
Economic feasibility of selective adjustments in use
of salvageable waters in the Tucson region, Arizona.

Item Type Dissertation-Reproduction (electronic); text

Authors DeCook, K. James(Kenneth James),1925-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:01:12

Link to Item http://hdl.handle.net/10150/190964

http://hdl.handle.net/10150/190964


ECONOMIC FEASIBILITY OF SELECTIVE ADJUSTMENTS 

IN USE OF SALVAGEABLE WATERS IN THE 

TUCSON REGION, ARIZONA 

by 

Kenneth James DeCook 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirem~nts 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN WATER RESOURCES ADMINISTRATION 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 7 0 



Ttlli UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Kenneth James DeCook 

entitled ECONOMIC FEASIBILITY OF SELECTIVE ADJUSTMENTS IN USE OF 

SALVAGEABLE WATERS IN THE TUCSON REGION, ARIZONA 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

Dissertation Director 

~~fl' .f /7 ./(7 

-Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance: ~': 

.'. 
A This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author. 



ACKNOWLEDGMENTS 

As the subject matter of this work is multidisciplinary, I have 

sought and received help from many sources. First of all, I am deeply 

indebted to Prof. Maurice M. Kelso, my advisor and dissertation direc

tor, for sharing with me the benefit of his sound judgment and broad 

experience in the field of water resources economics. His stimulating 

comments have been most helpful to this effort. 

Prof. Sol D. Resnick, Associate Director of the Water Resources 

Research Center, aided me in coordinating this research with other work 

under the Center's research program, and also reviewed the draft of 

this paper, making a number of beneficial suggestions. I wish to thank 

Dr. John H. Ehrenreich, Dr. John W. Harshbarger, and Dr. Jerome J. 

Wright for reviewing the manuscript and offering many constructive com-

ments. 

In regard to the urban recreation survey made as part of this 

research, I arn especially grateful to Dr. David A. King of the Depart

ment of Watershed Management for his interest and considerable effort 

devoted to the formulation of questions and interpretation of results. 

Dr. George F. Learning of the Division of Economic and Business Research 

advised on interview format and sampling procedure, and Miss Rita Cantu 

and Mr. Kenneth Czarnowski conducted a large number of the interviews 

for the survey. 

For providing basic data and practical information on local 

water management, I am indebted to Mr. Frank E. Brooks, Director, and 

iii 



iv 

Messrs. Gordon E. Davis, John F. Rauscher, John F. Stafford, E. O. Dye, 

and Kirke L. Guild of the City Water and Sewers Department; Director 

Gene C. Reid and Mr. Gene Laos, Parks Superintendent, of the City Parks 

and Recreation Department; and Director E. W. Dooley - P.E., and Mr. 

E. F. Geiser - P.E., Chief Engineer, of the Pima County Department of 

Sanitation. 

Advice or assistance on various technical points was kindly 

provided by Dr. T. C. Tucker, Department of Agricultural Chemistry and 

Soils; Professors C. C. Kisiel and T. G. Roefs, Hydrology and Water Re

sources; and Dr. L. E. Mack, Dr. William E. Martin, and Dr. Russell L. 

Gum of the Department of Agricultural Economics. 

The work upon which this paper is based was supported by funds 

provided by the United States Department of the Interior, Office of 

Water Resources Research, as authorized under the Water Resources Re

search Act of 1964. In addition, I have received encouragement and sup

port in many forms from Dr. A. R. Kassander, Jr., Director, and the 

members of his staff at the University of Arizona Water Resources Re

search Center. 

My wife, Carol, deserves a very special kind of thanks for the 

inspiration and assistance she has given throughout the period of my 

graduate study. 



TABLE OF CONTENTS 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . 
LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . 
ABSTRACT 

CHAPTER 

1. 

2. 

3. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . 
Purpose and Scope of Work 
Basic Principles: Previous 

Present Methods • • •• 

. . . . . . . . . . . . . 
Research and . . . . . . 

DESCRIPTION OF THE SYSTEM OF SALVAGEABLE WATERS 

Geography and Geohydrology • • • • • • • • • • • • • 
The Administrative-Legal System ••••••••••• 

Legal Aspects of Water Administration •••••• 
Origin and Scope of Decisions • • • 
Social Objectives •••••••••••••••• 

Sources, Quality, and Availability of 
Salvageable Waters •••••• •••••• 
Metropolitan Domestic-Industrial Effluents 

(Mil 2) .••••••••••••••• 
DomestIc Effluents (Ml 2) • • • ••••• 

. . 
Industrial Effluents (~1,2) •••••• 
Watershed Runoff (Wl,2) • • • • • ••••• 

Past and Present Uses of Salvaged Water ••••••• 
Potential Uses • • • • • • • 

Legal Incentives and Constraints •• •• 
Water Quality Criteria •••••• 

ECONOMIC ANALYSIS OF WATER SALVAGE ACTIVITIES • 

Unit Costs and Methods of Water Control and 
Treatment • • • • • • • 
Water Treatment • • • • • • • • • 
Water Conveyance •••••• 
Water Storage • • • 

v 

. . . . . . . . . . . . 

. . 

Page 

viii 

x 

xi 

1 

1 

7 

17 

17 
24 
29 
32 
35 

36 

36 
40 
42 
47 
53 
57 
60 
61 

68 

68 
69 
80 
82 



CHAPTER 

4. 

5. 

TABLE OF CONTENTS--Continued 

Unit Benefits Attributable to Uses of 
Salvaged Water • • • • ••• 
Agricultural Uses • 
Recreational Uses • • • • • • 
Industrial Uses •••••• 

Costs and Benefits of the Subsurface Storage 
Alternative ••• 

The Net Benefit Function 

. . . 

Direct Benefits and Costs •• 
Indirect Benefits and Costs • 

. . . . . . . . . . . . . . . 
Latent Effects and Externalities 

A Normative Model ••••••••••••• 

EVALUATION OF ADJUSTMENTS BY OPERATIONAL AND 
PLANNING DECISIONS • • • • • • • • •• . . . . . 

An Analytical Model • • • • • • • • • • • • • • • 
Marginal Transformations •••••• • ••• 

Supply Functions ••••••• 
Constrained Cost Minimization • • •••••••• 
Time-related Elements •••• 

Exogenous Future Trends • • 
Endogenous Latent Effects ••• 

Maximization of the Net Benefit Function 
Structural Transformations •••• 

Operation of a Separable Source ••••• 
A Multiple Source Model ••••••••••••• 
Adjustments in Use From Discrete Sources •••• 

INTERPRETATION AND CONCLUSIONS 

vi 

Page 

83 
83 
92 

104 

107 
113 
114 
115 
116 
118 

129 

129 
130 
132 
140 
155 
155 
157 
160 
174 
176 
178 
179 

180 

Statement of Findings • • • • • • • • • • • • •• 180 
Implications for Future Related Research •••• 181 

Utilization of Salvageable Water Resources 182 
Ground Water Storage and Exchange • • 187 
Legal Arrangements Affecting Salvaged Waters 189 

APPENDIX A: FACTORS USED AND ASSUMPTIONS MADE IN ESTIMATING 
COSTS OF WATER CONVEYANCE AND STORAGE 192 

APPENDIX B: FORM LETTER AND QUESTIONNAIRE USED IN URBAN 
RECREATION SURVEY • • • • • • • • • • • • • . . . . 195 



TABLE OF CONTENTS--Continued 

APPENDIX C: ILLUSTRATIVE CALCULATION OF AGGREGATE NET 
BENEFITS RESULTING FROM STRUCTURAL ADJUST-
MENTS •••••••••••••••••• . . 

APPENDIX D: SUMMARY OF STANDARDS AND CRITERIA FOR QUALITY 

vii 

Page 

199 

OF DRINKING WATER • • • • • • • • • • •• 207 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . 211 



Table 

1. 

2. 

3. 

4. 

LIST OF TABLES 

Selective Classification of Salvageable Waters 
in the Tucson Region . . . . . . . . . . 
Quantity of Influent Sewage Flows at City of 
Tucson Treatment Plant (Million Gallons) 

Quality of Influent and Effluent Sewage Flows at 
City of Tucson Treatment Plant, 1968-69 

Quality of Treated Water at Ina Road County 
Treatment Plant near Tucson, FY1968-69 

· . . . . 

· . . . 
· . . . 

5. Chemical Character and Content of Trace Metals 
in Industrial Effluent at Hughes Aircraft 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Company Plant . . . . . . · · · · · · · • · 
Chemical Character of Water from Wells and 
Cooling-Tower Effluent at Irvington Road 
Steam Electric Generating Plant · · · · • · · • · 
Quality of Water from Urban and Suburban Runoff 
in Tucson . . . • · • · · · · 
Historic Tucson Wastewater Treatment Plant 
Effluent Distribution, 1940-69 •••••• · . . 
Existing and Selected Potential Uses of Salvaged 

· · · · 

· · · · 

· · · · 
· . . . 

Waters in the Tucson Region • • • • • • • •• • • • • 

Generalized Vector of Quality Parameters for 
Salvageable Waters •••• • • • • • • • • • • • • • 

Matrix of Treatment Methods for Salvaged Waters 
Relative to Type of Use • • • • • • • • • • • • • 

Unit Costs of Water Treatment. · . . . . . · . . 
Cropping Pattern and Irrigation Water Use in the 
Tucson Region, 1969 • • • • • • • • • • ••• · . . . 
Summary of Net Returns per Acre for Irrigated 
Crops in the Tucson Region • • • • • • • . . . . . . 

viii 

Page 

4 

38 

39 

41 

44 

46 

52 

55 

58 

72 

74 

77 

87 

88 



ix 

LIST OF TABLES--Continued 

Table Page 

15. Cost Data for Salvaged Water Supply Function, 

16. 

