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PREFACE

The mission (of American teachers and scholars) is the same
as that of scholars anywhere . . . to keep the tradition of disinterested learning alive; to add to the knowledge possessed by
the race; to keep solid, just, and circumspect record of the
past; and to use what knowledge, skill, and critical intelligence exists for the improvement of the human estate.
(Frankel, Charles, Issues in University Education, 1976).
This study was undertaken as a part of the ongoing search for
"reality" in modeling systems. A model just be judged by how accurately
it portrays actual occurrences, and by how efficiently it does so.
"Reality" is necessarily complex and includes certain subjective qualities which currently defy inclusion in a model. However, any progression toward the essence of reality contains its own rewards and any
small movement in this direction will aid the decision-making process.
A Chinese proverb states that "behind an able man there are
always other able men." I do not know if I am worthy of the word "able,"
however I do know that there were many able people whose direction and
support in my behalf is gratefully acknowledged. A particular "thank
you" must go to Professors David Pingry and Timothy Shaftel for their
all-encompassing assistance in the conception, design, and culmination
of this study. A special "thank you" must also go to Professors John

Drabicki and Helmut Frank for assistance on my dissertation reading
committee as well as during my entire period of study at The University
of Arizona.
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In addition acknowledgment must be made of the role of the Electric Power Research Institute and The University of Arizona which provided the employment which allowed me to complete my studies.
Lastly, a special word to my wife Jane and our children Michael
and Gregory for their understanding patience throughout this arduous
task.
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ABSTRACT

Water management models have evolved through three basic stages.
The earliest models dealt with the problem of getting water to where it
was needed. Adequate supplies of sufficiently high cudlity were assumed
to exist, and thus these models attempted to determine optimal distribution networks. In 1966 J.A. Dracup developed a model of this form to
explore alternate sources of supply to meet industrial and municipal
demands, agricultural demand, and demand for water to provide artificial
recharge of groundwater aquifers.
The next developments in water management were due to the emerging awareness of the environmental impacts of water use. These models
were primarily concerned with maintaining certain quality levels within
the natural water system (rivers, streams, estuaries). They tended to
ignore the quantity of water within the system, being concerned with
optimizing over the distribution system and quality control through the
use of by-pass piping, on-site and regionalized treatment plants.
The final category of models is one in which both quality and
quantity considerations are allowed to enter as decision variables. The
most general model of this type was developed by D.E. Pingry and T.L.
Shaftel in 1979. This model allows for any configuration of sources,
users, piping, disposal areas, and treatment plants. Thus the problem
of distribution and quality control are both handled. This model also
employs realistic nonlinear cost functions through economies of scale in
ix

treatment, and diseconomies of scale in treatment efficiency. The major
limitation of their model, and others of the same type, is that they
have been applied only to closed water systems which do not include
rivers, streams, etc., and therefore ignore the environmental impacts
of the water development on the complete natural water systems (e.g.,
a river basin).
The Pingry-Shaftel model has been expanded to allow for the integration of a river system into an optimization model where the distribution system, quality control, source development, recycling of
wastewater, and other management strategy alternatives are all allowed
to enter as decision variables. At the same time the quantity requirements and quality standards are being monitored in order to analyze
their impacts on cost. Decomposing the problem and making use of a
large-scale transportation algorithm permit a solution to be obtained
in an efficient manner.
The model has sufficient flexibility to permit the comparison
of impacts of various natural, technological, economic, and legal constraints. The model has been applied to the Colorado River Basin under
varying assumptions in order to determine the economic and environmental
implications of various water supply allocations and salinity treatment
strategies.

CHAPTER 1

INTRODUCTION

In this dissertation, recent developments in transportation
algorithms and a decomposition strategy are utilized to develop a comprehensive water resources management model of the Colorado River Basin
which can be solved quickly. This model permits both quality and quantity levels to be considered at all points within the system. The
quality and quantity requirements are used as parameters in the determination of an optimal system of piping, treatment levels, recycling,
reclamation, groundwater recharge, reservoir usage, flow auymentation,
land use and other management alternatives. Several optimum systems are
then compared as to costs, allocations and quality of output under differing legal, economic, technological and environmental assumptions.

Development of Water Management Models
The sophistication and scope of water management models has been
determined by the public's perception of the contemporary problems and
the state-of-the-art of the methodology of dealing with the problem.
The earliest models were designed to solve only the problem of
getting the water to where it was needed if the source and the user were
separated. There was no question as to the availability of a sufficient
water supply nor was any consideration given to the quality of the
water. The objective was to minimize the total cost of getting the
needed water to the points of use. The simplicity of the mathematical
1
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formulation of the problem made the application of linear programmino
techniques a simple task. Nonlinear programming was applied in a few
cases where economies of scale were recognized in the piping cost
function.
The next subdivision of water management models focused on the
quality of water within natural waterways and methods of controlling the
quality. This emphasis was the result of utilizing our natural waterways as sinks and dumps for waste materials and waste-waters. As the
amounts of waste, biochemical oxygen demand, and dissolved oxygen approached critical levels, the water became incapable of supporting
animal life and could not be used for drinking, swimming, irrigation,
and other purposes. The models developed to deal with this situation
were primarily concerned with quality levels within the natural system
of waterways--rivers, streams, estuaries, and lakes. They were concerned with distribution; quality was considered only as far as its
impact on quantity. Dealing with quality of water, the treatment of
water, and the interaction of water with degradable wastes adds to the
complexity of the mathematical formulation. This complexity requires
the use of nonlinear programming. Generally, the complexity has been
assumed away or linearized to permit linear programming techniques to
be utilized.
Although the models stated above are simplistic, they accurately
reflect the concerns of the time. These models assumed that water was
available in such abundant quantities that the only cost associated with
a water system was the distribution or treatment of the water. The

realization that water in general and especially water of some
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acceptable quality was a scarce comodity led to the concern for comprehensive water management. The goal of this type of management is to
require that quality of the water be maintained at acceptable levels for
the recognized uses, and that the supply be managed in such a way as to
lead to the most efficient allocation of the available supply. This is
the most realistic case and the most valuable in terms of policy
formulation.

Constraints on Water Management Models
As with any type of optimization problem, the closer the sa=le
set of alternatives approximates the population set, the more likely it
is that "the" optimal solution will be found. The set of available
options is generally constrained by four types of considerations:
Environmental
Technical
Economic
Social-Political-Legal
One of the problems of past studies is that they have taken all
four of the above factors as binding and have derived their sample set
of alternatives from the subset of the population created by these four
factors. The result is a reduction in flexibility of the model and a
higher probability that a better solution lies outside of the choice set
of the alternatives.
The major constraint that planners have been hesitant to release
from being absolute is the Social Political-Legal. This has resulted in
-

too-small geographic areas being considered and the elimination of any

4
types of voluntary exchange across legal-political boundaries being
considered in the choice set of alternatives.
The economic and technical factors provide interesting trade-off
alternatives. For instance alternative A may become a feasible entry
into the solution set as soon as the price of oil reaches $30 per
barrel, or alternative B may become a feasible entry into the solution
as soon as the technology is developed to increase the quality of water
recovered.
Environmental factors enter into the model at a much more emotional level. One reason is that the long-term impacts on environmental
quality of decisions being made today are not fully understood.

The Ideal Water Management Model
This ideal model should cover both quality and quantity considerations, and should be broad enough in scope to have a solution choice
set consisting of all alternatives. The model to be presented is now
compared with the ideal water management model.
The first characteristic of the ideal water management model is
that it should cover both quality and quantity considerations. The
model presented in the following chapters handles quantity and quality
as constraints on the system. The functional forms of quality and quantity as they appear in the objective function and constraint set is nonlinear. This is the most realistic case since it permits identification
of economies of scale in piping and treatment plant capacities and diseconomies in treatment plant removal rates.
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The next characteristic of the ideal water management model is
extensive scope. Scope is not generally restricted by the model. It is
restricted by the experimenter, mathematical programming state-of-theart, or computer space limitations. The primary limit on the model
presented in succeeding chapters is the availability of computer space
and, therefore, the degree of aggregation or disaggregation the experimenter wishes to utilize. Examination of a complete river basin permits
us to see the impact in any part of the basin of a development or change
in any other part of the basin.

The Need for Comprehensive Water
Management in the Colorado River Basin
The growing demand for water of a quality level consistent with
its desired use is placing increasing pressure on the available water in
the southwestern states and particularly the Colorado River Basin. The
rate of growth in demand for water in this region has increased recently
as a result of several severe winters in the colder areas of the United
States, concomitant with high and rising fuel prices or complete nonavailability of fuels.
In addition, the world energy situation is forcing a closer look
at the coal and oil shale deposits of the United States. Vast deposits
of these fuel sources are located in the western states of Colorado,
Wyoming, and Utah and the northern portions of New Mexico and Arizona.
Development of these coal and oil shale deposits will place an additional burden on the water supply of the region.
As the quality and quantity demands for water place increasing
pressure on the supply, the need for a higher level of management and
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development becomes imperative. Only through a rational water management program can these increased demands be handled in a practical
manner. The Colorado River Basin is one such area requiring extensive
research and planning.

Organization of the Study
In the chapters to follow the model and its application to the
Colorado River Basin is more completely developed.
Chapter 2 contains a survey of water management model development and application. It is arranged to show the historical progression
of the models in terms of area of emphasis, mathematical technique, and
application.
In Chapter 3 the model is developed in much greater detail and
its mathematical and logical structure is explained.
Once the model was developed, a solution technique had to be
created in order to examine a real-world problem. This solution technique is presented in Chapter 4 in general terms and then in a smallscale example problem.
Chapter 5 contains a full analysis of the Colorado River Basin
water supply and quality situation under various constraint assumptions.
A thorough analysis is performed of the interaction and impacts of eight
Bureau of Reclamation salinity control projects. The primary emphasis
is on examining the impacts and alternatives involved with the Yuma
desalination project.
Finally, Chapter 6 presents a summary of both the Colorado River
Basin analysis and the success of using the model and solution
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technique; conclusions derived from these two facets of the study; and
recommendations for further research concerning the Colorado River Basin
salinity control problems and the model and solution technique.

CHAPTER 2

SURVEY OF WATER MANAGEMENT MODELS

This survey includes a review and categorization of existing
water supply management models. The models are arranged to show the
progression from the simple quantity models through the more complex
quantity-quality models, on to the logical extension to the comprehensive model presented herein.
Any water management system is necessarily quite complex. The
complexity of the system can be illustrated by reviewing the processes
involved in a water supply system. There are five major processes:
1.

Remove water from the natural cycle

2.

Alter water quality to meet demand process or disposal requirements

3.

Store water

4.

Transport water (includes importing and exporting water)

5. Return water to the natural water cycle
For any single case not all five processes need be used. For
example, prior to the enactment of water quality lawfl, water was often
removed from the natural cycle, used and returned to the natural cycle
without treatment. Figure 1 illustrates the various combinations of
processes which may exist.
One approach to water resource management has been to apply
systems analysis techniques. Dantzig (1963) suggests that there are two
8
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Figure 1. Water Supply Process.

10

options to be considered when attempting to improve the performance or
lower the cost of operating some system. One can either attempt to
refine and modify the existing equipment, or one can attempt to make
better usage of existing technology by putting the system pieces together more efficiently and/or operating them more effectively. This
second option can be modeled using systems analysis. Linear and nonlinear programming are primary systems analysis techniques which are
applied to water resource management.
A general form for models permitting various combinations and
alternatives for the processes is one of constrained optimization as
follows:
Optimize:

B (CIS)

Subject to:

Q (CIS)

X

G (CIS) = Y
In this general formulation of the water management model the objective
function B, the quality values Q and Quantity values G are functions of
the control variables C and state variables S. The state variables are
used to describe unalterable characteristics of the system. The control
variables can be altered in order to select the optimal water management
strategy. The water quality and quantity constraints are denoted by X
and Y, respectively.
The constraint set C* = {CIQ (CIS)

7 X and G (CIS) 7 Y} contains

all the values of the control variables which will yield a system of the
quality and quantities desired.
By using the general model as a guide, the water management programming models can be classified using six major criteria:
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1. Constraint form
a. Linear
b. Nonlinear
2. Constraint interpretation
a. Water quantity
b. Water quality
3. Objective function form
a. Linear
b. Nonlinear
4. Objective function interpretation
a. Costs
b. Net benefits
5. Solution techniques
a. Linear programming
b. Nonlinear programming
6. Control alternatives
The first four criteria are self-explanatory. The fifth criterion, solution techniques, is more complex. There are several specialized solution techniques which fall under the general categories of
linear and nonlinear programming and have been used for water management
models. Examples include transportation, transhipment, quadratic, and
gradient algorithms. Dynamic programming has also been used to some
extent.
The last criterion, control alternatives, consists of the various decision variables which are allowed in the different models. Options such as desalinization of sea water and by-pass piping for quality
control in a river system are options which may or may not be included
in separate models. Additional control alternatives are discussed as
they arise in the presentation of the models.
For the purpose of this survey the models are divided into three
categories using criterion 2, constraint interpretation. The categories
are quantity constrained, quality constrained and quality and quantity
constrained.

