981,000 | 2,096,000] 2,211,000 | 3,103,000| 3,275,000 3,440,000{ 3,713,000} 3,962,000 4,162,000 4,422,000( 4,681,000 | 4,920,000 5,357,000{ 5,689,000 5,976,000 | 5,680,000 | 6,024,000| 6,340,000 6,916,000 7,378,000{ 7,714,000
Heat 379,000 ] 664,000 914,000| 1,338,000 | 1,733,000 2,086,000 758,000] 1,316,000} 1,791,000| 2,639,000 3,385,000/ 4,103,000, 1,131,000] 1,958,000 | 2,666,000 3,890,000 5,034,000| 6,106,000| 1,508,000 | 2,603,000| 3,541,000 5,164,000] 6,652,000} 8,127,000
Chemicald 29,000 58,000 86,000] 144,000 201,000 259,000 30,000 60,000 90,000 151,000 211,000 271,000 43,000 87,000 130,000 216,000 302,000] 389,000 56,000 113,000 169,000 281,000 393,000 506,000
Power 29,000 58,000 89,000] 152,000 218,000 288,000 58,000 117,000 178,000 306,000 441,000 579,000 87,000 176,000 268,000 461,000 662,000] 872,000 116,000 235,000 358,000 616,000 887,000} 1,164,000
Operating 99,000{ 137,000 175,000f 252,000 329,000 403,000 131,000 183,000 230,000 330,000 429,000 529,000 149,000 209,000 267,000 385,000 504,000 620,000 172,000 237,000 304,000 434,000 563,000 693,000
Malnt. & [Suppllies 30,000 47,000 65,000 104,000 146,000 191,000 56,000 87,000 121,000 194,000 274,000 358,000 79,000 123,000 172,000 278,000 391,000] 542,000 101,000 158,000 220,000 358,000 506,000 660,000
Total Watgr Cost 2,239,000 { 2,722,000] 3,161,000{ 3,971,000 | 4,723,000 543,800 | 4,136,000] 5,038,000 5,850,000| 7,333,000| 8,702,000} 10,002,000 5,91t,000} 7,234,000 | 8,423,000 10,567,000 12,582,000(14,475,000| 7,633,000 | 9,370,000) 10,932,000 | 13,769,000} 16,379,000 18,864,000
Cost Per Startup Cycle 23,000 23,000 23,000 23,000 23,000 23,000 38,000 38,000 38,000 38,000 38,000 ua.o& 64,000 64,000 64,000 64,000 64,000 64,000 77,000 77,000 77,000 77,000 77,000 77,000
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ORNL DWG. 69-4302
Figure 1
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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 0.94
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 14, 1969, plus the following operating cost:

Plant Size Op. Cost, $/yr
25 Mgd 20,740
50 Mgd 30,480
T5 Mgd 31,420

100 Mgd 42,260

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

Sincerely,

7
) [/ .
; - . o AT é
I. Spiewak

IS:jb
ce: Dr. C. G. Clyde
Mr. Sam Shiozawa

125 * U.S. GOVERNMENT PRINTING OFFICE : 1970 O - 379-105
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