17. 

18. 

19. 

20. 

21. 

Tucson Region . . . . . . . . . . . . . . . . . . . . 
Net Returns to Agricultural Use of Ground Water in the 
Northwest Area, Tucson Region, 1970 Conditions •••••• 

Allocation of Salvaged Water in the Northwest Area, 
Tucson Region, 1970 Conditions Under Cost Minimization · . 
Allocation of Ground Water and Salvaged Water in the 
Northwest Area, 1970, Under Cost Minimization ••• . . . 
Allocation of Ground Water and Salvaged Water in the 
Northwest Area, 1970, Under Cost Minimization With 
Treatment Costs Borne by Water Agencies ••••• 

Optimal Allocation of Ground Water and Salvaged Water, 
1970, Under Net Benefit Maximization, With Linear Net 
Return Coefficients and Without Upper-Bound Constraints 

· . 

on Uses •••••••••• • • • • • • • • • • • • 

Optimal Allocation of Ground Water and Salvaged Water 
in the Northwest Area Under Net Benefit Maximization 
With Institutional Constraints, 1970 ••••• • • 

. 22. Altered Allocation of Water With Variations in Net 
Benefit Coefficient . . . . . . . . . . . . . . . . . 

23. Effect of Varying Amortization Periods and Discount 
Rates on Estimated Cost of Conveyance of Treated 
Effluent to Mining Districts • • • •••••• 

24. . Benefit Maximizing Allocation of Water to All Pros
pective Uses in Tucson Region, 1975 Conditions, 

. . . 

142 

148 

151 

152 

154 

162 

164 

166 

169 

Assuming Minimal Unit Returns to Water for Mining Use 171 

25. Allocation of Water to All Uses in Tucson Region, 1975, 
Assuming Increased Returns to Water for Mining Use • • •• 171 

26. Revised Allocation of Water to All Uses in Tucson 
Region, 1975, Assuming High Returns to Water for 
Mining Use • • • • • . . . . . . . . . . . . . . . . . 

27. Potential Returns to Use of Salvageable Water From 
a Discrete Source . . . . . . . . . . . . . . . . . . . . 

172 

186 



Figure 

1. 

2. 

3. 

LIST OF ILLUSTRATIONS 

CONCEPTUAL DIAGRAM: FRAMEWORK FOR MODEL OF 
SALVAGEABLE WATER SYSTEM • • • • • • • • • • . . . . . . 
KEY MAP, SANTA CRUZ RIVER BASIN BETWEEN 
RILLITO STATION AND MEXICAN BOUNDARY ••• · . . . . . . 

Page 

2 

18 

PRINCIPAL URBAN AND SUBURBAN WATERSHEDS IN 
THE TUCSON METROPOLITAN AREA, ARIZONA •• · . . . . in pocket 

4. 

5. 

6. 

7. 

NET RETURNS TO IRRIGATION WATER OVER TOTAL 
VARIABLE COSTS, TUCSON REGION, 1969 · . . . 
MARGINAL GROSS REVENUE FlmCTION FOR URBAN FISHING 
AND BOATING ACTIVITIES IN THE TUCSON REGION, 1969 

INCREASE OF GROUND-WATER SUPPLY COSTS OVER SPACE 

. . . 

AND TIME, TUCSON REGION •••••••••••••••• 

EFFECTS OF SUBSTITUTION OF SALVAGED WATER FOR 
GROUND WATER • • • • • • • • • • • • • • • • • . . . . . 

8. SUPPLY FUNCTIONS FOR GROUND WATER AND SALVAGED 
WATER TO SELECTED AGRICULTURAL USES, TUCSON 

85 

97 

133 

136 

REGION, 1970 • • • • • • • • • • • • • • • • • • • • •• 138 

9. COSTS FOR SUPPLYING SALVAGED WATERS TO SELECTED 
AGRICULTURAL USES WITH AND WITHOUT CITY TREAT-
MENT OBLIGATION . . . ." . . . . . . . . . . . . . . . . 

10. SALVAGED WATER SUPPLY FUNCTION, TUCSON REGION, 
1970 • • • • • . . . . . . . . . . . . . . . . . . . . . 

x 

139 

141 



ABSTRACT 

Water in the Tucson region is a limited resource. Ground water 

has been developed in the past as a primary source of water to supply 

all uses, and the present possibility emerges that the output products 

of this system of uses can be salvaged and combined with the primary 

source for further use. A water-salvage industry is conceived in which 

the outputs of water uses, augmented by storm runoff, become the inputs 

to the industry; water treatment is the main activity of the industry; 

and water of improved levels of quality is its principal output. 

The regional sources of salvageable water are defined as 1) 

domestic-industrial effluents from the metropolitan sewage collection 

and disposal system, 2) domestic and industrial effluents from isolated 

locations, called discrete sources, and 3) storm runoff from both urban 

and non-urban watersheds. At the 1970 level the available quantity of 

such waters is estimated to be in excess of 35,000 acre-feet per year 

and increasing. Historically, only the first of these classes of water 

has been salvaged and reused in the Tucson region, and then only for 

irrigation of fiber, field, and forage crops. The current level of 

treatment technology is adequate to upgrade the quality of any or all 

of these salvageable waters to the requirements of additional agricul

tural as well as recreational and industrial uses. What needs to be 

determined is the degree of economic feasibility of allocating the sal

vaged waters to these uses under the prevailing institutional con

straints. 

xi 
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The selected types of potential uses in the water reuse sub

system are industrial uses as represented by power plants and by mining 

and milling operations, the recreational uses of urban fishing and 

boating activities and park irrigation, and agricultural uses in the 

form of irrigation of field and forage crops, cotton, orchard, and pro

duce. Each of the classes of use is embodied in an industry which 

realizes a net return to the water input. An urban recreation survey 

indicates, for example, that under maximum intensity of use the net 

returns to water for fishing and boating might be as much as $500 per 

acre-foot. The objective relative to all uses is to maximize aggregate 

net returns to water from the combined supply, and the measure of ef

fectiveness is a net benefit function representing the difference be

tween gross benefit and incremental cost for water in each activity. 

The available salvaged waters are substituted incrementally 

for ground water in the total regional water supply function. Calcu

lated numerical examples of allocation of combined supplies, in a 

linear programming format with restraining institutional conditions, 

demonstrate that under optimal allocation the treated municipal

industrial effluent would be used to some extent to serve not only 

agricultural but recreational and industrial uses. This result is at

tributable in part to the condition that the metropolitan water 

agencies bear the obligation of primary and secondary treatment at no 

direct cost to the user. Under benefit maximization this effluent also 

could serve a significant part of the water needs of the remote mining 

operations; under existing institutional arrangements, however, this 



industry is minimizing cost by pumping from the nearest available 

ground-water source. 

xiii 

Preliminary calculations indicate that structural adjustments 

involving construction of new facilities in the Tucson region for the 

utilization of salvaged waters could be economically justified, their 

feasibility being highly sensitive to the extent of use for urban 

recreational activities. 



CHAPTER 1 

INTRODUCTION 

The demand for water and the rate of use of readily available 

water resources in the Tucson metropolitan region are steadily growing. 

Concurrently, increasing amounts of used or salvageable water are being 

produced as municipal and industrial effluents and in the form of sur

face water runoff induced by urbanization. The need arises therefore 

to broaden the analytical basis for water administration decisions re

garding feasible and beneficial allocation and use of these salvageable 

waters. 

Purpose and Scope of Work 

The objective of this research is to formulate a method and a 

model for the evaluation of alternative allocations of salvageable 

waters among beneficial uses. The framework for such a formulation 

must necessarily be conceptual in some respects. A conceptual model of 

the system to be studied is shown in Figure 1. Implicitly, the opera

tion of the system is rooted in the broad base of our national, state, 

and local governments and more specifically, as illustrated, in the ad

ministrative branch and in the legal system which emanates from govern

mental and social process. 

The most tangible part of the total system is perhaps the physi

cal system, which comprises the corpus of the waters, their development, 

1 
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control, and use, and the appurtenant works and physical processes. 

Whereas elsewhere in the diagram the arrows indicate merely relation

ships or effects of one system upon another, the multiple arrows in the 

physical system lend it a vector quality, as this system necessarily 

progresses from left to right as shown, with respect to both space and 

time. 

Salvageable waters are here defined as that collection of 

waters including "waste" waters such as municipal and industrial efflu

ents subject to recovery and reuse, in addition to increments of local 

surface water runoff from small urban and non-urban watersheds. These 

waters have in common some characteristic of substandard resources such 

as impaired quality, remoteness of location, or intermittent availabil

ity. Specifically excluded from this definition are the "primary" 

sources of water including the already developed major ground-water 

reservoirs and the undeveloped surface waters of the principal streams 

in the region. Conservative measures such as channel improvement or 

eradication of phreatophytes could result in salvaged water, but such 

water would be an accretion to the primary water sources and so is not 

included herein. Neither included are several minor sources, to be 

discussed later. A classification of salvageable waters as defined 

above is shown in Table 1, along with specific examples of each as they 

will be considered in the analytical section. 