12
Quantity Constrained Models
The earliest application of systems analysis to water management
problems dealt with meeting quantity goals while treating quality as a
state variable. These models generally have the objective of minimizing
the cost of water delivery and have control variables associated with
water supply alternatives such as: reservoirs, groundwater, surface
water, importation, desalinization of sea water, and weather modification. The most sophisticated of these models allow for recycling or
reuse of wastewater.
A prevalent assumption in these models is that if water is to be
recycled it must be treated and once it has been treated it will be of
sufficient quality to meet the needs of the user. Thus, the treatment
cost is expressed strictly as a function of the quantity of the water
treated and the treatment level is a state variable.
Models of this form include some or all of the following costs
over which the system is to be optimized: source costs, treatment costs,
piping costs, and disposal costs. Source costs consist of the cost of
obtaining water at the source, capital costs if the source must be developed, and price at the wellhead if the water is purchased from some
other source, such as for importation. Source costs are generally assumed to be linear in quantity of water.
Treatment costs in this formulation are derived only from the
quantity of water treated. Although it is generally assumed that there
are economies of scale in the quantity of water treated (Marsden, Pingry
and Whinston, 1973a; and Mulvihill and Dracup, 1974), some models assume
this away in order to maintain linear function.
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Piping costs are the costs of transporting the water within the
network. Included here are the various methods and devices for transportation such as piping, lined or unlined canals, and pumping if the
water must be made to flow uphill. Piping costs are linear in length
and elevation and exhibit economies of scale in quantity of water transported per unit length. Joeres et al. (1974) estimated a comprehensive
cost function for piping consisting of construction costs, relationship
between construction costs and flow rates, operating and maintenance
costs. There are tradeoffs between the economies of scale in treatment
and the additional piping necessary to increase the flow into the larger
treatment plant. This tradeoff has been used as a rationalization to
simplify the joint treatment and piping cost function in some models.
Finally, disposal costs consist of any cost of dumping or disposing of water, which may be in the form of effluent charges (these
costs may be negative if the water is to be exported).
The following models are concerned with managing the resource in
such a way as to meet the quantity goals which have been predetermined
(state variables). Foster et al. (1972) applied their model to a proposed conservancy district in Montana. This district was designed to
cover three river basins and was optimized over groundwater, reservoirs,
and diversions using a requirements approach for demand. Another multibasin study was performed by Kerr (1972) in the Saskatchewan-Nelson
Basin located between the Great Lakes drainage basin and the Rocky Mountain Divide. Through the use of simulation, linear and dynamic programming, he was able to study the effects of storage and diversion projects
on water availability in this region. Simulation allows for optimization
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of the system under varying flow conditions. The normal constraint used
on the system is that demands will be met by the system 99% of the time
in any 10-year period. This is an arbitrary figure and there have been
no studies comparing the cost versus the benefits of maintaining this
high degree of dependability.
Thomas and ReVelle (1966) analyzed a reservoir situation in
order to determine the optimal operating policy between two competing
demands--hydropower and irrigation. These are in competition because
demand for hydropower is relatively constant throughout the year, while
demand for irrigation water is highest when the flows are lowest. The
objective was to maximize the total benefits to be derived from hydropower production and agricultural use.
Another linear programming model was developed by Dracup (1966)
to explore alternate sources of supply to meet industrial and municipal
demands, agricultural demand, and demand for water to provide artificial
recharge of groundwater aquifers in the San Gabriel Valley of Southern
California. The sources available for consideration were local service
water, Feather River water to be imported, imported Colorado River
water, groundwater pumpage, and reclaimed wastewater. Sensitivity
analysis was performed on the optimal solutions as the cost coefficients
were changed. This is an important step since there may be errors in
estimation of these parameters or there may be indications that they
will change over time due to technological progress.
Carey and Zobler (1968) applied a linear model to the New York
Metropolitan region which consisted of 351 independent and separately
managed systems. Their model allowed for transfer between these various
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systems and was constrained by the minimum amount of water allowed to
each service area, the safe yield from each hydrologic region, and certain mass balance constraints describing the network.
Occasionally these models permit the recycling of water so that
quality is included, but the simplifying assumption is generally made
that if recycling is done the water must go through the treatment plant,
and once through the treatment plant the quality is sufficient for any
use. Thus the cost function is determined strictly by the quality of
water being recycled. Bishop, Hendricks and Milligan (1971), and David
and Duckstein (1976) include recycling through a treatment process but
quality does not enter as a control variable. The model presented in
David and Duckstein (1976) is regional in scope and used multiobjective
programming in order to examine some of the various uses to which water
can be put. They performed a sensitivity analysis to evaluate the impact of changes in the cost parameters. Bishop, Hendricks and Milligan
(1971) looked at the dual variables for interpretation of the optimal
system results. The dual variables are a measure of the shadow prices
of the constraints and are a measure of the impact on total cost of
varying the quality constraint by one unit.
Another technique used as a variation of linear programming is
goal programming, where a weighting procedure can be utilized to set
priorities on various uses of the water resource. A paper by Neely,
North and Fortson (1976) uses goal programming for the planning and
selecting of multiobjective projects in an urban area where the alternatives are hydropower production, navigation, flood control, or recreational uses.
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Although most models are primarily concerned with the optimal
allocation of the water resource over space, some allow for time to enter
as either a factor in the allocation of the resource over time, or as a
factor in the determination of the optimal sequencing of investment to
minimize total cost. Kaplan and Haimes (1975) used dynamic programming
with present value techniques to look at the optimal capacity expansion
of wastewater treatment plants. Present value techniques were used by
Weisz and Towle (1977) in order to allocate a fixed groundwater supply
over time to get the maximum net present value of the specified crops.
This was compared with single user optimization. Optimal use of groundwater is assumed to be maximization of the stream of net benefits resulting from different yearly rates of application of water to the crop mix
grown in the groundwater basin. The results are that society could make
a Pareto move by implementing whole basin water management. The basin's
manager could be given the "simple" and politically acceptable objective
of maximizing the income streams of the firms operating from the basin.
The firms would be made better off as they would have greater long-run
revenues, and society in general would be better off from the conservation of water that would result. This paper is unique in that it attaches value to land management in water conservation.
Cummings and McFarland (1977) applied dynamic programming to the
Upper Colorado River Basin in order to maximize the present expected
values of basin incomes net of social costs which occur during low-flow
years. Constraints on energy resources and water availability were utilized in a stochastic content. Heaney (1968) also applied a linear programming model to the Colorado River in order to achieve the "best
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combination of uses," giving joint consideration to not only such tangible uses as domestic, industrial, and agricultural uses, but also to
such intangible beneficial uses as water quality, recreation, fish and
wildlife preservation.
A model by Loucks (1967) compared the optimal reservoir releases
and the allocation of water to various uses under various management objectives. Objectives analyzed were: maximize total expected benefits,
minimize expected total losses, and minimize expected total deviation
from each user's target. He also tested the minimum cost required to
meet particular dissolved oxygen standards within the system and the increase in costs resulting from various social, legal, and administrative
constraints.
An interesting paper by Andrews and Weyrick (1973) looks at resource allocation and costs and benefits by varying the objective functions. Some of the objective functions are: maximize private benefits,
minimize private costs, and minimize social costs (taken to be the sum of
private and public costs). This paper is one of few attempts to Quantify
these various costs and benefits. Private costs are the costs of supplying water to the rural residence or vacation cottages (area examined is
a vacation region), private treatment of boat pollution, industrial private water use expense. Public costs are measured by the sum of urban
water supply expense, industrial public water supply expense, boat pollution treatment expense, and recreation public treatment expense. Private benefits are computed by taking a willingness-to-pay sum of the
taxes and amortized value of water-based recreation homes, and public
park revenues. Another category of benefits cannot properly be called
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social benefits but were added to private benefits to give total benefits, and this is the benefits measured as a return to private enterprise. This was calculated by summing the value-added for farms,
forests, water-based industry, and private campgrounds and marinas.
Comparisons were then made of the various water allocations under the
different objectives. As expected, minimizing private cost would result
in less recreational use. There is also an examination of the dual
variables to give shadow prices and therefore, implicit values to lakefront land, water surface value, etc.
Nonlinearities in the objective function may arise in problems
dealing only with quantity if treatment is included in the cost function
(but not a control variable), if power costs are nonlinear, and/or if
the objective function is to maximize net benefits. One method of
avoiding the use of nonlinear programming even though there are nonlinearities in the model is to linearize the function (break it into
linear segments). The primary decision then becomes how long to make
the segments. After the function has been linearized piecewise linear
programming techniques can then be utilized. This technique was used
by Narayanan, Jensen and Bishop (1977) in a model designed to determine
economically efficient urban water resource allocation and pricing
policy by maximizing the sum of producer's and consumer's surpluses.
The nonlinearity in this model arises from the demand function, which
is assumed to have constant elasticity using a study of Gardner and
Schick (1964) in which per capita quantity of water demanded for household purposes is hypothesized as a function of price and per capita lot
size. This is then used to derive a "total willingness to pay." The
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technique adopted to solve this nonlinear program is known as the Lambda
formulation of the separable programming method of Hadley (1964). This
method was used to arrive at urban water management policies in which
(a) total cost is minimum at the quantity supplied, (b) marginal cost
equals price, and (c) quantity demanded equals quantity supplied.
The remaining quantity-constrained models to be presented have
nonlinear objective functions and are solved using nonlinear programming
techniques. Collins (1977) developed and implemented a deterministic
dynamic programming optimization model to find the least cost withdrawal
and release patterns for water supply from a multi-reservoir system
serving a metropolitan area in Texas. A requirements approach for quantity is assumed and quality requirements are assumed to be met using
average costs of treatment. A realistic cost function for power consumption, block rate unit power costs, and flow dependent power consumption for intracity water distribution give nonlinearity to the objective
function of minimizing the total cost of operating the water supply
system. Young and Pisano (1970) considered various source alternatives
(surface water, reservoirs, weather modification, groundwater wells,
desalination of sea water) in order to develop a network of possible
water supplies linked by pipelines that permit the optimum sources of
water to be tapped. This is applied to the James River in Virginia.
Nonlinearity in piping costs are also allowed. Economies of scale in
treatment are assumed but is not allowed to enter as a control variable.
Various assumptions are made as to the amounts of water recycled and the
results are compared. A stochastic sensitivity analysis is made through
changing the parameters in cost functions and technology expectations.
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Pratishthananda and Bishop (1977) use a similar model applied to
Salt Lake County where the cost of water allocation, composed of storage, treatment, transmission, and distribution exhibit economies of
scale. As in Collins (1977), there are no explicit quality requirements,
except that if water is recycled, it must be treated in the treatment
plant. This model differs, however, in that it used multilevel dccosition allowing independent segments to be solved independently. Then,
there are two levels of solution--first at the decomposed level and
second, at the aggregated level taking into consideration the solutions
to the first segment (treating them as state variables). The method of
solution is the conjugate gradient method of Fletcher and Reeves (1964)
for the first (segmented) optimization, and Posen's (1960) gradient projection algorithm for the aggregated solution.
Walker, Skogerboe and Ward (1974) recognized that economies of
scale exist in treatment but did not use this in a decision variable
context. Different levels of quality requirements are considered and
then the various costs of meeting those requirements are calculated.
Likewise, the level of reuse is not determined by the system but is
entered exogenously at various levels in order to compare the results.
As expressed by the authors, "probably the most important conclusion
drawn from the analysis was that the unit costs of recycled wastewater
were shown to substantially decrease as the effluent standards become
more restrictive."
The last paper to be discussed in this section is one by Rausser
and Willis (1976). They use an iterative procedure to solve two different models--an investment sequencing model and an allocation model. The
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investment sequencing problem arises by the introduction of a factor for
technical progress. This assumes that some learning emanates from the
experience of both constructing and operating some plants. This learning is assumed to be not plant specific, so that some portion of the
knowledge accumulated in constructing and operating the original plants
may be transferred to other plants which are built to various scales at
some point in the future. In this model the investment sequencing problem is solved with integer programming while the allocation problem is
solved with quadratic programming.

Quality Constrained Models
Most models of this type were developed in response to the quality standards determined by the Environmental Protection Agency for
rivers, streams, estuaries and lakes and do not generally concern themselves with the quantity of water being demanded. A few models of this
type consider the quality levels required by various users of water as
opposed to the quality of water within its natural cycle. Quantity
enters as a state variable which may or may not be stochastic. Before
entering into a discussion of this model form, the quality measures must
first be introduced and discussed.
There are basically two major categories of water pollutants-conservative and nonconservative. The conservative pollutants are those
which are not degradable. The nonconservative pollutants are degradable

and are most interesting to handle in a modeling context. There are essentially two measures of water quality which consider degradable waste
material. The first and most prevalent in the literature is the level
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of dissolved oxygen concentration. The lack of oxygen in a river is
often measured as dissolved oxygen deficit (DOD) which is the difference
between the dissolved oxygen saturion level and the level of dissolved
oxygen. The second major water ..:uality measure is water temperature.
The level of dissolved oxygen (DO), and therefore dissolved
oxygen deficit, is determined by the demand and supply of oxygen. The
supply of oxygen comes from reaeration at the water's surface and photosynthetic production. The demands for oxygen come from effluent which
is dumped into the river or water. As the effluent oxidizes it removes
this oxygen from the water. The total oxygen required to oxidize the
organic material of the effluent to stable compounds is called ultimate
biochemical oxygen demand (BOD).
The commonly used formulation of the relationship between BOD and
DO was described by Streeter and Phelps (1925) and expanded by the addition of further sources and sinks by O'Connor (1967) and Dobbins (1964).
BOD and DO are functions of time, temperature, velocity and turbulence
of flow in these various formulations.
The relationships existing between dissolved oxygen and temperature suggest several different control strategies:
1.

Increase the assimilative capacity of the system through flow
augmentation or aeration.

2.

Utilize the given capacity more efficiently through the use of
by-pass piping. This method redistributes the effluent to make
better use of the system's assimilative capacity.

3. Reduce oxygen demand or heat before the effluent reaches the
flow network through the use of treatment plants, changes in
production techniques, or avoiding dumping the waste into the
system.
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The second type of pollutant mentioned are the conservative pollutants which are often referred to as Total Dissolved Solids (TDS).
These pollutants do not interact with the water and are not degradable.
Since they are dissolved they also do not filter to the bottom of standing water. Therefore as more and more TDS is added to any water system
the concentration necessarily increases. Extremes in concentration
levels of these "salts" can be seen by comparing the level in the headwaters of the Colorado River (50 ppm) with sea water (35,000 opm) with
the water of the Great Salt Lake (250,000 ppm). Different salts have
different impacts on the uses and effects of the water for different
uses. Water having more than 500 ppm TDS has detrimental impacts on
growing of crops. More than 1,000 ppm increases the likelihood of
kidney stones in individuals drinking the water. At this level the
water is generally categorized as "hard."
The control strategies for the conservative pollutants are somewhat different than those for the degradable pollutants.
1.

Dilute the pollutants through the introduction of clean water.

2.

Divert the high salinity water to prevent its mixing with the
cleaner water.

3. Treat the high salinity water to remove the salts.
Control strategies for both conservative and nonconservative
pollutants include treatment plants. Introduction of the quality parameters into any model implies the need for more realistic treatment cost
functions. Marsden, Pingry and Whinston (1972) extended the treatment
cost function to include the level of treatment and found diseconomies
to exist in the level of treatment. The greater the level of removal
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required in the treatment process the greater is the incremental cost of
achieving that higher rate of removal. This is true for either type of
pollutant. Nonlinear programming techniques are utilized in models
which take into consideration the economies of scale and size of treatment plant, the diseconomies of scale in efficiency, and the nonlinearities inherent in the piping relationships.
The major assumption which allows the quality constraints to be
represented in linear fashion is that the pollutants are added at a
constant rate throughout the year and this results in a certain effect
on quality in downstream reaches. As long as the Oxidation rate is
constant for degradable pollutants, the stream will reach a steady state
of quality at each point in the river. These linear constraints are a
theoretically correct representation of the quality behavior, assuming
the Streeter-Phelps equations are correct and as long as the volumetric
flow of the river remains constant. However, it has been found that the
flow velocity and

aeration rate are altered by changes in flow. Thus,

if one allows for flow-augmentation, by-pass piping, or regional treatment plants the flow in each section could be altered and the linear
representation of the constraints would no longer be valid. Thus nonlinear programming with nonlinear constraints should be utilized if the
system is to be capable of exploring all of the feasible treatment
alternatives.
In the case of non-degradable pollutants (added at a constant
rate throughout the year), nonlinearities arise due to the mathematics
of calculating concentration levels.
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The following quality-oriented models are generally applied to
river systems where flows and the self-cleansing ability of the system
must be taken into consideration. The quality constraints of this type
model are constructed by dividing the river into sections and constraining the water quality to be met at the end of each section. A new section begins where one of the following occurs:
1.
2.
3.
4.

Effluent flow enters the river.
Incremental flow enters the river (groundwater, tributary flow,
etc.)
Flow in the main stream is augmented or diverted.
State parameters are altered in some other way.

Although new sections must be introduced where one of the above occurs,
another consideration which is important in the case of degradable pollutants is that the segment cannot be so long as to allow the dissolved
oxygen sag curve to be completely contained in its length. The values
of the quality measures must be recalculated at the headwaters of each
segment and are a function of the various quality control alternatives
utilized.
The earlier papers were fairly constrained as to the flexibility
in their available alternatives. Graves, Hatfield and Whinston (1969)
investigated the use of by-pass piping to control river basin quality as
measured by the level of dissolved oxygen (DO). Linear programming was
used on a model consisting of two sets of constraints and the objective
function. The first set of constraints was a set of a mass balance
equations for various nodes in the piping system. The second set of
constraints described water quality (dissolved oxygen) requirements.
The objective function described total costs of the system. Papers by
Thomann (1972), Thomann and Marks (1966), Lynn, Logan and Charnes (1962)
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were based on minimizing the total cost of meeting quality requirements
in a river basin through the use of linear programming. The only option
available (control variable) in each of these cases was at-source treatment. The system was allowed to be self-cleansing and then different
levels of at-source treatment were used to meet the requirements. Another single option model was by Rogers and Gemmell (1966) in which a
river basin was investigated through the use of linear programming. The
effect of low flow augmentation on minimum treatment costs was estimated.
Sobel (1965) presented an outline of extensions of basin-wide
management models to deal with uniform treatment policy, maximization of
a benefit/cost ratio, and a stochastic environment. Whitlatch and
ReVelle (1976) considered the problem of determining the optimal number,
location, and level of treatment for regional domestic sewage treatment
plants along an estuary or river through the use of dynamic and linear
programming. Permitting regional treatment plants allows for the economies of scale in treatment to be useful. Bishop et al. (1977) develop
and utilize goal programming in the planning and selecting of multiobjective projects. The goal programming solution and the minimum cost
solution for streams standards generate tradeoffs between treatment
costs and achieving stream quality for various uses and the impact of
desired user quality levels on the regional budget goals, which can be
used as a basis for finalizing a management plan and establishing the
responsibility of private and public participants.
Some of the first attempts at the use of nonlinear objective
functions were made by Kerni (1966), ReVelle, Loucks and Lynn (1968),
and Dysart and Hines (1968) where economies of scale in treatment were
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explicitly considered along with variations in piping functions as applied to a river basin. The Dysart and Hines model used both HOD and
temperature as control variables while the other two considered HOD
only. The solution technique used in these three cases was a piecewise
linearization of the functions and then the use of linear programming
techniques. Graves, Hatfield and Whinston (1969) also used nonlinear
objective functions which were divided into linear segments, but the
model formulated was more general in that it allowed for at-source
treatment, regional treatment, and by-pass piping. Joeres, Dressler,
Cho and Falkner (1974) developed a regional model to consider the tradeoffs between the economies of scale on wastewater treatment plants and
added piping network collection costs, and after making the linear segments was able to apply integer programming. Economies of scale dropped
out as a control variable since all solutions fell into the first linearized section.
Nonlinear programming techniques were utilized by Clough and
Bayer (1968) and Bayer (1972) in applications to a river basin. Hines
and Dysart (1971) used dynamic programming in a nonlinear context with
the same type model--nonlinear constraint function with linear constraints.
Shih (1975) explores the value of simulation as a tool in stochastic water quality control. Simulation allows for the stochastic
nature of flows and the impact of these flows on the relative dispersion
rates of effluent and the reaeration rate, although this factor is not
explicitly considered. This model, as in the previously discussed
models assumed away the nonlinearities which arise due to the production
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of clean water by the river itself. Additional models have been formulated which include these biological decay functions implicitly in the
model and thrl attempt to derive a solution technique that can solve the
problem. These models start with a nonlinear objective function and
have nonlinear constraint functions.
Dysart and Hines (1970) included both SOD and temperature as
control variables and applied dynamic programming. Hwang et al. (1973)
are concerned with achieving quality requirements in the Chattahoochee
River in Georgia. The major difference between this model and others
discussed is that in this case at-source treatment is being optimized
in order to meet stream standards. The optimization was performed by
basing the flow on the one-in-ten September flows. September is historically the low flow month and the one-in-ten means it is the low flow
which would occur in only one of any 10-year period on the average.
This assumes that low flow causes the most quality problems.
McNamara (1976) used geometric programming applied to a portion
of the Hudson River to minimize the total cost of meeting stream quality
requirements through the use of at-source treatment, regional treatment,
aeration, and flow augmentation. As would be expected higher flows in
the river required less expenditures on treatment.
Pingry and Whinston (1973), Marsden, Pingry and Whinston (1973b),
Graves, Pingry and Whinston (1972), and Pingry and Whinston (1974) all
use a centralized basin-wide management strategy which allows for atsource treatment as an option, but also allows for regional treatment
plants in order to take advantage of economies of scale. By-pass
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piping, flow augmentation, and cooling towers for temperature control
are also included as alternatives.
As can be seen, these models are useful in terms of evaluating
and controlling the quality of water in a stream but are not concerned
at all with the quantity of water that is available for various use
along the stream. The most useful water management studies take into
account not only the quality of the water, but also the quantity which
is available at that quality. Models of this type may allow for different quality requirements at different points in the stream in order to
meet the requirements or desires of the use of which the water is going
to be put. This type system will be presented in the following section.

Quantity and Quality Constrained Models
The models discussed in this section are a composite of the
quality constrained and quantity constrained models. In the quantity
constrained formulation, quantities are control variables and quality
levels are state variables (either implicitly or explicitly). In the
quality constrained formulations qualities are control variables and
quantities are state variables. In this third formulation both quality
and quantity levels are control variables. This is the most general
case and thus the most realistic in that any water management system
must logically satisfy constraints on both the quality of water within
the system and the demands for water use.
Linear programming techniques were used in several of these
models which assumed that treatment costs were linear. Ciccone et al.

(1975) develop a present value methodology for the evaluation of
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municipal wastewater reuse using both constraints. Essentially, they
compare the costs of developing new sources versus recycling. Bishop,
Hendricks and Milligan (1971) place the water supply alternatives into
a "transportation problem" framework and allow for the full spectrum of
alternatives--reallocation, reuse, importation, etc.
Armstrong (1976) applied linear programming to water allocation
and quality control to an urban environment in one of few systems allowing for differences in demand. He was primarily concerned with investment timing so the model minimized the present value of the investment.
The minimum costs were compared at different demand levels. His model
calculated the optimal capacity treatment plant and the optimal interval
between successive plant expansions.
Mulvihill and Dracup (1974) used present value techniques to
determine the optimal timing and sizing of a water management system for
Los Angeles. This model is important in that it was one of the first to
allow for blending from various sources in order to achieve specified
quality standards. The timing problems for investment is important in
the decision making process but assumptions of this model diminish its
usefulness. Investment in plant expansion can occur only at five year
intervals. Also, there is no loss to economies of scale by adding on to
the plant at the end of five years. Given that construction is assumed
to be instantaneous, the second assumption without the first would lead
to plant expansion at the precise instant when demand requires additional
capacity. However, the concept of recognizing the tradeoff between
economies of scale and the benefits foregone by committing resources to
a structure that will not be used to full capacity for several years is
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important. The methodology used is separable convex programming, which
is linearization of the objective function and then utilizing linear
techniques.
One of the most general management models was devised by Pingry
and Shaftel (1979) since it allows for any configuration of sources,
users, piping, disposal areas, and treatment plants (regional or atsource). Importation and exportation of water is also allowed. The
model uses realistic cost functions, namely economies of scale in piping
and treatment, and diseconomies of scale in treatment efficiency.
Conspicuously absent from this section of the survey is models
dealing with both quantity and quality applied to river systems or
basins with demanders located along the system. This is the most realistic case, but is also the most complex mathematically. The state of
the art of mathematical programming is such that a nonlinear objective
function subject to nonlinear constraints is not easily solvable. Thus,
assumptions must be made which can make the system solvable without
making it entire unrealistic.
In the following model we attempt to fill this gap by putting
together four of the previously discussed model types:
1.

quantity constrained

2.

quality constrained

3.

non-flowing water system

4.

river system.

CHAPTER 3

THE WATER MANAGEMENT MODEL

The model utilized in this study is an extension of the model in
Pingry and Shaftel (1979) which will be referred to as the P-S model.
The extended model, the B-P-S model, permits the analysis of the interaction between a water delivery system and a river system. As in the
P-S model the water system is represented by a set of nodes and arcs.
The major modification made to the P-S model is the addition of river
nodes which represent segments of the river. A schematic of the possible flows in this system is given in Figure 2. The addition of the
river nodes allows the river to be a part of the water supply system.
It can be a source, a treatment facility, a transporter, or a dump. The
impacts of alternative water supply strategies on the river can also be
examined.
The structure of the B-P-S model is:
Minimize: The total distribution and treatment cost.
Subject to: 1. Quantity balance constraints around the
nodes.
2.

Quality balance constraints around the
nodes.

3.

Quantity bounds at nodes.

4. Quality bounds at nodes.

32

33

Figure 2. Feasible Flows in B-P-S Model.
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The B-P-S is presented in detail in the following sections. The first
section presents the notation. The next sections describe the mathematical statement of the model and its interpretation. The last section
discusses the flexibility of the B-P-S model for water supply analysis.