The central hypothesis of this research is that relative net 

social gains may be derived by taking salvageable waters in any of an 

array of sources and conditions as defined, and as determined by their 



Table 1. Selective Classification of Salvageable Waters in the Tucson 
Region.* 

Source 

A. Metropolitan domestic
industrial effluents 

1. City system (MIl) 

2. County system (MI 2) 

B. Domestic effluents 

1. Discrete sources (Ml ) 

Quantity Available 
in Tucson Region 

(Ac-Ft/Yr) a 

31,300 

500 

2. Separable sources (M2) 

C. Industrial effluents 

Example of Source 
by Location 

City Treatment Plant 

Ina Road (Main) Plant 

Green Valley 

Randolph Park 

4 

1. Discrete sources (E l ) 1,200 Hughes Aircraft Company 
Plant (cooling and pro
cessing effluents) 

2. Separable sources (E 2) 

D. Watershed runoff 

1. Urban (WI) 

2. Non-urban (W2) 

Total 

1,100 

1,000d 

35,300 

Tucson Gas and Electric 
Company Plant (cooling 
effluent) 

High School Watershed 

Airport Watershed 

(Arithmetic sum only) 

*Primary sources, as distinguished from salvageable sources, 
may be classified as follows: Ground Water (PI): As presently de
veloped. Surface Water, Imported (P 2): Colorado River and San Pedro 
River sources. 

aEstimated as minima at 1970 level. See text for assumptions 
underlying the estimated quantities. 

b 
Included in MIl source under present (1970) conditions. 

cIncludes minor sources. Quantity is included in figure for 
MIl source under present conditions. 

dFor Tucson District only (Figure 2). 
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past use or environment, and upgrading such waters to various states of 

quality relative to criteria for any of an array of feasible uses. 

Particular attention is given to urban recreational uses, to interim 

subsurface storage, and to institutional factors arising in existing 

statutory and administrative law. 

The economic system (Figure 1) is coupled with the physical 

system with regard to process: The costs of development and the supply 

function are related to inputs of the primary water production and dis

tribution subsystem; the benefits of primary uses are outputs of that 

subsystem; and the costs of and value added by control and treatment of 

salvaged waters are linked to the transformation and water reuse sub

systems. The transformation from water use to salvage to reuse involves 

economic activity analysis and allocation, as well as economic results 

or outputs associated with equilibrium conditions, economic efficiency, 

and the welfare or redistribution ethic. It should be noted that an 

essential feature of the total system is the open-ended nature of the 

physical-economic systems and subsequent feedback from them to the ad

ministrative and legal systems. 

Shifting emphasis from the abstract to the real system, it can 

be stated at once that the question of how to allocate salvaged waters 

in the Tucson region is a very real and present problem. It is clear 

that recent and current events lend substance to the need for an ade

quate analytical basis for resolving this question. Among these events 

are the following: 
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1. The growth of population and consequent water use in the 

region have yielded a constantly increasing rate of sewerage effluent 

discharge, presently approximating 28 million gallons per day (mgd), 

and projected to reach 56 mgd by 1990. The increasing demand for total 

water supply against a steeply rising supply function for such water 

indicates increasing probability of feasible substitution of reused 

salvageable waters into that supply function. This prospect will be 

examined in some detail below. 

2. The discharge rate of industrial effluents has risen to a 

level which contributes significantly to local overloading of the 

sewerage collection system, and the effects of urbanization have in

creased the rates of storm runoff which not only must be controlled for 

public safety but may be salvaged for public use. 

3. Certain changes have become evident with regard to water 

use in the local and regional agricultural economy (to which a part of 

the municipal effluent is presently allocated), which portend shifts in 

water use among kinds of crops as well as from agricultural use in gen

eral to other uses. 

4. The apparent demand for water-based outdoor recreation is 

expanding, in accord with not only population growth and urban social 

changes, but recent federal and state legislation and administrative 

activity enhancing the acquisition and development of sites and facil

ities for outdoor recreation. 

5. The recently accelerated growth of the copper mining and 

milling industry is imposing heavy demands upon the region's primary 

water supply. 
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6. The recent surge of governmental activity in the realm of 

"quality of the environment" has produced both federal and state legis-

lation imposing water pollution control measures and water quality 

standards upon effluent producers. 

Certain economic implications of these predominantly institu-

tional trends become immediately apparent. First, whereas the effluent 

producers both municipal and industrial have previously regarded efflu-

ent discharge merely as a disposal problem (thereby assigning the 

effluent water a negative value), the requirements of effluent quality 

standards now necessitate post-use water treatment or improvement, 

thereby imputing to the effluent water a positive value as an input to 

a reuse subsystem, thus a salable commodity; the discharger supposedly 

will be forced to more efficient recycling (a desirable result from the 

aggregate supply viewpoint) or to contracting for sale of his effluent 

to a beneficial reuse, to recover in part the costs of his water treat-

mente 

Secondly, it would seem timely to assess, especially in view of 

the expressed need of water agencies, the relative benefits of supply-

ing the increased requirements of mining, recreation, and other uses 

from these effluent or salvaged water sources as against supplying them 

entirely from the primary ground-water source. 

Basic Principles: Previous 
Research and Present Methods 

This analytical assessment will be centered in the "transforma-

tion subsystem" of Figure 1. This subsystem can be treated as an 
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industry, with water treatment as its principal activity and with water 

control and treatment facilities as its principal physical components. 

A basic element of this research is the idea of assigning to this sub

system the attributes of a production-allocation model containing a 

"production function"--appropriately modified--and subjecting it to 

methods of activity analysis. Any of several forms of activity analy

sis can be performed on this subsystem. The structure and operation of 

the existing system is to be examined first; then selective adjustments 

of two kinds will be imposed: 1) Marginal adjustments, which entail 

short-run incremental changes in the allocation of outputs of the 

transformation and which result from operational decisions; and 2) 

structural adjustments, which involve long-run considerations, commonly 

involving capital investment such as plant construction and which re

sult from planning decisions. The two kinds of postulated adjustments 

can be directed toward answering different kinds of questions: What is 

the change in aggregate net benefits caused by a unit shift in alloca

tion? What is the pattern of optimal allocation under a given set of 

conditions? Is a new treatment facility feasible and where would it 

best be located? 

The inputs to the transformation subsystem are a set of re

sources R which consist of the salvageable waters, the technological 

capabilities of the treatment facilities, and the pollutants or con

taminants. In vector form 



R = 

~l 

R 
s 

R + 1 .s 

Rt 

R + 1 
.t 

R 
u 

where S + T + U M resources 

Rs includes the "pure-water" fraction yielded by the environ-

ment as a passive input, as in certain forms of runoff; the active in-

put of the high quality water fraction in certain effluents; and the 

waste assimilative capacity of the environment, a common-property re-

source. 

Rt represents the water treatment potential of the facilities. 

R includes the low quality fraction of the salvageable waters, or the u 

pollutants and contaminants contained therein. The input resources of 

plant site, labor, and capital are considered to be grouped under Rt 

and to occur in constant amounts relative to the requirements of a 

given and established water treatment process. The input resources 

9 

Rand R arise in whole or in part as common-property resources and as s u 

contributions of the environment, thus introducing external effects. 

Ayres and Kneese (1969, p. 291), in accounting for externali-

ties in a form of general equilibrium model, noted that the flow of 

such material inputs as Rand R , representing common-property re-
s u 

sources, into many production activities is unaccompanied by a reverse 

flow of dollars, and suggested introducing a set of shadow (or virtual) 
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prices for their input values to simulate this market condition. Such 

shadow prices assigned to R evidently would be positive and to R , 
s u 

zero or negative. Ayres and Kneese, having suggested partitioning the 

resource vector, nonetheless omitted the common-property variables and 

their corresponding shadow-price variables, considering those resources 

to be in ample supply, or free goods. They noted, however, that water 

in an arid region is an exception; it is included herein both because 

it is in quantitative scarcity in the Tucson region and because water 

obviously is not an incidental but a vital input to a water treatment-

control industry. 

The supply of resource inputs can be represented in part by a 

conventional supply function R = Rk (WI' •• • wM), where w = the 

price of ~, with (+) or (-) value. Some of the salvageable water re-

sources, however, such as storm runoff, arise from stochastic processes, 

and their uncontrolled supply is not a function of price. Determina-

tion of such supplies is a field of research endeavor which will not be 

entered here; we will instead make use of available estimates in terms 

of mean expected values for the periods of interest. Another group of 

these resources, the municipal-industrial effluents, also may be sup-

plied ultimately by probabilistic sociological factors such as popula-

tion growth, but these supplies too will be considered here as 

deterministic functions of the existing technological activities (e.g., 

cooling tower operation, sewerage conveyance capacities) and will thus 

be set quantities provided by society, just as the supply of runoff is 

set by nature as modified by society. In summary, the assumption is 
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that these supply functions within a given source increment are com-

pletely inelastic with respect to the prices. 

Having identified the inputs to the transformation subsystem 

and the nature of their supply, we examine the relation of these in-

puts to their converted outputs. Designate the outputs as a vector X 

of products and services of the water-salvage facilities, where X = XK 

(RS' Rr, RU)· The outputs are identified as follows: 

Xo = Treated water 

Xp = Pollutant removal services 

XQ = Water control services 

These outputs are linked to the inputs by an inclusive production func-

tion which, applied to a dispersed but technically specific segment of 

the economy such as the water-salvage industry, can be defined as a 

"transformation function" (Koopmans 1951, p. 35). 

This function will have the general form R = A X, where a .. 
- 1J 

represents the amount of resource i which technically must be allo-

cated to produce a unit of output j. Production of the first output 

then will require a lj Xl units of the first resource, a2j Xl units of 

the next resource, and the total required for this output will be 

a . X. • For a closed system with M resources and N outputs, we have 
mJ J 

M equations: 

R 
m 

= 

= 

all Xl + a l2 X2 + • • • • • 

a 21 Xl + a 22 X2 + • • • + a 2 X n n 

. . . . . . . . . . . . . . . . . . . 
= . . . + a X mn n 
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Kneese and Bower (1968) have pointed out that water quality on 

the resource side can enter the function only as a parameter, not as a 

physical input, as it lacks linear independence from flow. This is the 

case when accounting for accumulative loading of a quality constituent, 

the loading being dimensionally [concentration times water intake] or 

[L3 constituent/L3 water] times [L3 water] = volume of constituent. 

However, in portions of the transformation we will not separate the 

constituent loading but carry it through in terms of concentration. 

This can be done because for some uses certain ingredients are not 

harmful (in fact, may be beneficial) and do not require reduction or 

removal, and also because some polluting ingredients are nonconserva-

tive and are neither removed nor concentrated but merely changed in 

form during a treatment process. In this respect, then, the transfor-

mation remains a linear-homogeneous function. 

Whereas the inputs to the transformation are largely determined, 

the outputs X are variable according to kind and level of treatment; 

their quantities can be expressed indirectly in terms of a derived de-

mand for the output products of the water reuse subsystem, and directly 

as a function of their demand as input factors to water reuse. As 

such, the demand for outputs X is expressed as a joint demand function 

for these outputs from all facilities (XO' XP' XQ)D = D (CX ' Cx ' ~Q ) 0 p 

where the respective CIS are the marginal cost prices for the respec-

tive outputs (Kneese and Bower 1968, p. 206). The necessary conditions 

for optimality also are given by Kneese and Bower, among others. Gen-

eral assumptions surrounding these conditions are that the net benefit 
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function is differentiable and that the components of the input-output 

vector (!, ~) are unconstrained and can vary over an unbounded range. 

Some difficulties thereby may be introduced, as will be seen later. 

With any given set of inputs R, the collective facilities of 

the transformation subsystem will have a cost function dependent upon 

the quantity of water handled, the level of treatment, and the extent 

of water control: 

or fixed plus variable costs for conveyance, storage, treatment, and 

possibly disposal. The requisite cost data are taken from national 

technical references or empirical data gathered locally. To the 

source:use combinations for water then there will be attached a matrix 

of cost coefficients C: 

Cll Cl2 • • • . • C .In 

· 
~21 

• • • • • 
Cml . • • . . . . C 

ron 

The input of any product X to a subsequent use will yield bene-

fit expressed as a sum of several elements: 

B = P+V+M±L±E 

where P = Price to user 

V = Consumer's surplus 

M = Indirect benefits due to multipliers 

L = Latent effects 

and E = External effects 
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The latent benefits include such items as improvement of soil structure 

by organic content when irrigating with sewage effluent, and the ex

ternal effects are either serial or reciprocal technological external 

economies or diseconomies. Taking due account of these factors, the 

unit benefit attributable to water will be evaluated for each projected 

use. Benefits accruing to the water factor in irrigation uses is de

rived from a farm-budget analysis based on present cropping patterns in 

the Tucson region. Recreation benefits are determined as an appropriate 

fraction of a willingness-to-pay demand curve obtained by a direct in

terview method. Benefits for industrial application are related to 

single points on local demand curves for cooling water and for mining 

and milling operations. 

The relevant measure of effectiveness will be a net benefit 

function U = B - C, determined as the difference between gross social 

benefit and incremental social cost for each activity. For the total 

mix of source:use combinations then there will be a matrix of net bene

fit coefficients: 

Ull U12 ••••••• ~ln 

~2l 

. . . . . . . . . U mn 

Employing marginal adjustments first, two kinds of objectives 

will be sought through the analysis--a cost minimization strategy for 

satisfying, the constraints of the present (1970) system as compared to 



the existing operations and a net benefit maximization strategy, both 

as applied to existing conditions and as postulated for optimization. 
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This analysis refers to the joint city-county collection system and the 

city and county main treatment plants northwest of Tucson. The ultimate 

objective function then will be to maximize 

z~ L 
i 

L • U •• Q •• 
J ~J ~J 

subject to resource availability and technological constraints and to 

the existing and projected institutional constraints as well as the 

economic efficiency conditions mentioned earlier. 

The time element will be introduced by performing the same 

(1970) solutions on selected future years. The key projection year 

is 1975, when the major existing contract for municipal effluent ex-

pires; similar projection can be made to 1980, the earliest possible 

year in which imports from Central Arizona Project construction could 

affect allocations of salvageable water, or to other years in which in-

stitutional changes can be postulated. The time dimension also enters 

the analysis through consideration of the subsurface storage alterna-

tive, which can be evaluated as to net benefit and imposed upon the 

optimization solutions. 

The final development will be a conceptual and descriptive pro-

cedure for evaluating a series of structural adjustments, as follows: 

1) 'Assume a modification of the county sewage treatment plant at Green 

Valley, which is an isolated or discrete source of salvageable water, 

for beneficial allocation to various uses; 2) postulate the construction 
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and operation of a new facility at Randolph Park, a separable source of 

sewage effluent which would be cut out to relieve loading of the main 

collection system and would serve local recreation water requirements; 

and 3) evaluate a proposed operational policy for the Environmental 

Modification Facility at Tucson International Airport using mixed indus

trial and runoff water sources for mUltiple uses. 

All of the analytical procedures above are feasibly carried out 

by selection of points on cost curves and benefit functions, and the 

consequent preservation of linearity in the variables of the objective 

functions. An alternative computational procedure is separable convex 

programming, in which a nonlinear benefit function and linear segments 

of a cost curve can be resolved to a piecewise linearization of the net 

benefit function, and linear programming algorithms thereby preserved. 

Having obtained solutions for optimal operation of the main ef

fluent system in its present state by marginal transformation and for 

selected separate parts by postulated structural transformations, the 

final task is to state the results and evaluate their implications 

relative to future research. 

Bearing in mind this brief and generalized preview of the ana

lytical procedure to follow, we can now take a closer look at the sal

vageable water system within which it operates. 



CHAPTER 2 

DESCRIPTION OF THE SYSTEM OF SALVAGEABLE WATERS 

Salvageable waters in the Tucson region are controlled by both 

the physical environment and the institutional structure of the region. 

In this section the waters are described in terms of their occurrence 

and their past, present, and future uses. 

Geography and Geohydrology 

A concise description of the physical geography of the Tucson 

region can best be accomplished in terms of the regional physical and 

structural geology and the hydrologic features which are so closely 

controlled by the geologic framework, especially with reference to the 

occurrence of ground water and the location of sites for waste disposal 

and subsurface storage of salvageable waters. 

The general setting for this study is that portion of the basin 

of the Santa Cruz River and tributaries extending from the United 

States-Mexico International Boundary to the vicinity of Rillito Station 

(Figure 2). A large portion of this work is more particularly relevant 

to the northern two-thirds of the above region, or that part within 

Pima County. Finally, some aspects of the analysis will be directed in 

detail to specific areas concentrated within approximately the northern 

one-third of the region. 

Prominent among the basic features of geologic structure are 

those of the Mazatzal orogeny, of Precambrian age, expressed most 
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notably as folds and faults in an extensive pattern trending N600E and 

forming an offset pattern in the massif of the Rincon and Santa Cata

lina Mountains, as shown by the Tanque Verde Ridge, and evidently ex

tending also into the bedrock surface underlying the alluvial basin. 

Superimposed upon the Mazatzal structure is the Basin and Range pattern 

of block faulting with a trend of N30o-45°W (Wilson and Moore 1959). 

The expressions of these two major structural trends are most prominent 

in the northern and eastern parts of the Tucson region; elsewhere the 

physiography is strongly influenced by the effects of volcanic activity, 

erosion, and geomorphic evolution in mostly unconsolidated sediments. 

With reference to the general hydrologic regime, three general 

rock types exert considerable control on the processes of water move

ment, storage, and development. First, the mountain masses, which form 

an almost continuous boundary around the basin, are composed of indur

ated rocks which are generally considered to be relatively impervious 

to the infiltration and transmission of water. Therefore the mountains 

retain in general only those increments of rainfall which are locked 

for a time in snowmelt or in near-surface fracture zones in the rocks, 

or as are required to nourish the vegetative cover at higher altitudes, 

and subsequently shed a relatively large proportion of their incident 

precipitation to the valleys below. Indeed these higher areas of the 

mountain masses, receiving in places up to 30 inches of rainfall annu

ally, ultimately provide a large proportion of the available water in 

the basins. 
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Secondly, the basins themselves, whose surfaces consist of 

foothill or valley slopes, are filled with alluvial sediments to depths 

of several hundred to several thousand feet. The lower portions of 

these sediments are semi-consolidated and somewhat structurally de

formed and are not highly permeable to ground water. They are overlain 

by basin-fill sediments, consisting of generally unconsolidated clays, 

silts, sands, and gravels, which locally have sufficiently high poros

ity and permeability to store and transmit appreciable quantities of 

water. The ground water occurring in these sediments has generally ac

crued to storage over long periods of time, having been recharged 

chiefly through the more permeable sand and gravel zones along or near 

the mountain fronts, and principally thr~ugh permeable stream channels 

traversing such zones. Of the rainfall incident upon the alluvial 

plain, amounting to 10 to 12 inches annually, precious little is re

charged directly to the underlying aquifers, the greater share being 

lost to evapotranspiration or flowing to the larger channels in the 

inner valleys. 