Notation
The mathematical statement of the B-P-S model uses the following
notations.
Let

g
g
g
g
g

s
t
u
d
r

= the total number of available sources of water,
= the total number of treatment plants,
= the total number of users,
= the total number of disposal areas,
= the total number of river segments, and

g = the total number of different types of pollutants.
The following sets can now be defined:
I = [the set of nodes which act as producers of water in the transshipment formulation] = [1 to m] where,
m=g

gt gu gr

J = [the set of nodes which act as demanders of water in the transshipment formulation] = [g s to n] where

n = m + gd
I = [the set of source nodes] = [1 to
i

t

= J t = [the set of treatment nodes]
= [g s + 1 to g s + g t ]

gs
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I

u

= J = [the set of user nodes]
= [g s + g t + 1 to g s + g t + g u ]

= J = [the set of river nodes]

I

= [g s + g t + g u + 1 to m]
J

d

= [the set of disposal nodes] = [m + 1 to n]

K = [the set of all pollutants]
Consistent with the above notation I t , I u , or I

r

are used to

denote a node when flow is coming from that node. J t , J , or J r are
used to denote a node when flow is going to that node.
The variables and parameters are notated as follows:
Variables-a. . = flow from node i to node j for isI and jEJ (Volume/Time)

xki = concentration of material k leaving node i for icI t , I u , I r
and kEK (Weight/Volume)

Parameters-X . = concentration of material k leaving node i for icI s and kEK
(Weight/Volume)

Y

kj = maximum acceptable concentration of material k at node j for
jeJ and kcK (Weight/Volume)
. = maximum acceptable concentration of material k at node j from
kj
any single node for jEJ and kEK (Weight/Volume)
r. = maximum flow available at source i for iEI s (Volume/Time)

36
P. = r, = maximum flow which can be processed by treatment plant or
river segment i = j for iEI , I of jeJ , J (Volume/Time)
t
r
t
r
P. = influent flow required by user j for jeJ

u

(Volume/Time)

P. = maximum acceptable influent flow at disposal site j for jEJ

d

(Volume/Time)

z

kj

= weight of material k added or subtracted by node i for iEI

u

and kEK (Weight/Time)

d i = the proportional effect on the level of pollutant k caused by
kC
some level of pollutant z at node j for jEJ, kEK, CEK

6. = a multiplier equal to -1 or +1.

Some additional relationships are useful in expressing the cost
function for this model and are presented below.
Let

f. = E q,. = the total flow from treatment plant j for jEJ ,
t
17—D D1
e

= E xq . = the total weight of pollutant k entering treatment
kDxi iD
i D
plant j for jEJ t , keK,

- x . f. = the amount of pollutant k removed by treatment
w . = e
kp D
kD
kp
plant j for kEK, jEJt.
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Mathematical Statement of B-P-S Model

Objective Function
k
Using cost parameters a, ., a. ., b.,
ID
13

k

k
y., and c, the cost
D
1

function can be expressed as

Minimize:

a.
E
E a.. q. 3: J
13 13
iEI jEJ
ok
k P .21
+ E
Ef4kEK jEJ t
+

+

E
iEI

s

(piping costs)
k k Yj
(w./e.)

c. ( E q. ,)
1
.
13
DEu

E
E
c. ( E x. q, .).
1 13
kEK jEJ d
lEI

(treatment costs)

(source costs)

(disposal costs)

(3.1)

The functional forms of the cost functions are similar to those
in Linaweaver and Clark (1964), Marsden, Pingry and Whinston (1973b) and
elsewhere. It is important to note that the solution technique developed in this paper is not dependent on the specific functional form of
the cost functions. In this particular formulation the source cost is
linear in the volume of source flow. The disposal cost is nonlinear.
However, it is linear in the weight of the material being disposed.
This reflects the usual form of proposals for effluent charges. The
piping cost is nonlinear in the flow rate. Due to the economies of
scaleinpipingandtreatment,a_and13.range from zero to one. How13
ever, y. is assumed to be greater than one to reflect diseconomies of
7
high levels of removals.
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Constraints
1.

Flow Balance Constraint. The quantity balance constraints

and quantity bound constraints can be stated as a transshipment problem
(Pingry and Shaftel, 1979). Formally these constraints can be expressed
as follows:

E q. = r
jej ij
i

for ieI

Eq
pi for jeJ
13
icI ..=
q. .>- 0
13

for isI, jeJ

The quantity bound constraints are expressed as equalities
through the use of slack variables. These slack variables are discussed
in the section mathematically interpreting the individual nodes.
2.

Quality Balance Constraints. The quality balance con-

straints around each node can be stated as follows:

x

kj

= [Ed i(E
kC

x
i

i

13

.
+ (5.z )/E
3 kj
ciph
/ hj
for jEI , I , I , CEK and keK

(3.5)

for jeI , keK

(3.6)

u
t
ieI, heJ

X

,

K3

= xkp.

s

r

Equation 3.5 states that the concentration of material k leaving node j is equal to the total weight of material k leaving the node j
divided by the total flow. The total weight of material k (t e numerator) leaving node j is the total weight entering node j plus or minus
the change in node j.
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Equation 3.6 states that concentration of material k leaving
node j is exogenous.
3.

Quantity Bound Constraints. Quantity bound constraints are

included in the transshipment formulation of the quantity balance constraints.
4.

Quality Bound Constraints. Quality bounds for different

pollutants are of two types. There may be restrictions on the concentration of pollutants into a node from any single source. Mathematically these constraints are expressed as:

x . < v . for q. . > 0

Ici

—

kj

iD

for iEI, jeJ, kEK

(3.7)

There may be restrictions on the concentration of a pollutant entering a
particular node from all entering nodes. These constraints are termed
"single supplier constraints." Mathematically these constraints are
expressed as:
/
( E x , q. ,)/ E q. . < y .
. ki ij
ij — kJ
i3
/ i=j

jeJ, keK

(3.8)

In this constraint, the numerator is the total entering weight of pollutant k at node j while the denominator is the total entering flow.
These constraints are called "mixing constraints."

Interpretation of Nodes in the
Mathematical Model

Source Nodes
The source nodes denote the only points at which water may enter
the system. In an application of this model, the source nodes could
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represent river headwaters, well fields, lakes, reservoirs, imported
water, etc.
The cost of water at each source is assumed to be linear in the
quantity of water extracted at the source. The quantity balance constraint at the source states that the total flow out of the source is
no greater than the total amount available at that source. The possibility of a source being utilized at less than its maximum capacity is
allowed for by the introduction of a dummy dump. The dummy dump receives
water at zero cost, thereby acting as a slack variable for the quantity
balance constraint for each source. The quality balance constraint
states that the total amount of pollutants available at the source must
be equal to the total amount of pollutants received by all nodes from
that source (see equation 3.6).

Treatment Plant Nodes
The treatment plant nodes denote potential treatment plant
sites. The cost of treatment is assumed to be a nonlinear function of
the capacity of the plant at the rate of removal of pollutants.
The quantity balance constraints state that the total flow in
should equal the total flow out. Each treatment plant is allowed to
ship flow to itself at zero cost (see equations 3.2-3.4). This costless
flow acts as a slack variable allowing the treatment plant capacity to
be less than the maximum allowed.
The quality balance constraint (equation 3.3) for the treatment
plants states that the total weight of pollutant leaving the treatment
plant is equal to the total weight entering the node minus the weight
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removed in the treatment process. Treatment plants are also assumed to
have quality bounds on the flow received.

User Nodes
User nodes represent the various types of users attached to the
water system. Users can use the water in two ways. They may return
less water than they divert without having any effect on the quality or
they may return the same amount as they diverted but with added pollutants. The typical user would return less water than was diverted and
will have deteriorated the quality of the return flow.
The quantity balance constraints force the total flow into the
user node to be equal to the total flow out of the node plus the consumptive use.
The quality balance constraints state that the total weight of
pollutants out of the user node must be equal to the total weight of
pollutants entering plus the weight of pollutants added.
The quality bounds set maximum concentrations of pollutants
acceptable to the user nodes.

River Segment Nodes
The quantity balance constraints guarantee that the total flow
into the segment equals the total flow out. Each river segment is permitted to ship flow to itself at zero cost. This variable acts as a
slack variable allowing the flow in the river to be less than its maximum capacity.
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The quality balance constraints allow for linear interreaction
between the pollutants, and for the river to clean itself through the
oxidation process.
The quality bounds place limits on the concentrations of pollutants acceptable in the river segments.

Disposal Nodes [Dumps]
In addition to user nodes, dumps denote the only other location
where flows may leave the system. These may be in the form of the mouth
of the river, entry point into other geographic division, evaporation,
groundwater recharge, etc.
The cost of disposal of water at each dump is assumed to be
linear in the quantity of pollutants deposited in the dumc.
The quantity balance and bound constraints require that the
total flow into the dump be no greater than the capacity of the dump to
accept flow. The possibility of a dump being utilized at less than its
maximum capacity is allowed for by the introduction of a dummy source.
The dummy source supplies water at zero cost, thereby acting as a slack
variable for the quantity balance constraint for each dump.
The quality bound constraint is expressed as a bound on the
concentration of pollutants which the dump will accept.
Before discussing the solution technique in Chapter 4, a brief
presentation of the improvements of this model over previous models is
made in the following section.
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Improvements over Past
Water Management Models
The first improvement of this model is that it allows for the
nonlinearities in treatment costs and piping costs to be considered explicitly. This is in contrast to Bishop, Jensen and Narayanan (1975),
David and Duckstein (1976), Walker, Skogerhoe and Ward (1974), Graves,
Hatfield and Whinston (1969), and others which have assumed that there
are economies and diseconomies in these cost functions but have simplified them by not allowing them to enter as decision variables, or by
dividing them into linear segments.
The economies of scale in quantity of water treated result in an
attempt by the solution technique to build the largest plant possible,
while the diseconomies to rate of removal result in low treatment levels
consistent with the constraint set. Thus, a large treatment plant removing at a low rate of removal is less expensive than a smaller treatment plant which removes at a much higher rate, both removing the same
total weight of salts. However, these attempts to build a single large
treatment plant are offset by the piping costs which would have to be
incurred getting the water from the further points.
As mentioned in the previous chapter, most of the models discussed dealt with only one type of constraint as a decision variable.
The only models discussed in the section where both quality and quantity
levels were considered simultaneously were Ciccone et al. (1975),
Bishop, Hendricks and Milligan (1971), Armstrong (1976), Mulvihill and
Dracup (1974), and Pingry and Shaftel (1979). Additionally, none of

44
these dealt with a system which allowed for a river system to interact
with other sources, users, treatment plants, and disposal sites.
Formulation of the model permits the consideration of several
forms of constraints:
1.

Environmental

2.

Technical

3.

Economic

4.

Social-Political-Legal

Most of these constraints can be quantified and thus placed into the
model as a quality or quantity constraint. Environmental constraints
are generally termed as limits on what can be dumped into the system,
what the quality of the water within the system must be maintained at,
or limits on what the various uses of water within the system can be.
Technical constraints are included basically in two forms. First they
determine the limits of the available alternatives, and secondly, they
enter by way of the determination of the cost function. Economic constraints enter automatically in the determination of the least-cost
solution, and can also be introduced by setting upper limits on the
value of the objective function. Social-Political-Legal constraints can
act through any of the other forms of constraints through the determination of environmental standards, determination of technical methods
which may or may not be used (such as the use of nuclear power or development of shale oil), determination of financing methods of various
projects, and finally the setting of legal boundaries which may prevent
specific users from getting water from certain sources, or the shipment

45
of water to a distant treatment plant, or the shipment of water across
basin boundaries, state boundaries, or compact determined boundaries.
As mentioned in the survey of the literature, the major gap in
water distribution and treatment system modeling has been the lack of
models allowing consideration of both quality and quantity levels. The
model presented here is the most comprehensive to date in regard to the
allowed flexibility in the modeling of a real-world water system.

CHAPTER 4

THE SOLUTION TECHNIQUE

Solving a mathematical programming model requires the adoption
of a solution strategy. Often there is no clear "best" strategy but an
array of strategies, each with its particular properties. Properties
often valued are speed and convergence to local or, preferably, global
optimality. Although for some particular mathematical cases it is possible to obtain speed and global optimality, in general there are tradeoffs between them. This is the case for the water management model
described above.
The solution strategy adopted for the water management model was
based on the observation that most water supply systems are highly
structured. That is, the options for modification are constrained by
existing facilities, legal restrictions and/or natural constraints
(river channels, lakes, etc.). Thus, a water supply manager typically
wishes to analyze a small finite number of feasible options. This
number of options is usually small relative to the number of options
the model could consider, but large relative to the number of options
which could easily be analyzed by hand. A solution strategy which is
consistent with this view of the water supply problem is one which will
produce, very quickly, feasible solutions. The user then has the capability of producing a finite number of solutions in a short period of
time and can compare the costs of these options.
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The Solution Strategy
In order to accomplish the goal of quickly generating feasible
solutions the water management problem is decomposed into two highly
structured and quickly solvable problems. The Phase I problem is constructed by fixing the quality variables (i.e., the x's). The resulting
problem has a nonlinear objective function, a set of constraints which
take the form of a transshipment problem and some additional linear
constraints. The Phase II problem is constructed by fixing the quantity
variables (i.e., the q's). The resulting problem has a nonlinear objective function and linear constraints. The fundamental thrust of the
solution strategy utilized is to take advantage of the transshipment and
linear structure of the Phase I and Phase II problems to generate feasible solutions to the water management problem. A general outline of the
solution strategy is displayed in Figure 3.