Thirdly, there are the rather narrow inner valleys along which 

the through-flowing streams progress. They are underlain by geologi

cally recent alluvial sediments, including locally quite permeable sand 

and gravel strata. Considerable recharge to these shallow aquifers oc

curs through the stream channels during periods of flow, generally 

following storms of the winter rainy season or the summer monsoon. 

Except in the mountain areas there are no perennial streams in 

the region, and virtually all water requirements for all uses are 
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supplied from pumped ground water. Pumping was developed first in the 

inner valleys with shallow water table, later in the basin fill mater

ials at somewhat greater depth and at locations determined by need, 

and most recently in the deeper sediments where some zones are favor

able in yield although locally questionable with respect to long-term 

water quality. 

Figure 2 outlines the principal districts of ground-water de

velopment. These will be described briefly in downstream order, with 

notations about major surface-water tributaries and areas of contribut

ing ground-water inflow. Although some of these areas seem remote to 

the Tucson metropolitan region, their proximity relative to certain as

pects of both hydrology and water administration will become evident. 

The headwaters of the Santa Cruz River are in the San Rafael 

Valley, not shown on Figure,2 but east of the Patagonia Mountains. The 

river flows southward into Mexico, makes a westward-bending loop for 

about 40 miles through northern Sonora, and re-enters Arizona about 

five miles east of Nogales. In these upper reaches the river and its 

subjacent ground-water flow have been developed only to a minor extent, 

chiefly for agricultural uses. Within Mexico water is withdrawn from 

the Santa Cruz River basin for irrigation of about 2,300 acres, mostly 

by pumpage from wells. 

Within the Santa Cruz County district (Figure 2), ground water 

is withdrawn for irrigation from underflow of the river within the 

inner valley, which is generally less than one mile wide, in an almost 

continuous strip through the Quebabi, Tumacacori-Calabasas, and 
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Amado-Tubac subdistricts. In addition, water is withdrawn for munici-

pal use at the Nogales pumping station about five miles north of the 

international boundary. The proposed sewage treatment plant for the 

twin cities of Nogales, Arizona, and Nogales, Sonora, will provide a 

source of return flow to the river; this plant, scheduled for completion 

in the latter part of 1970, will have a design capacity of 8.2 mgd, the 

treatment meeting the effluent standards set by the Arizona State Health 

Department. 

The principal tributaries in this district are Nogales Wash and 

Sonoita Creek, entering the Santa Cruz near Calabasas, and Sopori Creek, 

draining from the west near Amado. Sonoita Creek is of special interest 

because of recent recreational development; it is a perennial stream 

below Patagonia, and the flow has been utilized to form Sonoita Lake, 

nine miles upstream from the confluence with the Santa Cruz. A consid

erable quantity of water also is coming into demand for domestic use, 

parks, and golf courses for several large resort community developments 

near the confluence. 

These features of the Santa Cruz County district are not in

cluded explicitly in the analysis to follow. They are introduced here, 

however, because of similarity to, and potential direct effects on, the 

Tucson region; here are substantial supplies of salvageable water and 

versatile demands for ~ts use, geographically concentrated and amenable 

to research and development. Additionally, in any integrated river 

basin study Tucson, being downstream, may be affected both physically 

and administratively by the pattern of water rights, supply, use, and 
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reuse in the Santa Cruz County district as well as the Mexican section 

of the Santa Cruz River basin. 

The Sahuarita district in the greater Tucson region is an area 

of heavy water use and relatively little water replenishment. There 

are no significant tributary streams in this district, and lateral 

ground-water underflow is relatively minor. Therefore the major source 

of recharge is surface flow and underflow along the Santa Cruz from the 

south. The withdrawal of ground water, like that of the Santa Cruz 

district, was formerly limited to agriculture, but is now being in

creased rapidly for municipal and industrial uses. The Sahuarita sub

district has undergone gradual development as a source for the Tucson 

water system, being favorably located for gravity flow to the distribu

tion system of the city. Furthermore, in recent years both the 

Continental-Canoa and Sahuarita subdistricts have been utilized as a 

source of water for the large open-pit copper mines to the west. Dur

ing FY 1968-69 the city withdrew 15,500 acre-feet of water from the 

district, and the copper mining interests withdrew more than 12,000 

acre-feet. The city withdrawals have increased but gradually over a 

period of many years, but mining use has been and is growing rapidly; 

the 1968 use is related to the processing of 43,000 tons of ore per 

day, but it is estimated that by 1972 about 146,000 tons per day will 

require an annual water input of 41,000 acre-feet. Moreover, the 

consumptive use of water for these processes, with extensive recycling, 

is nearly 100 percent. 
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In summary, the Sahuarita district is one in which water de

mands of various kinds greatly exceed supply from salvageable water 

sources and are drawing heavily upon primary water sources, which situ

ation gives rise to the possible feasibility of importing salvaged 

waters to this district to contribute toward needed supplies. 

The Tucson district also is an area of ground-water mining. 

Perennial water-table declines have resulted from pumping of city and 

private wells, principally in the Santa Cruz bottomland and the Inner 

Basin (Figure 2), and the city has begun importation not only from the 

Sahuarita district but from Avra Valley west of the Tucson Mountains. 

The city-county sewage collection system serving the Tucson region 

terminates at the city treatment plant in northwestern Tucson and the 

main (Ina Road) county treatment plant in the adjoining Cortaro dis

trict. 

In the Cortaro district at the lowermost end of the Tucson 

basin, ground water is pumped from relatively shallow depths, and ex

ported by gravity canal to the Cortaro-Marana irrigated area northwest 

of Rillito Station. This sole instance of water export from the Tucson 

region came about through the early acquisition of pumping rights here 

by the irrigation interests near Marana, where ground-water levels occur 

at much greater depths. 

The Administrative-Legal System 

The administrative framework relative to water management in the 

Tucson region involves all levels of government, although the predomi

nant form perhaps is the municipality. In the peripheral areas, the 



federal government is responsible for management of water and related 

resources in the national forests, the national monuments, and the 

Indian reservations. As the forested areas, lying easterly from the 

Santa Cruz River Valley, are generally above 4000 feet msl, they are 

also the ultimate source areas for a large part of the influent water 

supply to the intermontane alluvial basins which are the areas of 

water use. The Indian lands on the south and west are generally 

desert-like and are also areas of water use, principally for domestic 

and livestock purposes and to a minor extent for crop irrigation. 
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Water use for irrigation on non-Indian lands in the Tucson re

gion is conducted almost entirely by private entrepreneurs, either in

dividuals or corporations. The State of Arizona exercises authority 

in this area through administration, by the State Land and Water Com

missioner, of the provisions of ground-water law covering "critical 

ground-water areas" in which new wells cannot be developed for the 

purpose of bringing additional land under irrigation. The State, and 

indirectly the federal government, exercise a strong administrative 

hand in two other aspects of water use and disposal, both related 

closely to the subject of water salvage. The Land and Water Conserva

tion Fund Act of 1965, as implemented through authority of the U. S. 

Bureau of Outdoor Recreation, has stimulated the acquisition and de

velopment of sites for recreational facilities, especially in the 

urban and suburban areas. Concurrently, provisions of the Water Qual

ity Act of 1965 have been fulfilled by enactment of water quality 



26 

standards by the State of Arizona regarding levels of permissible con

tamination in waters discharged into stream channels. 

The State of Arizona exerts control over some facets of produc

tion and distribution of water for domestic use, through the authority 

of the Arizona Corporation Commission to regulate water rates and 

franchises of private water companies. The State Health Department 

monitors quality of water produced for domestic or municipal consump

tion. 

The Parks and Recreation Departments of both Pima County and 

the City of Tucson have been intimately concerned with water development 

and use for water-based recreational activities. Current planning and 

development of recreational areas by the county relies strongly upon 

opportunities for controlling desert watershed runoff to supply park 

area ponds and waterways. The City Parks officials heretofore have 

generally obtained water supplies for ponds and park irrigation directly 

from the city pumped water system; however, the newly developed Kennedy 

Park is designed to collect runoff from a foothill watershed to augment 

storage in a 100 acre-foot scenic reservoir, and construction has 

started on holding ponds which ultimately will be part of a recreational 

complex utilizing effluent from the city treatment plant. 

Superimposed upon the above water-related governmental activi

ties is the ponderous system of the city and county water utilities 

serving the metropolitan region in water supply, distribution, and dis

posal. The perspective of recent history is useful in describing this 

system. 
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Prior to World War II, the growth of this region was quite 

gradual and orderly, and the ground-water reserves in the basin were 

so large relative to use that no shortage appeared imminent, and neces

sity did not dictate rapid large-scale development or stringent measures 

of water conservation. In the 1940's, however, accelerated growth of 

the City began to demand municipal services of many kinds, which the 

City was not fully prepared to render. Water supply and sewage disposal, 

requiring large and expensive distribution and collection systems, re

spectively, were hard pressed to maintain capacity commensurate with 

growth of the community. 