The Solution Programs
To convert the solution strategy outlined in Figure 2 to an
operating set of computer programs requires that many specific assumptions be made. There are many ways to perform the operations outlined
and to construct the links between the two phases. These specific
assumptions are presented below in the form of discussion and a sample
problem.
The solution algorithm necessary to implement the solution
strategy is assembled from existing computer packages. Phase I utilizes
a transportation algorithm created by Shaftel and Rau (1979) which
solves problems with a nonlinear objective function and linear

Figure 3. The Solution Strategy.
Set x's (i.e., quantity blocking constraints). Go to step Q.

((1.23

Solve for q's in Phase I problem.
If Phase I problem is feasible go to step
If Phase I problem is infeasible go to step
Mitigate infeasibility of Phase I.
Note: Causes of infeasibility
a. Blocking constraints too restrictive
b. Insufficient flow available from sources
c. Insufficient treatment plant capacity
Note: Solutions to infeasibility
a. Relax quality bounds
b. Increase source capacity or reduce use requirements
c. Increase treatment plant capacity
Note: The use of these procedures is only reasonable to the extent
that "true" physical bounds on the system are not violated.
Go back to step

0
0

Solve for x's in Phase II problem.
If Phase II is feasible go to step
If Phase II is infeasible go to step
Mitigate infeasibility of Phase II.
Note: Causes of infeasibility
Quality balance of mixing constraints are violated for the
q's obtained in Phase I (i.e., there does not exist a set of
x's given the Phase I q's which satisfy the constraints of
Phase II). This does not imply that the total problem is
infeasible.
Note: Solutions to infeasibility
Return to Phase I and determine alternate set of q's. This
can be done in several ways. Two reasonable ways are:
a. Determine new initial feasible solution to Phase I.
b. Select new set of initial x's.
Note: These procedures should be followed if possible until feasibility to the Phase II problem and, therefore, the total
problem is obtained. Particular problem structures dictate
different trategies for altering the initial x's.
Go back to step

(6) Solve Phase I problem with x's determined in step O.
If q's are same, terminate.
If q's are different then teres decomposition bias, go to
step (1) and repeat steps
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Phase I
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Figure 3. The Solution Strategy.

Phase I
infeasible

41

Phase II
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transportation constraints. This code does not permit consideration of
the mixing constraints on the quality levels. Consideration of the
mixing constraints would necessitate the use of a nonlinear algorithm
with linear constraints. The advantages of the transportation code
would be lost using this strategy.
Phase II uses a large-scale linear program developed by Marsten
(1979). This code does not allow for nonlinear objective functions.
Both of these computer codes are extremely fast, which fits in
with our objective. Both, however, have certain disadvantages with
respect to the water management problem. The transportation code does
not allow explicit consideration of the mixing constraints in Phase I.
They must be handled implicitly by the blocking constraints. The linear
programming code used for Phase II does not allow for a nonlinear objective function. Although this modification could be made, it was
decided to approximate the Phase II objective function using piecewise
linear functions.
The linking of Phase I and Phase II is manual. That is, the
output from Phase I is read and interpreted (checked for feasibility)
and passed to Phase II by the user. These procedures could be automated, however, at the loss of the judgment factor which can be incorporated with the manual system. Certain data modification and blocking
procedures were automated for convenience.
Figure 4 presents a diagrammatic structure of the programs used
in the water distribution and treatment system model. The user proceeds
as outlined in Figure 4.
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Program File

Program Created File

User Created File

1
CYBWAT. F OR

RAW DATA SET

k
C4)
wi

ERROR

XMP.NPT

Phase I

Phase II

MASSBL.FOR

*I MASS

Figure 4. Solution Algorithm Programs.

(1)

User creates RAW DATA SET which includes information on flow,
quality, costs and distances and reads these data into the
DATA.CRE program.

(2)

The DATA.CRE program transforms the data into the format for the
transportation code which is called CYBWAT.FOR.

(3) The DAT.SET data are read into CYBWAT.FOR.

0

The CYBWAT.FOR code produces three output files. COLO is the
optimal set of flows determined by CYBWAT.FOR. ERROR is generated
when there is infeasibility. XMP.NPT includes the data for
Phase II in the necessary format for MASSBL.FOR which is the linear
programming algorithm.

(7) The data are passed from XMP.NPT to MASSBL.FOR.

8

MASSBL.FOR produces MASS.
If Phase I is to be repeated MASS is passed to DAT.SET.
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The decomposition solution technique can obviously lead to certain problems. Phase I and Phase TI objective functions are obviously

different. It was found, however, that this decomposition bias could
be handled by forcing certain flows in and out of the solution. Since
the algorithm is very fast, these experiments with different alternatives can be conducted cheaply.

It is clear that the proposed procedure has no properties of
optimality. Experience with the algorithm, however, indicates that
"very good" solutions can be generated quickly.
It is of interest to note that a feasible solution will always
exist to the water management problem if total treatment plant capacity
is equal to the total amount of water within the system, if 100% removal
of pollutants can be achieved by the treatment plants, if the total flow

available from the real sources is equal to the total consumptive use
of the system, and if arcs exist between all sources, users and treat-

ment plants.

The Upper Main Stem--An Example
The procedures and problems involved with the model and solution
technique can best be shown with a small sample problem. Using data

from the Upper Main Stem of the Colorado River Basin, the solution technique is used to design a system of salinity control projects. A

schematic characterization of the area is shown in Figure 5. It can
be seen from Figure 5 that there are four sources, three treatment plant
alternatives, three users, three river segments, and four dumps. As

mentioned in Chapter 3, Source 1 and the last dump and the dummy nodes
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Denver, Aurora

GlenwoodDotsero
Springs

R2

R3

Cisco, Utah

Figure 5. Upper Main Stem--Example Problem.
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which permit the rows and columns of the matrix to balance. In Figure 5
the solid lines identify currently existing flows while the dotted lines
identify the flow alternatives available.
The first step is to gather the necessary data to solve the
problem and put it into the correct form for the Phase I program. The
currently existing set of flows are shown in Figure 5. In addition the
appropriate quality and quantity levels must be obtained. These numbers
include the levels of flows measured in the river segments, the diversions, consumptive use and return flows of the users, the amounts of
pollutants added by users and sources along the system, along with any
quality or flow restrictions which may exist. For instance, agricultural use water quality should not be more than 700 mg/1 of TDS. This
information is placed into the RAW DATA SET (see Figure 1).
Included in the RAW DATA SET is all the information necessary to
create the cost matrix (see Figure 6), and the flow matrix (see Figure 7). The cost matrix contains the costs associated with all the
flows of the system as seen by the Phase I program. These costs include
arbitrarily high costs which are used to block certain flows and zero
costs which allow flows to take place at no cost to the system. Piping
and treatment costs (to the extent they vary with flow) are also included.
Flows can occur at zero cost for two reasons. The first reason
is that the flow may be natural (i.e., flow from one river section to
another). The second reason may be to allow for excess capacity in the
system as a whole or at the individual nodes. For example, a river
segment will not generally be filled to its capacity, therefore the
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river must be allowed to deliver water to itself at zero cost in order
to fill the excess capacity. This may be more easily understood in the
case of treatment plants. Treatment plants must be allowed to deliver
water to a demander and also to themselves. Since a treatment plant is
both a demander and supplier of water, in order for the treatment plant
to be allowed to either enter or not enter the solution set, it must be
possible for the treatment plant to deliver water to itself at zero
cost.
Unlike treatment plants, user demands are treated as absolute
requirements which must be met from real sources. Thus, users may not
deliver water to themselves, but may receive from other users if the
quality is acceptable.
Flows may be blocked from the set of alternatives by using high
cost because it is known, a priori, that they will not enter the solution set. For instance, the flow from User 1 to river segment 3 in the
example is blocked. The piping cost of allowing that flow to occur is
very high.
Once the matrix has been filled with artificial costs to identify natural flow patterns and alternatives to be considered, additional
constraints can be considered. The quality constraints are shown in
row 14 and column 15 in Figure 7. Row 15 is the dirtiest acceptable
water to the demanders while column 15 is the quality out of the supply
nodes. Particular flows can be blocked if the quality level out of a
supply node is not of acceptable quality to a demand node.
Phase I is now solved. The data set in Figure 7 for the Upper
Main Stem has no binding quality constraints. The data consist of
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current usage levels with estimated level of salt contributions. Although treatment plants are allowed to enter the solution they do not
since the least cost solution requires no treatment to meet the quality
considerations. Output from Phase I is the actual flow levels, and the
cost of the system is zero since all flows occur in natural waterways
or already existing structures.
Using the output of Phase I to create the input for Phase II and
solving Phase II yields quality levels consistent with the given set of
flows. This output is shown in Table 1.
The logical extension of the problem being considered, and a way
to make it interesting, is to start increasing the quality standards at
some point(s) in order to make the quality constraint(s) binding. This
forces one or more treatment plants into the solution. It is not known
which treatment plants will enter the solution set first as the river
standards are increased. One technique of determining the best set of
treatment plants is to initially force all treatment plants into the
Phase I solution. This can be done by blocking the appropriate flows in
Figure 6. There are two methods of forcing treatment plants into the
solution. To force in Tl the flow of S5 to R1 is blocked. Since the
capacity of Ti is 100, this means that Ti will still deliver 75 to
itself. This is done at no cost and the final cost for Tl is calculated
in the Phase I algorithm for a treatment plant of capacity 25. The
capacity of T2 is also set at 100 (an arbitrary figure). Since the
quantity of water flowing out of U2 is greater than the capacity of the
treatment plant, the flow from U2 to R2 is not blocked. To force T2
into the solution set the flow of T2 to itself must be blocked. This
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Table 1. Qualities of Node Output Flows.

Node
User 1
User 2
River 1
River 2
River 3

Quality
2602.2
7813.4
367.0
548.7
330.4

TTAF
TTAF
TTAF
TTAF
TTAF

insures that T2 receives a flow of 100 from U2, and the remainder of the
flow from U2 goes to R2. Once a treatment plant, in this example,
enters the solution it will enter to its maximum size (determined either
by the capacity of the treatment plant or quantity of water to be
treated) due to the economies of scale and bias of the decomposed cost
function.
Likewise the capacity of T3 is smaller than the flow out of S4,
therefore T3 is forced into the solution by blocking the flow of T3 to
itself.
The strategies for entering treatment plants are either to block
the flow of the treatment plant to itself or to block the flow of the
water to be treated from going anywhere except to the treatment plant.
The particular strategy depends on the relationship between treatment
plant capacity and the quantity of water available at the supply node.
Once all treatment plants are forced into Phase I these flows
are passed to Phase II. Initially, with no binding constraints, the
quality level output is identical to that presented in Table 2, with the
treatment plants acting only as pass-through nodes. Next, quality constraints are tightened. In this example, the quality constraint is on
R3,
R3. Since all treatment plants eventually dump their output into
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any one or more of the treatment plants can enter into our solution,
depending on how high quality requirements are set. (If the quality
standard was set on R2 then T3 would never enter the solution.) Increasing the standard of R3 to 300 TTAF forces Ti to treat at a 55%
removal rate. Increasing the river standard further eventually forces
T2 and T3 into operation.
In order to find the cost of achieving a quality level of 300
TTAF in R3, the quality level output of Ti is read into the Phase I
data set. Also, since T2 and T3 are not treating they must be removed
from the Phase I solution set. Otherwise, even though these treatment
plants are acting as pass-through nodes, the piping costs would be
counted. Running Phase I again with only Tl in the solution, cleaning
S5 at a 55% removal rate gives a cost of $112 million.
The least-cost method of achieving a specific quality level at
some point or points within a water distribution and treatment system
has been determined. The analysis can be repeated to determine the
incremental costs of increasing the quality standards. By increasing
the standards of R3 in small increments Tl is forced to increase its
removal rate. These higher quality levels are, in turn, read into
Phase I to calculate the cost. Eventually Tl reaches its maximum removal rate and to achieve any cleaner water T2 or T3 must start treating
some water. When this happens, two treatment plants are read into the
Phase I solution.
The process discussed for this small sample problem is applied
to large scale problems in an identical fashion. Additional alternatives
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arise in the larger problems, increasing the complexity of the analysis;
but the logic is unchanged.

CHAPTER 5

ANALYSIS OF SALINITY CONTROL
IN THE COLORADO RIVER BASIN

This chapter contains a description of the application of the
B-P-S model to the Colorado River Basin. The first section of the chapter contains a description of the physical, institutional and legal
framework within which the analysis is performed. Particular attention
is paid to the Yuma Desalination Project and the Central Arizona
Project.

Physical Description
The Colorado River begins 70 miles northwest of Denver, Colorado
in the northwest portion of Rocky Mountain National Park. It meanders
southwest for some 1,200 miles before flowing into the Gulf of California. The Colorado River Basin is drained by 244,000 square miles of
which 243,000 square miles are in the United States and 1,000 square
miles are in Mexico. The Colorado River Compact divided the basin into
an Upper and Lower Colorado River Basin, with the dividing line set at
Lee Ferry, Arizona.
Extremes of temperature in the basin range from 50°F below zero
to 130 ° F above zero. The entire basin is arid except in the extremely
high altitudes of the headwater area.
Flows within the Basin have been highly variable over time with
an estimated high of 24 million acre feet in 1917 and an estimated low
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of 5.5 million acre feet in 1977. With the addition of the numerous
storage and regulatory reservoirs, however, sufficient capacity now
exists to maintain current usage for a period of two years in the absence of any flow. The long-term average annual flow is 13.5 million
acre feet.
The reservoirs constructed above Lee Ferry, together with Lake
Mead (Hoover Dam) downstream, have caused some major changes in stream
regimen: (1) the stream channels inundated by these reservoirs are no
longer subject to natural stream erosion; (2) the accumulation of sediment and water within the reservoir slows the growth and flooding of
the Colorado River delta; and (3) flooding has diminished in many areas.
The salt concentration in runoff increases from the headwater
areas as it moves downstream and occurs in relation to the geologic
character of the terrain across which the Colorado River and its tributaries flow. Soils in the area are usually shallow in depth over shale
and sandstone, with much of the shale being saline. Thus a large part
of the salt pickup occurs in areas where the natural runoff or irrigation return contacts the saline shale before entering the streams.
The Green River, the major tributary of the Upper Basin, rises
in western Wyoming and flows into the Colorado River in Southeastern
Utah some 730 river miles south of its headwaters and 220 miles above
Lee Ferry. Although the Green River drains 70% more area than the
Colorado River above their juncture, it provides only three-fourths as
much water. Other principal tributaries of the Upper Colorado River
are the Gunnison and the San Juan.
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Flows of the San Juan are controlled by the Navajo Dam, the Green
River by Fontenelle and Flaming Gorge Dams, and the Gunnison by the
Curecanti Unit dams. Glen Canyon Dam, forming Lake Powell, is the only
major dam on the main stem Colorado River in the Upper Basin, hut it
provides control for almost all flows out of the Upper Basin.
A series of six dams on the main stem Colorado River in the
Lower Basin provides regulation and diversion of the flows. There are
no major tributaries in the Lower Basin. Virgin flow contributed by the
Lower Basin is primarily in the form of runoff which contributes approximately one million acre feet per year. The remainder of the flow in
the Lower Basin is equal to the greater of, (1) the provisions of the
Colorado River Compact for release of water to the Lower Basin, and
(2) the virgin flow at Lee Ferry minus the consumptive use of water in
the Upper Basin and minus the evaporation losses due to storage above
Lee Ferry.

Legislation Dealing with Water Quantity
In 1921 Congress authorized the formation of the Colorado River
Compact Commission to negotiate an agreement among states in the Basin
on the rights to Colorado River water. The major accomplishment of the
resulting Colorado River Compact was to apportion water rights to Upper
and Lower Basin users, with the dividing line set at Lee Ferry, Arizona
(one mile below the mouth of the Paria River). Users in each basin were
allocated 7.5 million acre feet (maf) of water per year based on the
estimated annual flow of the Colorado River during the period 1906-1922.
In addition, the Upper Basin agreed to pass a minimum of 75 maf over any
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10 consecutive years to the Lower Basin. This
implies that in a period

of prolonged drought, water would be available at "normal" levels for
the Lower Basin at the expense of part or possibly all of the Upper
Basin's supply. In addition, the Compact recognized Mexican rights to
Colorado River water, defined in the main as rights to water in excess
of the annual 15 maf. The Compact was ratified by all basin states except Arizona by 1923, and the agreement was later made into law via the
Boulder Canyon Project Act of 1928, without Arizona's ratification.
The Boulder Canyon Project Act must be regarded as the centerpiece of Colorado River Basin legislation. It authorized the construction of what is now Hoover Dam, and put forth the Lower Basin water
allocation formula that called for annual water use of 4.4 maf by California, 2.8 maf by Arizona, and .3 maf by Nevada. This allocation
formula was not legally established until the U.S. Supreme Court decree
Arizona vs. California (1964), but the original allocation guidelines
were central to that court decision.
In 1944 Arizona ratified the Colorado River Compact and entered
into a contract with the Department of the Interior for an annual water
allotment of 2.8 maf, subject to its availability and pursuant to the
provisions of the Boulder Canyon Project Act. In the same year, the
Mexican Treaty Obligation was signed, guaranteeing Mexico 1.5 maf annually with provisions for increases when surpluses are available and
reductions in times of extreme drought.
The first Central Arizona Project (CAP) proposal was submitted
to Congress in 1947, but it required more than 20 years of litigation,
compromise and revision before Congress approved the enacting
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legislation. The enacted version of CAP largely resembles the original
proposal, except that two proposed hydroelectric dams at Marble and
Bridge Canyons on the Colorado River were deleted and replaced by a CAP
investment in the Navajo Power Station, a coal-fired plant built recently near Page, Arizona. Naturally enough, the major objection to CAP
development came from environmentalists and from California's interests
in the Colorado River water. The California objections were resolved in
part by the Supreme Court decree of 1964 wherein legal recognition was
given to the Boulder Canyon Act allocation formula that allotted the
state 4.4 maf annually. Second, a compromise feature of the U.S. Basin
Act of 1968 stipulates that California users shall be guaranteed priority
rights to its allotment of 4.4 maf in the event that Colorado water
shortages occur. The agreements in effect make Arizona users, including
CAP, bear the costs associated with such shortages.
In 1949 the Upper Colorado River Compact divided the water allotted to the Upper Basin by the Colorado River Compact on a state by
state basis. Arizona was granted 50,000 acre feet per year with the
remainder being allocated as follows: Colorado 51.75%; Wyoming 14.0%;
New Mexico 11.25%; and Utah 23.0%. In those years when more water is
available than is needed to fulfill the Colorado Compact, each state is
allowed to increase its percentage if desired. However, if it appears
that the Upper Basin would be unable to meet the 75 maf over 10 years
requirement without curtailing water use, those states which had overdrawn their allotment in high flow years must be the first to curtail
their usage. Prior to the Upper Colorado River Basin Compact Congress
had been unwilling to approve projects without assurance that a water

66
supply would be available, so the division of water among the states
permitted development to proceed and resulted in the authorization of
most of the federal projects above Lee Ferry that are mentioned in the
Colorado River Basin Project Act of 1963.
The major items provided in the Colorado River Basin Project Act
include construction of the Central Arizona Project, construction of
five multiple-purpose projects in Colorado (the Animas-La Plata, Dolores,
Dallas Creek, West Divide, and San Miguel) and one in Utah (the Uintah
Unit of the Central Utah Project).

Legislation Related to Water Quality
In addition to the water quantity related acts and compacts,
various water quality legislative acts have also been passed by the
Congress. The following are the major acts of special significance to
the Colorado River Basin.
Sections of the Water Quality Act of 1965 (P.L. 89-234) required
states to adopt water quality criteria applicable to interstate waters
or portions thereof within their boundaries. The Federal Water Pollution Control Act Amendments of 1972 (P.L. 92-500) contained the following clauses:
I. It is recommended that a salinity policy be adopted for the
Colorado River system that would have as its objective the
maintenance of salinity concentrations at or below levels
presently (June 1972) found in the lower main stem. In
implementing the salinity policy objective for the Colorado
River System, the salinity problem must be treated as a
basinwide problem that needs to be solved to maintain Lower
Basin water salinity at or below present levels while the
Upper Basin continues to develop its compact-apportioned
waters.
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The salinity control program as described by the Department of the Interior in their report entitled 'Colorado
River Water Quality Improvement Program' dated February,
1972, offers the best prospect for implementing the
salinity control objective adopted herein.
The above clauses were interpreted by the Environmental Protection Agency to require numeric quality standards to be assigned. Representatives of the seven Basin states determined the recommended following
flow-weighted average annual numeric salinity criteria for three locations in the lower main stem of the Colorado River System:
Below Hoover Dam

723 mg/1

Below Parker Dam

747 mg/1

Imperial Dam

879 mg/1

The average annual salinity of the water delivered to Mexico
increased in 1961 from 800 mg/1 to nearly 1,400 mg/1 and to more than
1,500 mg/1 in 1962. The increase in salinity resulted in negotiations
between the United States and Mexico. These negotiations resulted in
Minute No. 242 which specified that:
1.a. The United States shall adopt measures to assure that not
earlier than January 1, 1974, and no later than July 1,
1974, the approximately 1,360,000 acre feet (1,677,545,000
cubic meters) delivered to Mexico upstream of Morelas Dam,
have an annual average salinity of no more than 115 ppm +
30 ppm United States count (121 ppm + 30 ppm Mexican
count) over the annual average salinity of Colorado River
waters which arrive at Imperial Dam.
b.

The United States will continue to deliver to Mexico on
the land boundary at San Luis and in the limitrophe section of the Colorado River downstream from Morelos Dam
approximately 140,000 acre feet (172,689,000 cubic meters)
annually with a salinity substantially the same as that
of the waters customarily delivered there.

c.

Any decrease in deliveries under point 1(b) will be made
up by an equal increase in deliveries under point 1(a).
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2.

Discusses termination of Minute 241. (an earlier general
agreement)

3.

As a part of the measures referred to in point 1(a), the
United States shall extend in its territory the concretelined Wellton-Mohawk bypass drain from Morelos Dam to the
Arizona-Sonora international boundary, . . . .

4. To complete the drain referred to in point 3, Mexico,
through the Commission and at the expense of the United
States, shall construct, operate and maintain an extension
of the concrete-lined bypass drain from the Arizona-Sonora
international boundary to the Santa Clara Slough of a
capacity of 353 cubic feet (10 cubic meters) per second.
Mexico shall permit the United States to discharge through
this drain to the Santa Clara Slough all or a portion of
the Wellton-Mohawk drainage waters, the volumes of brine
from such desalting operations in the United States as are
carried out to implement the Resolution of this Minute, and
any other volumes of brine which Mexico may agree to
accept. . . .
The passage of the Colorado River Basin Salinity Control Act
(P.L. 93-320) on June 24, 1974 was one step in the implementation of
the EPA standards on the provisions of Minute 242. The principal components of the plan of implementation of the standards are:
1.

Prompt construction and operation of the initial four salinity
control units authorized by Title II of P.L. 93-320, the Colorado River Basin Salinity Control Act.

2.

Construction of the 12 other units listed in Title II of P.L.
93-320 or their equivalent after receipt of favorable planning
reports (see Appendix A).

3.

The placing of effluent limitations on industrial discharges.

4.

The reformulation of previously authorized, but unconstructed,
federal water projects to reduce the salt loading effect.

5. Use of saline water for industrial purposes whenever practical,
programs by water users to cope with the river's high salinity,
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studies of means to minimize salinity in municipal discharges,
and studies of future possible salinity control programs.
Given the flow of the Colorado River, together with the environment in which it exists, demand for the flow is greater than the amount
of water available. This situation will be exacerbated with the completion of the Central Arizona Project and development of the fossil fuels
in the Upper Basin.
Past attempts at dividing and compromising and rationing of the
flow has been done on a piecemeal basis, as is evident by the succession
of Compacts, Acts, and Treaties. With the model presented in the previous chapters, the capability now exists of evaluating past management
decisions. The one major decision to be analyzed in this paper is the
construction of the Yuma Desalination Project.
Ostensibly the purpose of the Project is to meet the Mexican
Treaty requirements and to provide additional flow for the Central
Arizona Project. The model is used to evaluate the Project in terms of
cost as compared to alternative methods of achieving the same or similar
results.
The analysis is divided into two sections. The first deals with
the currently existing consumptive use and salinity levels (BASELINE)
and the second handles the levels of consumptive use and salinity expected to exist in 1990-2000 when the Upper and Lower Basin are anticipated to be using all the available flow (MAXUSE). For the BASELINE
situation the first computer run is a check for consistency to see if
the model output is consistent with measured data for quality and
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quantity. At present the dirtiest water (in terms of salinity) is not
counted toward meeting the Mexican Treaty and does not enter the flow
of the Colorado River until it reaches Mexico. The second model run
determines what happens to the quality of the water being passed to
Mexico to meet the treaty obligation when the dirty water enters the
flow of the Colorado River before it enters Mexico. In the third run
the water is treated by the Yuma Project before entering the Colorado
River. This permits a comparison of before and after quality levels
and the cost of achieving the higher level. Likewise the additional
flow generated by treatment is applied to the Mexican Treaty Obligation
which permits additional development of water-using projects in the
United States.
There are several additional Bureau of Reclamation Projects designed to affect the flow and quality of water in the Colorado River.
The Projects are evaluated in the following two runs as to their ability
to achieve the same quality and quantity results as the Yuma Project.
This permits a comparison of the costs of achieving the same results
through the use of different structures.
In the second section of the analysis, which is labeled MAXUSE,
the runs begin with what the situation would be in the absence of any
salinity control structure. The second run assumes that all eight
Bureau of Reclamation salinity control projects are operating at their
anticipated levels. Next, the impact of eliminating the Yuma Plant and
substituting another method of achieving identical results is evaluated
in terms of cost. Finally, the Central Arizona Project is assumed to be
operating at its design capacity, which requires a decrease in usage in
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other sections of the Colorado River Basin. The impact on quality
of
water in the Basin is evaluated and a value for the water used is
determined.
The following section contains a description of the data collection activities necessary to perform the analysis just described.