Accordingly, the State Legislature enacted the Improvement Dis-

trict Act of 1945, which enabled formation of sanitary districts, among 

other things, with powers to levy assessments or incur bonded indebted-

ness. Pursuant to that Act, Sanitary District No. 1 of Pima County 

was formed in 1948, and the District proceeded to build a sewage collec

tion system in the far suburban areas. In 1949 an agreement was reached 

whereby the District would reimburse the City for that amount of sewage 

which, although collected by the District, was loaded into the City sys

tem for treatment. As the District system grew, the City by annexation 

expanded over it. The result ,was that the District eventually was oper

ating a very extensive physical system, much of which was not under its 

political jurisdiction, and the system had to be supported by only a 

small taxable service area, lying generally in the far northeastern 

suburbs. 
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On the city side, the water supply system had grown tremen

dously, and the City Sewage Treatment Plant of necessity grew apace. 

Prior to 1964 the City Sewer Works had been under the City Department 

of Public Works, but at that time it was transferred and merged with 

the City Water Department to form the City Department of Water and 

Sewers. The administrative structure of the city utility was strength

ened by this merger. 

In 1965 a long-range sequence of events was initiated, which 

was similarly to improve the standing of the county system. First, the 

District filed suit against the City to recover construction costs and 

lost connection fees for that part of the physical system within the 

City and not taxable by the District. It was stipulated in the suit 

that the District was to be dissolved, and the City acquired the physi

cal system lying within the City. On September 1, 1968, the County De

partment of Sanitation was formed, and since that time has operated the 

treatment plants and that part of the collection system outside the 

City. In addition to the Ina Road Treatment Plant (capacity 0.4 mgd) 

the County has reserved or acquired land for 15 treatment sites and has 

14 plants in operation, of which the largest is at Green Valley (capac

ity 0.15 mgd). Thus the existing situation is that the City and County 

agencies are supplying similar services in contiguous areas. Officials 

of both agencies have expressed the desire for an eventual integrated 

metropolitan water supply and sewerage system. 
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Legal Aspects of Water Administration 

The construct, as well as the complexities, of legal rights and 

duties involved in local water administration are derived from all the 

major realms of law-legislative, administrative, and judicial. The 

basic form of water organizations, such as the possible city-county 

merger just mentioned, as well as changes in form and establishment of 

their powers and duties, are founded generally in enabling legislation 

on the state level and more specifically in the charter and ordinances 

of the municipality. Modifications of their powers and duties come 

about commonly through judicial decisions when litigation arises over 

questions of form or procedure. Finally, the actual performance of the 

duties of the organization, its implementation of policy, and its manner 

of operation are all within the realm of administrative law. 

The existing allocation of salvaged water among users, and ac

cordingly among uses, is controlled by legal contracts, which are dis

cussed in a later section. 

It is becoming increasingly popular to analyze all the elements 

of water systems--legal and aesthetic, as well as physical, chemical, 

biologic, and economic--from the viewpoint of systems analysis, opera

tions research, and quantitative economics. This is a result of the 

intimate interrelatedness of all aspects of water administration, aris

ing from numerous causes--the increasing complexity of water resource 

systems due to interdependencies of use, the increasing interaction be

tween use of water resources and use of other resources, and the in

creasing complexity of intergovernmental relations in water resources 

(Fox 1958). 



The trend, then, is toward quantification of the supposedly 

"intangible" elements of analysis, such as legal forces and aesthetic 

values. The effects of legal constraints are of particular signifi

cance in light of rapidly increasing emphasis, in national public 

policy and in federal and state legislation, on such activities as 

water quality control, protection of the environment, and recognition 

of benefits in the form of cultural and social values in recreational 

use of water. 
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The view of some analysts is that quantification of social or 

cultural values, especially in monetary terms, is undesirable. Of im

mediate significance is the tendency of many in the physical sciences 

or engineering fields to dismiss quantification of legal, political, 

social, or cultural values as impossible or impractical, but this ques

tion might well be examined. In some instances the effects of law in 

comprehensive analysis of design or operations are fairly straightfor

ward. If a provision of statutory or administrative law specifies, for 

instance, that the availability of a given quantity of water of a cer

tain quality must be maintained at a given place and time, then the cost 

of compliance with such provision is subject to analysis and quantifi

cation, and it matters little whether the source of the requirement was 

in the law or in some other rule founded in public policy, financial 

analysis, or hydraulic design. There are other legal constraints which 

may require interpretation and transformation from the written rule, 

the administrative practice, or the judicial decision into meaningful 

analytic terms with units such as acre-feet or dollars. 
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Legal aspects of administration do not always take the form of 

constraints. Occasionally the law provides a set of conditional prob-

abilities, expressing the interrelated effects of the actions of in-

dividua1s and agencies. More generally, the law acts as a vehicle for 

the achievement of desirable social outcomes. Tre1ease (1961, p. 1152) 

states as follows: 

The law's motivation is the same as the economist's--the 
maximization principle. The working principle behind law is 
that it acts not as a barrier but as a mechanism for getting 
things done. The law belongs to the people; it represents the 
value judgments of the majority as to desirable courses of con
duct that may be taken. If the law is a barrier to a resource 
use, it is because the community feels that the use is not a 
desirable one. 

In recent years (since about 1955) increasing effort has been 

directed toward economic appraisal of certain legal restrictions and 

legal transactions in water development programs in certain areas. 

More specifically, two subjects have received considerable attention: 

1) Economic effects of water transfers (e.g., Hartman 1965; Hartman and 

Seastone 1965), and 2) economic implications of certain administrative 

practices in public districts and local governmental units (e.g., Sato 

1965; Snyder 1956; and Smith 1956). These efforts have been concen-

trated within relatively few research organizations, prominent among 

which are the Harvard Water Resources Study Group, the Western Agricul-

tural Economics Research Council, and the Hydraulic Laboratory of the 

University of California. 

These researches represent efforts to translate certain ele-

ments of law and policy into terms that may be meaningful in comprehen-

sive analysis of water resource systems. One method of approaching 
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this goal is the translation of legal constraints into economic units , 
and analysis of the sensitivity of the objective function to varying 

these constraints. This aspect is included in the analysis below. 

Origin and Scope of Decisions 

The activity of the administrative-legal system involves a mul

titude of decisions, and much of the subject matter of this paper re

volves around decision-making. An adjustment in water reuse invariably 

requires one or more decisions. 

Within the water administration organization there are several 

levels of decision-making, including both operational adjustments and 

policy implementation, and in addition there are policy decisions beyond 

the scope of authority of the organization. To augment the core of 

policy-forming authority, a Water Advisory Council is attached to the 

City Water and Sewers Department. Various interim committees have also 

acted to assist in planning; an example is the Metropolitan Water and 

Sewage Committee, a group of civic-minded persons knowledgeable in var

ious aspects of water resource problems, which operated during 1967-68 

under the Tucson Regional Plan, Inc., and the Tucson Goals Action 

Board. In presenting its summary recommendations, this committee advo

cated among other things the implementation of a Tucson Metropolitan 

Association, " ••• with major attention given to water and sewage or 

waste water planning and administration" (Metropolitan Water and Sewage 

Committee 1968). 
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The Tucson Urban Area Regional Reviewing Committee (TUARRC) is 

a coordinating body representing the governments of Tucson, South 

Tucson, and Pima County, which acts as a reviewing agency in metropoli

tan activities related to federal grants-in-aid. 

The ultimate decision-maker in the total water system is the 

water user, who in the Tucson region may fall into three general 

classes: 

1. Self-supplying "firms": In this instance the water user 

and the water developer are identical. This applies to most irriga

tion farmers, several industrial firms and school districts who operate 

their own wells, and several hundred individual domestic users with 

private wells. 

2. Users served by private suppliers: Individuals or firms 

served by private water companies, largely for domestic water use. 

3. Users served by public suppliers: Individuals or firms 

served by the City of Tucson water utility, largely for domestic use. 

The Class I user above contributes to the decentralization of 

decision-making, being internally oriented and developing his own sup

ply without benefit of coordination with other users or developers. 

The Class 2 user transfers the direct decision-making function 

to the management of the private water company, but exercises indirect 

control on decision-making by creating and controlling the market de

mand for water, the supply of which must be created and controlled by 

the firm. A measure of coercive power also resides with the user, 
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insofar as he may be able to influence the Arizona Corporation Commis

sion which has regulatory powers over the private water companies. 

The Class 3 user also transfers the direct responsibility for 

decision-making, in this case to the management of the public water 

utility. The user as an economic consumer exerts a measure of control 

as to the amount and distribution of water demand, and as a political 

entity he influences the direction of decision-making through voter 

selection of municipal officials and council members who in turn exer

cise control over policy in the administration of the water utility. 