Colorado River Basin Data

Quantity Data
Quantity data were collected for sources, users, river segments,
and disposal sites. The United States Geological Survey has 17 water
quantity measurement points along the Colorado River, some of which have
been measuring flows since 1906. Diversion, return flow, and consumptive use data by individual user are required by law to be collected for
the Lower Basin. The same data have been prepared for the Upper Basin
on a much more aggregated level, by the Bureau of Reclamation, to examine the impacts of the various users on salinity levels downstream. All
exported water must be recorded. Due to the abundance of river water in
the Upper Basin, very little research has been done on groundwater
availability in these states.
Water quantity data for the river system must be put in the form
of virgin flow, i.e., what the flow would be with no consumptive use.
Thus, the virgin flow from the various sources and river segments was
determined. This was found by adding the consumptive use figures to the
measured flows. These figures were found to be consistent with Bureau
of Reclamation virgin flow estimates.
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In the case examined where the Upper Basin has developed to
fully utilize their compact-apportioned water, the Bureau of Reclamation
figures on anticipated development of the Upper Basin were used.

Quality Data
Quality data are collected by the U.S. Geological Survey at the
same 17 measurement points. These figures have been collected since
1941. Several approaches were utilized to determine the salts added by

various nodes. The Bureau of Reclamation has identified the major salt
contributors in the Colorado River Basin. Some of these are point
sources which are primarily saline springs which feed into the river.
Others are diffuse sources such as irrigation return flows. The Bureau
of Reclamation has estimated the contribution of various irrigation
locations. These figures were compared for consistency with the measured quality levels above and below where the return flow has entered
the river.

Cost Data
Cost data are required for the objective function. Treatment
cost coefficients and exponents were estimated from data supplied by the
Bureau of Reclamation from engineering studies done for the Yuma desalination plant; and from a state-of-the-art analysis performed by the
Fluor Engineering Company (1978). The only process considered was reverse osmosis since it is presently the least-cost method of treating
water of the quality levels considered in the Colorado River Basin.
According to the Fluor report freezing will become least-cost in the
foreseeable future.
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The piping cost coefficients and exponents were determined by
updating those derived by Linaweaver and Clark (1964) with the Engineering News Record's Construction Cost Indexes. These figures were compared with cost data supplied by Central Arizona Project engineers.
Canal costs were derived solely by updating Linaweaver and Clark figures
to 1978.
No source costs arise in the analysis, but would consist of developmental capital and operating costs were the study to include development of additional sources, such as the importation of water from the
Columbia River. Likewise there are no disposal costs considered, although it would be a simple task to do so through the introduction of
effluent charges.

Analysis of the Colorado River Basin
An analysis of quality, quantity, and cost situations arising
under varying sets of assumptions is now performed. Only long-run average virgin flow levels are used so the results must be interpreted as
being long-run averages. Considering the extent to which regulating
reservoirs have been built all up and down the CRB, the future flows
will be much less variable than in the past.
The first simulation verifies the model by using BASELINE data
and comparing the simulated values of salinity to measured values. The
remaining simulations are constructed by altering some of the BASELINE
assumptions.
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BASELINE Series
The following is a list of the assumptions

(State variables)

used in the BASELINE simulations:
BA 1.

An annual average virgin flow at Lee Ferry of 13.9 MAF
(U.S. Dept. of the Interior, 1977a).

BA 2.

Consumptive use in the Upper Colorado River Basin of 2 733
MAP(U.S. Dept. of the Interior, 1977b).

BA 3.

Consumptive use in the Lower Colorado River Basin of 11 267
MAF (U.S. Dept. of the Interior, 1977b).

In addition to these assumptions there are several variable factors
(control variables) to be used in the simulations.
BF 1.

These factors are:

Wellton-Mohawk drainage is dumped into the Colorado River
above Morelos Dam.

BF 2.

Wellton-Mohawk drainage is dumped into the Colorado River
below Morelos Dam.

BF 3.

Wellton-Mohawk drainage is dumped into the Santa Clara
Slough.

BF 4.

Wellton-Mohawk drainage is treated at the Yuma desalination
plant, blended with additional drainage and dumped into the
Colorado River above Morelos Dam at a auality level of
1148.1.

BF 5.

Wellton-Mohawk drainage is treated at the Yuma desalination
plant and dumped into the Colorado River above Morelos Dam
at a quality of 356 mg/e.

BF 6.

The river standard is set only at the Northerly International
Boundary (NIB).

75
BF 7. River standards are set as adopted by the Colorado River
Basin States in accordance with Public Law 92-500.
The baseline series of simulations is presented as a progression
from currently existing situations with no treatment plants to introduction of the currently anticipated Yuma plant. In this and with the
MAXUSE series we start by assuming all legal, technical, economic, and
environmental constraints are binding, and then gradually loosen these
constraints to allow additional alternatives.
1. BASELINE case with existing conditions. In the first simulation we are concerned with determining the degree of consistency of
the model results with Bureau of Reclamation statistics. Currently the
drainage from the Wellton-Mahawk Irrigation District is being dumped
into the Colorado River below Morelos Dam and thus is not counted toward
the Mexican Treaty Obligation. In this simulation, therefore, variable
factor BF 2 is assumed with no binding quality constraints.
Minute 242 places the emphasis on the quality differential
existing between Imperial and Morelos Dams. The results of this first
simulation is a quality differential between the dams of 181.3 TTAF
(tons per thousand acre feet). The Bureau of Reclamation has measured a
quality differential of 179.3 TTAF. The closeness of these two figures
provides a check on the data input into the model with the figures collected. This also provides a degree of confidence in our ability to
compare subsequent results with Bureau of Reclamation projections in
terms of policy issues.
Due to the salinity of the Wellton-Mohawk drainage Mexico has
not been willing to accept this drainage as a portion of the Mexican
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Treaty Obligation. Due to the increasing scarcity of water the Bureau
of Reclamation designed the Yuma Desalination Plant in order to be able
to gain credit for the Wellton-Mohawk drainage by cleaning it and dum-ing it into the Colorado River above Morelos Dam.
2.

Wellton-Mohawk drainage applied to Mexican Treaty Obliga-

tion. A simulation is now run where the United States receives credit
for the Wellton-Mohawk drainage water but does not treat it. Variable
factor BF 1 is now used primarily to determine what the results are if
this water is now counted as partially satisfying the Mexican Treaty
Obligation but is not treated.
This results in a quality level of 1492.5 TTAF for the water
flowing into Mexico. The quality of this water in the late 1960s and
early 1970s was in the region of 1900-2050 TTAF. One reason for the
higher salinity levels was due to the filling of Lake Powell which reduced the flow of water available for diluting in the Lower Colorado
River Basin, combined with low-flow water years. Minute 242 was enacted
as a result of the high salinity levels in those years. Even though the
quality level of 1492.5 TTAF is an improvement over the previous experienced levels, the quality differential between Imperial and Morelos Dam
of 313.2 TTAF does not meet the stipulations of Minute 242. The
Wellton-Mohawk drainage must therefore be treated before it can be
applied against the Mexican Treaty Obligation.
3.

Wellton-Mohawk drainage treated and applied to Mexican

Treaty Obligation. Variable Factor BF 4 is now employed where the Yuma
plant receives approximately 100,000 AF of Wellton-Mohawk drainage and
treats it to a level of 483.7 TTAF. This is blended with 24,000 AF of
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additional Wellton-Mohawk drainage, and then dumped into the Colorado
River above Morelos Dam at a quality level of 1148.1 TTAF. The brine
from the Yuma plant and the residual drainage is delivered to the Santa
Clara Slough in Mexico via a concrete-lined canal.
This strategy gains an additional 124,000 AF of water for use in
the Lower Colorado River Basin and results in a quality differential of
158.4 TTAF between Imperial and Morelos Dams. The stipulations of Minute 242 are met at an annual cost of $54.46 million.
4. An alternative to the Yuma desalination plant. The previous
simulation, with the Yuma Plant fully operational, resulted in a quality
level of 1337.7 TTAF for the water entering Mexico. The quality level
of 1337.7 TTAF is used in this simulation as an absolute quality standard. Variable Factor BF 2 is used again but in addition BF 6 is used
with the quality level being set at 1337.7 TTAF. The introduction of
any or all of the Bureau of Reclamation desalination projects discussed
at the beginning of the chapter and listed in Appendix B are also Permitted as alternatives.
Construction of the 14 MAF treatment plant at Glenwood-Datsero
Springs, an 8 MAF treatment plant at La Verkin Springs, and the 124,000
AF Yuma plant will meet the absolute river standard set at Morelos Dam.
The first two treatment plants would have to be cleaning at their design
capacity rate of 90.1 percent removal while the Yuma plant need only
remove 53 percent of the salinity. The cost of this combination is
$32.4 million.
The quality differential in this case is 204.9 TTAF which does
not meet Minute 242, but Mexico should be indifferent because the
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quality of the water they would be receiving is identical to what would
be received with only the Yuma plant operating to its design capacity
removal rate.
Thus, by ignoring the quality differential aspect of Minute 242,
it can be seen that the Yuma plant should not be the first Bureau of
Reclamation project constructed. In order to receive the greatest marginal improvement in quality at Morelos Dam for the least marginal cost,
the Glenwood-Datsero Springs plant should he built first, followed by
the plant at La Verkin Springs, and finally by the Yuma plant. This
combination is less costly than the Yuma plant alone due to the low
removal rate required by the Yuma plant.
This simulation assumed that there was a requirement for the
124,000 AF provided by the Wellton-Mohawk drainage. At the current
level of development of the Colorado River Basin approximately three to
four MAP is being released to Mexico annually. According to Bureau of
Reclamation projections, available water quantity will not become binding on additional developments before the late 1980s or early 1990s.
There is therefore no pressing need for the 124,000 AF to be gained by
the Yuma plant coming on-line in the immediate future.
5. Wellton-Mohawk drainage not applied to Mexican Treaty Obligation. Both BF 2 and BF 3 are employed, dumping the Wellton-Mohawk
drainage so that it is not applied to the Mexican Treaty Obligation.
The only difference between the two is that in the case of BF 2 the
structures already exist while for BF 3 the United States must bear the
cost of construction of the concrete-lined canal. In addition the
absolute river standard of 1337.7 at Morelos Dam is used.
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The absolute river standard is easily achieved by construction
of the Glenwood-Datsero Springs plant alone at an annual cost of $1.36
million and a required removal rate of 55 percent.
At the 55 percent removal rate the quality differential between
Imperial and Morelos Dams is 178.6 TTAF. This is within the limits set
by Minute 242, and shows the Yuma plant need not be built at the present
to meet the quality requirements, and should not be built now on economic grounds.
6. Summary of results of baseline studies. Evaluation of the
impacts of adjusting the flow levels and available quality control options reveals the fact that the Yuma plant is designed strictly as a
quantity project. Given the present use level and the anticipated rate
of water-consuming developments, the additional 124,000 AF would not be
necessary before the early 1990s. This is due to the lack of development in the Upper Basin. The Bureau of Reclamation has estimated that
Upper Basin depletions will increase by 1.2 MAP from 1980 to 1990 and by
341,000 AF from 1990 to 2000 (U.S. Dept. of the Interior, 1977a). Since
all major reservoirs in the Upper Basin are already filled there will be
no additional depletions to fill them. Thus, the additional developments consuming 217,000 AF (34,000-124,000) would have to be shifted to
before 1990 in order for the 124,000 AF to be "needed" prior to 1990.
Of the 341,000 AF additional depletions after 1990, only 24,000 AF are
due to aid shale development which is most likely to be moved up due to
the energy situation.
On the other hand, the Central Arizona Project, with a capacity
of 2.174 MAF, is last in terms of priority for Colorado river water in
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the Lower Basin. Given prior rights of Nevada (.3 MAP), California
(4.4 MAP), Mexico (1.5 MAF), and other Arizona (1.2 MAP), we see that
the CAP will receive only .4 MAP when the Upper Basin is fully developed. Of any flow above the 8.25 MAP minimum flow which must be released to the Lower Basin, the CAP has priority to the first 1.2 MAF.
This would bring the Arizona supply up to its 2.8 MAF entitlement, and
the CAP supply up to 1.6 MAF. Any additional flow is to be divided
equally between California (the MWD) and Arizona (the CAP). The excess
flow (above the 8.25 MAF) therefore would have to be 2.35 MAP (1.2 +
.574 2) in order for the CAP to reach its design capacity flow. This
would require a virgin flow at Lee Ferry of 16.25 MAP. Since the normal
flow is less than this level (flow has been less than 16.25 MAF 27 times
since 1896, seven times since 1950), Arizona and especially the CAP have
a vested interest in any method of increasing the flow available to
Lower Basin users, including the Yuma desalination plant. The CAP is
expected to be operating fully by 1987 so Arizonans would like to see
the Yuma plant being on-line by that time, regardless of the rate of
development in the Upper Basin.
Ignoring the gain of 124,000 AF and concentrating only on the
quality considerations, it is seen that construction of the GlenwoodDotsero Springs desalination plant has the lowest cost per ton of salts
removed, with La Verkin Springs being next, and finally the Yuma plant.
Following a normal investment strategy, this is also the order in which
they should be built.

81
MAXUSE Series
The following is a list of the state variables to be used

in the

running of the MAXUSE simulation:
MA 1:

An annual average virgin flow at Lee Ferry of 13.9 MAR.

MA 2:

Consumptive use in the Upper Colorado River Basin of 5.6 MAF.

MA 3:

Annual flow released from Lake Powell of 8.25 MAF.

MA 4:

Consumptive use in the Lower Colorado River Basin of 6.75 MAR.

MA 5:

Mexican Treaty Obligation of 1.5 MAF just met.

The control variables for the MAXUSE series are:
MF 1:

Wellton-Mohawk drainage is dumped into the Colorado River
above Morelos Dam.

MF 2:

Wellton-Mohawk drainage is dumped into the Colorado River
below Morelos Dam.

MF 3:

Wellton-Mohawk drainage is dumped into the Santa Clara
Slough.

MF 4:

Wellton-Mohawk drainage is treated at the Yuma desalination
plant, blended with additional drainage and dumped into the
Colorado River above Morelos Dam at a quality level of
1160.3 TTAF.

MF 5:

Wellton-Mohawk drainage is treated at the Yuma desalination
plant and dumped into the Colorado River above Morelos Dam
at a quality level of 483.7 TTAF.

MF 6:

Additional Central Arizona Project waters gained by a decrease in consumptive use in the Upper Colorado River Basin.

MF 7: The river standard is set only at Morelos Dam.
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The maxuse series of simulations was so named because the maximum consumptive use from Colorado River waters is taking place in both
the Upper and Lower Colorado River Basins, under current conditions of
evaporative, seepage, and channel losses.
The first simulation is run to see what the quality of the river
would be at Morelos Dam with maxuse if there are no salinity treatment
activities.
1.

MAXUSE with no salinity controls. In addition to the maxi-

mum level of development with no salinity controls, we also employ MF 1,
dumping the Wellton-Mahawk drainage at Morelos Dam.
The water at Morelos Dam would hold 1687 TTAF. This quality
level is far above the absolute river standard of 1337.7 and points to a
definite need for salinity control projects to be instituted as development takes place.
The Bureau of Reclamation has identified the major point and
diffuse sources of salinity in the Colorado River Basin and are looking
at various strategies for dealing with the problem. A subset of these
projects is listed in Appendix B consisting of the major salt contributors. The impact of having all eight Bureau of Reclamation projects
fully operational is examined next.
2.

MAXUSE with eight salinity control treatment plants operat-

ing. In this case the Wellton-Mahawk drainage is treated at the Yuma
plant, blended with additional drainage, and dumped into the Colorado
River above Morelos Dam to be applied to the Mexican Treaty Obligation
( MF 4), and all other treatment facilities are operating at their
maximum.
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This results in a quality level of 1182 TTAF at Imperial Dam and
1335.0 TTAF at Morelos Dam. The absolute river standard of 1337.7 is
met, and a quality differential of 146.6 TTAF satisfies the requirements
of Minute 242. The total annual cost of this system (in 1978 dollars)
is $168.3 million.
As was true in the baseline studies, interest lies in evaluating
the impact and alternatives to the Yuma desalination plant. In the
following simulation the 124,000 AF is acquired through other means.
3. MAXUSE with all salinity controls except Yuma Plant. MF 4
is now used and the river standard is set only at Morelos Dam (MF 7).
Agricultural usage in the San Juan sub-basin is reduced by
124,000 AF (MF 6). This requires 82,667 acres to be retired from
irrigation.
The results are an improvement in quality at Imperial Dam to
1165 TTAF and an almost identical quality of 1335 TTAF at Morelos Dam.
The absolute standard of 1337.7 is still met, while the quality differential has increased to 170 TTAF, which is approaching the upper limits
of Minute 242 but still satisfies the requirements.
The cost of the system without the Yuma plant is $114.9 million
per year. Thus, it can be seen that the Yuma plant has an annual cost
of $55.2 million and the 124,000 AF is being purchased for $445.16/AF.
It would be expedient to find an alternative source of water if it could
be acquired at a price less than $445.16. One possible alternative
supply is now examined by looking at the value of water for irrigation
use in the San Juan sub-basin.
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Table 2 presents a list of the consumptive use of selected crops
in Arizona. These figures should be appropriate for the region considered. In the third column of Table 2 is the annual value of the water
consumed in the production of the various crops if the water were priced
at $445.16/AF.
The two primary irrigated crops in Colorado are barley and corn
fodder. From Table 2 we see that the water cost of growing one acre of
barley is $822.52/acre/year and for corn fodder is $861.28/acre/year.
In 1978 the market value of one acre of barley was $135.00 and one acre
of corn fodder was $264.00. Thus, the farmers should be willing to sell
their water for, say $400/AF and they will be made better off, and the
U.S. government should be willing to pay $400/AF since this is less than
the cost of the Yuma plant.
One other way of looking at this 124,000 AF which is, in effect,
created by the Yuma plant, is to see if the value of the water in its
best use is greater than or less than $445.16. Residential users in
Tucson are currently paying $12.88/AF in the summer and $257/AF in the
summer, while agricultural users are paying much less, generally close
to $25/AF. Thus, at least in the summer months, Tucsonans would be
willing to pay $400/AF to farmers in the San Juan sub-basin. Of course
this assumes there is no transportation cost.
A strictly hypothetical situation is now examined where sufficient water is removed from agricultural use in the Upper Basin to allow
the Central Arizona Project to operate at its maximum capacity.
4. CAP at maximum usage. MF 6 is now employed with no treat-

ment plants. Since much of the irrigated lands in the Upper Basin are
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Table 2.

Consumptive Use of Agricultural Products.

Product

Consumptive
Use
(AF/A)

@ $445.16/AF
Water Cost/
A/Year

Wheat (including barley)

1.91

$ 850.26

Sorghum

2.12

943.74

Alfalfa

6.19

2755.54

Pasture

3.70

1647.09

Corn Fodder

2.00

890.32

Cotton

3.43

1526.90

.70

311.61

Cantaloupe (including honeydew)

1.60

712.26

Miscellaneous

2.00

890.32

Bermuda grass seed

3.27

1455.67

Grapefruit

3.99

1776.19

Lemons, limes

4.20

1869.67

48-4.91

213.68-2185.74

Lettuce

Oranges, tangerines
Phreatophytes
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underlain by shale deposits which contribute to the salinity of the
Colorado River, an increase in the salinity levels may be expected;
however, reduction in consumptive use would reduce leaching and increase
dilution.
In this case a quality level of 734.5 TTAF is reached at Imperial Dam and 1226.8 TTAF is reached at Morelos Dam. The absolute
river standard would therefore be met with no salinity control activities taking place. However, Minute 242 stipulations are violated, but,
as previously mentioned, Mexico should only care what the quality of the
water is that they receive and not what change occurs in that quality
between two points within the United States.
5. Summary of results of MAXUSE studies. Increased develoomert
in the Upper Basin leads to the expéched results of worsening salinity
levels and a violation of Minute 242 in the absence of salinity control
measures. All eight Bureau of Reclamation Projects are found to he
necessary to achieve the quality standards if the additional water from
the Yuma plant cannot be gained through other means. However it was
also seen that if the 124,000 AF could be acquired at a reasonable price
through the reduction of irrigation in a salt-loading region, the quality constraints can be met without implementation of the Yuma plant.
The results of simulation 4 point out that a reduction of consumptive use of 1.774 MAF in the Upper Basin would eliminate the need
for any salinity treatment efforts. This 1.774 MAF can be available for
consumptive use when all eight BOR projects are in operation, at a cost
of $168.3 million. This amounts to slightly less than $100 per acrefoot, which is a low price to pay for this 1.774 MAF.

CHAPTER 6

SUMMARY AND CONCLUSIONS

This chapter is divided into two sections. The first is a discussion of the results of the analysis of the Colorado River Basin,
while the second is a discussion of the model with respect to the
analysis of any water distribution and treatment system.

The Colorado River Basin
It has been shown that the Colorado River Basin is governed by
many restrictions--legal in the form of compacts, acts, Minutes and
Treaties; environmental in the form of vast salt deposits and salt
springs, and the unpredictability and variance of the annual flow;
physical in the form of man-made structures which regulate the flow and
have enough storage capacity to store three to four years total flow.
The following poem is very appropriate for the Colorado River
Basin: (Herbert,
The rain is plenteous but, by God's decree,
Only a third is meant for you and me;
Two-thirds are taken by the growing things
Or vanish heavenward on vapor's wings;
Nor does it mathematically fall
With social equity on one and all.
The population's habit is to grow
In every region where the water's low;
Nature is blamed for failings that are man's,
And well-run rivers have to change their plans.
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Relative to the volume of flow the Colorado River is probably
the most governed river in the world. The more restrictions
that are
placed on an entity, the more important it becomes to have a comprehensive, coordinated system of restrictions. Therefore, the Colorado River
Basin was the ideal candidate for the type of analysis performed in this
paper.
Salinity in the Colorado River Basin has been a problem in the
past in low-flow years, and will become a permanent problem in the
future because of increased depletions, unless activities are started in
the near future to control the salinity. The Bureau of Reclamation has
undertaken extensive studies of primary salt contributors and methods
of controlling the amount:, contributed. At the same time it appears
that there are alternatives which the Bureau of Reclamation has not
considered which would reduce the cost of achieving the same results.
For example, the purchase of irrigation water from the Upper Basin would
have two results. First, the water would be acquired at a lower cost
than by construction of the Yuma desalination plant, and second, a more
efficient allocation of the available water would result.
It also becomes obvious that the Bureau of Reclamation has not
considered the salinity control projects in any rational form of priorities; i.e., which projects will provide the greatest net benefit.
The Yuma plant should not be the first project constructed. Quite possibly, the Yuma plant should not be constructed at all. The reason the
Yuma plant and other apparently non-economic projects are constructed is
due to subsidy, such that the parties receiving the benefits are not
made to bear the full costs. A benefit-cost ratio for the Yuma plant
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has not been calculated by the Bureau of Reclamation and all costs are
allocated to the Mexican Treaty. Thus, all project expenditures are

nonreimbursable (which means they are paid for through federal tax
receipts).
The goals of the Yuma plant should be enumerated and reconsidered. Minute 242 should be renegotiated to specify some absolute quality standard as opposed to a differential between Imperial and Morelos
Dams (which, in effect, necessitates the Yuma plant). Then, alternative
methods of achieving the goals of the Yuma plant and satisfying Mexico's
quality requirements should be considered in order to find the leastcost method of meeting these requirements and goals. Mechanisms should
be established whereby water could be purchased from Upper Basin users
by Lower Basin users. Alternatively, if the higher valued use of the
water was in the Upper Basin (for example, oil shale development), the
Upper Basin users should be able to buy the water from other Upper Basin
users (this is currently allowed in Colorado) or from Lower Basin users.
Of course, the impacts of any transaction on salinity of the river must
be considered and carefully monitored.

The Model
The model and solution technique have been found to be rigorous
and permit a great deal of flexibility in design analysis. A largescale problem was analyzed at relatively high speed and therefore low
computer cost.
Further modification of the model will be necessary in order to
handle the remaining limitations. As in most water distribution models,
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a requirements approach was utilized, which assumes that demand is Perfectly inelastic, and therefore must be met. Or, if demand is allowed
to change, it is treated as exogenous. Then sensitivity analysis would
be used to compare the results of different demand structures. It would
not be difficult to adjust the objective function in order to maximize
net benefits instead of minimizing total cost. The difficult part is in
attempting to measure the benefits associated with any water use.
The structure of the model is such as to allow the examination
of a multitude of problems and levels of aggregation. A large river
basin analysis requires a fairly large degree of aggregation (the Colorado River Basin study utilized the maximum allowable space on the CDC
5000). A small area, such as a city, county, or metropolitan area could
be analyzed with a high degree of disaggregation (e.g., a large number
of nodes relative to the geographic size).

Conclusions
The state-of-the-art of water distribution and treatment system
design has been enhanced and expanded by the model presented herein.
The size of the system to be analyzed is restricted only by the central
memory of the computer and the desired degree of disaggregation.

APPENDIX A

PROJECTS AUTHORIZED FOR CONSTPUCTION*

1.

Paradox Valley Unit

2.

Grand Valley Basin Unit

3.

Crystal Geyser Unit (delayed indefinitely)

4.

Las Vegas Wash Unit

5.

Lower Gunnison Basin Unit

6.

Uintah Basin Unit

7.

Colorado River Indian Reservation Unit, Arizona

8.

Palo Verde Irrigation District Unit, California

9.

La Verkin Springs Unit

10.

Littlefield Springs Unit

11.

Blue Springs Unit

12.

Glenwood-Dotsero Springs Unit

13.

Big Sandy River Unit

14.

Price, San Rafael, and Dirty Devil River Units

15. McElmo Creek Unit
Additional information and complete descriptions of the projects can be found in "Quality of Water Colorado River Basin, Progress
Report," Bureau of Reclamation, January, 1977.
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APPENDIX B

DESALINATION PROJECTS CONSIDERED
IN THE ANALYSIS

1.

Yuma Desalination Unit

2.

Glenwood-Dotsero Springs

3.

Paradox-Grand Valley Unit

4.

La Verkin Springs

5.

Big Sandy Creek

6.

Lower Gunnison

7.

Blue Springs

8.

Price, San Rafael, and Dirty Devil Rivers
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