Amid the diversity of decision-making authority as outlined 

above, the City of Tucson water utility is the largest single entity 

in the Tucson region with such authority. That is, it serves by far 

the most people, and handles the most water of any water-producing firm 

or agency in the region. Moreover, the city is in a position to influ

ence or ultimately to assimilate other types of users, by annexation 

and purchase of private water utilities and/or by exercise of eminent 

domain and acquisition of agricultural land for development of munici

pal well fields. For these reasons, several aspects of the analysis to 

follow will be described on the one hand from the normative viewpoint 

that the role of decision-maker may reside in the unified public util-

ity serving the metropolitan area, and on the other hand from the descrip

tive viewpoint that authority in administration, as at present, is dis

persed. 
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Social Objectives 

The self-supplying firms and individual operators desire to 

have available a water supply of suitable quantity and quality for 

their needs, and to develop and use it and dispose of resultant efflu

ents at minimal cost so as to maximize net revenues. They also wish 

to maintain that availability and capability with some assurance for 

the future, but the self-supplying users in this region appear to have 

a relatively high rate of discount for risk and uncertainty, and to 

emphasize the desire for economic efficiency under present conditions. 

The private water utilities likewise desire to achieve economic effi

ciency and to maximize profits, although they might feel somewhat more 

concern than the self-supplier for the continued availability of water 

supply for future demands. 

The public water utility aspires to the ethic of economic effi

ciency, not to maximize profit but to minimize operating costs relative 

to the revenues necessary for maintaining municipal services, among 

which water supply, distribution, and disposal are major service func

tions. In addition to economic considerations, certain aspects of 

public health, safety, and welfare are essential to policy and planning 

functions of the public utility. The social rate of discount for time 

preference and for risk and uncertainty is generally lower than that of 

the private entrepreneur; therefore, the public water supplier ideally 

would be deeply concerned with future conditions and would extend plan

ning to more remote time horizons. 



Sources, Quality, and Availability 
of Salvageable Waters 
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A quantitative and qualitative inventory of salvageable waters 

in the Tucson region, classified according to source as in Table 1, in-

dicates that at the 1970 activity level approximately 35,300 acre-feet 

per year of water of varying quality is available for salvage. 

Reasonably complete and accurate information is available in 

city records and elsewhere to describe the occurrence of some of these 

sources, while for others data were meager or entirely missing prior to 

th O 0 0 to 1 
~s J_nvest~ga ~on. Regarding the latter, quantities were estimated 

or measured in the field and quality was assessed by exploratory sam-

piing and analysis, so as to bring the information level into line with 

that available in records kept for the better known sources. The end 

result is believed to be an approximate but internally consistent ap-

praisal of the salvageable water resource. 

Metropolitan Domestic-Industrial 
Effluents (MIl 2) , 

The city-county sewerage collection system carries the composite 

domestic-industrial sewage load of greater Tucson to the city treatment 

plant and the Ina Road (county) treatment plant in northwestern Tucson. 

The county plant serves the Canada del Oro, Catalina Foothills, and 

Tanque Verde areas and the city plant serves all areas generally south 

1. An inventory of salvageable waters was conducted by the 
writer as part of OWRR Project No. A-Oll-ARIZ, "Optimizing Salvageable 
Water Resources in a Semi-Arid Inland Basin." Portions of the data in 
this section rely wholly or in part upon results of that study and are· 
expressed identically as appropriate in the completion report for that 
projec t. 
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of Rillito Creek and west of Pantano Wash (Figure 2). Influent flow to 

the city plant is treated currently at the rate of about 28.0 mgd; the 

rate of influent flow each year since 1951 is shown in Table 2. As in

dicated by the rather small divergence between maximum and minimum 

daily flows for each year, flow rates are relatively consistent through

out the year. Although the summer:winter ratio of water production and 

distribution by the city water utility ranges from 2:1 to 3:1, consump

tive use is much higher in the summer season, with the net result that 

the influent flows to the treatment plant show only minor seasonal vari

ations. In-plant losses are very small, and since a pumped well on the 

plant site supplies a minor input, the gains and losses are considered 

to be balanced and the city records for recent years show effluent flows 

as being approximately equal to influent flows. 

A representation of some of the quality characteristics of the 

plant effluent (Source MIl in Table 1) following primary and secondary 

treatment is given in Table 3. Other quality parameters will be con

sidered farther on, with special reference to tertiary treatment 

methods which are currently under research and development at the city 

plant. 

The main (Ina Road) county treatment plant presently treats a 

load of about 0.4 mgd. Upon completion of construction of a large 

interceptor in 1972 parallel to Rillito Creek, it is anticipated that 

the treatment load at this plant will have increased to 0.5 mgd and at 

that time will jump from 0.5 to 5.0 mgd; this shift will cause a tempo

rary decrease in city plant loading, which will be considered later in 
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Table 2. Quantity of Influent Sewage 
Plant (Million Gallons);" 

Flows at City of Tucson Treatment 

Annual Total Maximum Minimum 
Influent Flow Daily Flow Daily Flow 

FYl951-52 1,833.33 9.50 2.00 

52-53 2,775.89 1l.52 3.52 

53-54 3,010.67 12.30 5.95 

54-55 3,296.87 15.30 6.00 

55-56 3,367.12 12.00 6.90 

56-57 3,855.53 13.44 7.77 

57-58 4,145.52 14.33 8.99 

58-59 4,679.62 16.25 10.28 

59-60 5,340.46 15.89 12.67 

60-61 5,033.78 16.75 10.36 

61-62 5,955.94 18.35 13.81 

62-63 6,525.16 20.71 15.13 

63-64 6,757.73 24.40 13.65 

64-65 7,230.68 22.54 17.20 

65-66 7,645.71 24.95 17.46 

66-67 7,797.01 23.62 18.37 

67-68 8,749.43 27.63 20.91 

68-69 10,205.40 30.71 24.83 

* All data from Annual Reports of the Sewerage Division. 
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Table 3. Quality of Influent and Effluent Sewage Flows at City of 
Tucson Treatment Plant, 1968-69.* 

Wastewater 
Influent 

Total solids, evaporation (105°C) 
Suspended solids 

1,039 
228 
811 
770 
269 
266 

Dissolved solids 
Fixed residue 
Volatile residue 

Total alkalinity (CaC03) 
Total acidity (CaC03 ) 
pH 
BOD 
COD 
ABS IS. LAS 
Grease 

NH3-N 
N02-N 
N03-N 
Organic-N 
Total-N 

Silica (Si02) 
Aluminum IS. iron (A1 203 IS. Fe 203) 
Iron (ferrous) 
Total iron (ferrous) 
Calcium 
Magnesium 
Hardness (Gr/Gal) 

Chloride 
Carbonate 
Bicarbonate 
Phosphate, ortho 
Sulfate 
Sodium IS. potassium (Na) 

* 

24 
7.6 

204 
330 

6.8 
65 

22.0 

16.2 
38.2 

58 
44 
0.1 
0.3 

94 
19 
18 

88 
o 

325 
34 

283 
50 

E f flu e n t 
Plant 1 Plant 2 Plant 3 

706 
36 

670 
561 
145 
249 

15 
7.7 

19 
46 
0.3 

14 

18.3 
1.0 
0.4 
5.8 

25.5 

34 
33 
0.1 
0.3 

73 
16 
15 

83 
o 

304 
34 

176 
51 

735 
41 

694 
560 
175 
264 

16 
7.8 

55 
116 

2.6 
24 

22.9 
0.1 
0.3 

10.1 
33.4 

32 
35 
0.2 
0.3 

76 
16 
15 

87 
o 

322 
44 

171 
52 

693 
19 

674 
552 
141 
229 

14 
7.8 

17 
43 
0.3 

13 

15.5 
0.8 
1.9 
5.6 

23.8 

30 
26 
0.1 
0.2 

74 
14 
14 

82 
o 

279 
33 

165 
47 

All data from Annual Reports of the Sewerage Division. All 
units are mg/l except pH or as noted. Plants 1 and 3 are activated 
sludge units, and Plant 2 is a trickling filter unit. 



computing future patterns of reuse. The quality of the treated water 

at this plant (Source MI Z) is indicated in Table 4. 

Domestic Effluents (Ml 2) , 
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In addition to the main plant, the County Department of Sanita-

tion presently operates 14 small peripheral plants in Pima County, of 

which 10 are in the Tucson region as defined. These are all isolated 

from the large city-county collection system, each serving a local resi-

dential or light commercial service area, and are classified as discrete 

sources of domestic effluent (Ml ) in Table 1. Flows to these plants are 

not metered, and have been estimated on the basis of the number of 

service connections combined with a flow coefficient of 250 gallons per 

day (gpd) per service for all but very remote areas, where 190 gpd is 

used. On this basis the 10 peripheral plants combined presently treat 

an average flow of only about 0.2 mgd. The individual plants, excluding 

Green Valley, handle loads ranging from 3,000 to 15,000 gpd, and will 

not be included in this analysis because of small volume and isolated 

location. The Green Valley plant, which treats 150,000 gpd, is the 

largest of the separate plants, is growing fast, and is so located as 

to serve a potentially wide range of uses. It will be examined there-

fore as an operational source of salvageable water not connected to the 

metropolitan system. The quality of effluent at Green Valley, an oxi-

dation pond system, compares closely with that at the Ina Road plant. 

The sources of salvageable water designated M2 or separable 

sources of domestic effluent represent locations on the main city-

county system at which the system can be tapped or at which sewage 



Table 4. Quality of Treated Water at Ina Road County Treatment Plant 
near Tucson, FY1968-69.* 

Constituent 

a 
Dissolved oxygen 

pH 

Water temperature °c 

Chlorides 

Alkalinity as CaC03: 

Carbonate 

Bicarbonate 

Total alkalinity 

Range 

0.5-16.4 

7.8-9.4 

9-31 

68-94 

1.0-5.0 

6-126 . 

67-333 

73-459 

Average 

6.7 

8.4 

19 

79 

2.0 

70 

214 

245 

* Source, monthly reports of Pima County Department of Sanita-
tion. Units are mg/l except pH and temperature. 

41 

aDissolved oxygen and pH vary diurnally. Values shown are for 
9:00 AM observations. 
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now loaded into the main system could be shunted to local reuse through 

small-scale treatment plants. This procedure is postulated as a struc-

tural transformation, the benefits of which would include sewer line 

relief and reduction of possible overloading on the main collection 

system, as well as deferment of main plant expansion by reducing the 

rate of loading expansion. The City Water and Sewers Department has 

given some consideration to such plants, particularly at Randolph Park 

and Kennedy Park, with a view toward the additional benefit of serving 

water-based recreational uses. These plants would be scaled to about 

2.0 mgd each, hence the figure of 4,500 acre-feet/year in Table 1. 

Randolph Park, at a postulated scale of 2.0 mgd, is used as an example 

in the analysis below. 

Industrial Effluents (El 2) , 

For the Tucson region, industrial effluents have been character-

ized as belonging to two general classes, cooling effluents and indus-

trial processing effluents. A minor portion of the cooling effluents 

consists of direct discharge from cooling of machinery components or 

overflow from air conditioning units, but the major part consists of 

blowdown from cooling towers serving heat-rejection processes. 

The principal types of effluents from processing waters in the 

Tucson region which are discharged at discrete sources are the aggregate-

processing waters discharged by numerous sand-and-gravel operations 

along the major stream channels, and the effluents of electroplating 

and other processes involving metal components fabrication and assembly. 

The former kind is not considered explicitly in this study, being 
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widely scattered in location. An example of the latter, effluent from 

the Hughes Aircraft Company plant which is a discrete source (E l ), has 

been given particular attention in this study because it appears to 

comprise a reasonably broad sample of the mixture of waters which might 

be available in this type of community. The composite effluent con

tains roof and parking area storm runoff; blowdown from cooling towers 

and evaporative condensers; discharge from heat exchangers in water

cooled equipment; overflow from rinse tanks; and neutralized plating 

effluents from an internal waste treatment plant. Following a quite 

efficient recycling and internal treatment of the process water, the 

effluent is rejected to evaporating ponds for dissipation on the plant 

site. Of the total plant effluent, this process water makes up approx

imately one-third, and the remaining two-thirds is cooling tower blow-

down, rinse water, and outflow from a "water-saver" fraction circulated 

in a closed cooling system. The effluent reaching the outflow point is 

a mixture of these waters, which are discharged into a common collec

tion system within the main plant. Numerous samples of the outflow have 

been collected and analyzed for dissolved minerals and trace metals; the 

results of analyses of the combined effluent are represented in Table 5. 

Intermittent measurements of the combined effluent by Parshall flume 

during 1966-69 show an average discharge of approximately 300 acre-

feet per year. In addition to this, the available effluent quantity 

of'l,200 ac-ft/yr from El sources as given in Table 1 includes the 

principal aggregate processing plants and the Tucson Gas and Electric 

Company De Moss-Petrie plant, discussed below. 
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Table 5. Chemical Character and Content of Trace Metals in Industrial 
Effluent at Hughes Aircraft Company Plant. 

Chemical 
Constituent 

Calcium 
Magnesium 
Sodium 
Chloride 
Sulfate 
Bicarbonate 
Boron 
Fluoride 
Potassium 
pH 
Nitrate as N03 
Phosphate as P04 
Silica (Si0 2) 
Total dissolved solids 

Trace Metal 

Iron 
Manganese 
Chromiumb 
Nickel 
Copper 
Zinc 
Lead 
Cadmium 
Cobalt 
Strontium 

Concentration (mg/l)a 

75 
10 
48 
25 

138 
173 

0.26 
1.2 
2.8 
8.0 
5.6 

34 
22 

535 

0.36 
0.0 
1.85 
0.26 
0.08 
0.02 
1.16 
0.01 
0.13 
0.72 

aAverage of four samples taken at various flow rates during 
normal operation, July-September 1966. 

bTotal chromium. One sample analyzed by State Health De
partment showed hexavalent chromium = 0.178 mg/l. 



The largest separable source of industrial effluent (E ) con-
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sists of the cooling tower blowdown of the Tucson Gas and Electric Com-

pany Irvington Road steam electric generating plant, which discharges 

not only its sanitary effluent but its cooling tower effluent, which 

amounts to about 700 acre-feet per year, into the city sewerage sys-

tern. A representative sampling of the cooling effluent, as well as the 

input water, is shown in Table 6. The nature of the effluent results 

in part from various treatments in the cooling towers as well as a 

fivefold concentration of the input water by recycling. The treatments 

are addition of sulfuric acid for neutralization of alkalinity in make-

up water, addition of chlorine for algae control, and addition of hexa-

metaphosphates to prevent scale formation and inhibit corrosion. The 

outstanding effluent chemical constituents are the fluoride concentra-

tion and the relatively high total dissolved solids concentration, of 

which sulfate is predominant. 

At the De Moss-Petrie power plant (a discrete effluent source) 

the average discharge as measured in 1966 was about 330 gpm; on a con-

tinuing basis this effluent quantity is estimated at 500 ac-ft/yr. 

This includes intermittent outflow of pumped well water from a nearby 

transformer station, with a resultant concentration of total dissolved 

solids between 900 and 1200 ppm. 

Temperature is of primary interest in considering industrial 

cooling effluents for reuse. Measurements of discharge temperatures 

at the Irvington Road plant show that the average temperature of the 

effluent during a typical January day is 72°F, about 20°F higher than 
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Table 6. Chemical Character of Water from Wells and Cooling-Tower .... 
Effluent at Irvington Road Steam Electric Generating Plant. n 

Chemical 
Consti tuent 

Calcium 
Magnesium 
Sodium 
Chloride 
Sulfate 
Bicarbonate 
Temperature, °c 
Boron 
Fluoride 
pH 
Nitrate as N03 
Phosphate as P04 
Potassium 
Silica (SiO ) 
Total disso!ved solids 

Trace Metal 

Iron 
Manganese 
Chromium 
Nickel 
Copper 
Zinc 
Lead 
Cadmium 
Cobalt 
Strontium 

Concentration 
Input Water (Composite 
From Four Production 

Wells) 

36 
6 

79 
22 

145 
26 
36a 
0.18 
1.6 
8.2 
1.0 
0.55 
2.5 

18 
338 

0.043 
0.002 
0.004 
o 
0.014 
0.008 
0.005 
o 
o 
1.761 

* Sampled in September 1967. 

(mg/l) 
Effluent (Composite 

From Four Cooling 
Towers) 

161 
21 

440 
116 

1,167 
28 
33 
0.63 
7.1 
7.8 
6.0 
3.87 

12.1 
59 

2,022 

0.220 
0.010 
0.001 
o 
0.058 
0.040 
o 
0.001 
o 
3.508 

aTemperature ranged from 30° to 55°C, as a partial function of 
well depth. 
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the January mean air temperature, and that of a typical July day is 

93°F, or 8°F above the ambient temperature for that day. The diurnal 

fluctuation in effluent temperature during the July day was 87°F mini

mum to 97°F maximum. If increased heat load is an undesirable quality 

for an intended reuse, it may be regarded as thermal pollution, and 

treatment efforts would be directed to determining desired areas, 

depths, and shapes of cooling ponds for dissipating heat. However, for 

some uses added heat is advantageous and the thermal load may be re

garded as thermal enrichment, in which event it can be preserved, or 

even enhanced, by proper configuration of ponds or by heat barriers 

such as monomolecular film, perlite, or floating styrofoam rafts to 

confine heat within the water body. 

Watershed Runoff (Wl,2) 

The final class of salvageable water sources as listed in Table 

1 is surface-water runoff from small watersheds in the region. These 

have been grouped as urban (WI) and non-urban (W2) watersheds, as 

differentiated by both unit runoff quantities and water quality char

acteristics. 

According to the previously stated definition of salvageable 

waters, we are not concerned here with runoff in the principal water

courses of the region, nor with mountain and foothill watersheds which 

are major contributors to the primary surface-water supplies of the 

valley streams; the areas of interest are those small watersheds, lo

cated on the northwestward-sloping alluvial plain between the Santa 

Cruz River and the Rillito-Pantano drainage system (Figure 2), which 
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collect and concentrate storm runoff in or adjacent to the metropolitan 

area at discernible collection points. The WI sources are those urban 

and intensively developed suburban watersheds whose runoff characteris-

tics have been modified appreciably by manmade works, and the Ware 
2 

those which essentially retain their virgin desert character. 

The first three years of rainfall-runoff records at Atterbury 

Watershed (Figure 3, in pocket), a desert area of 18 square miles, 

showed an annual runoff yield of 0.28 inches or 15 ac-ft/mi 2, as re-

ported by Woolhiser (1959, p. 71). The 13-year record now available 

for Atterbury and several subwatersheds shows a consistent annual run-

off of about 2~ percent of the incipient rainfall. On the basis of 

average annual rainfall of 11.0 inches or 586 ac-ft/mi 2, this percent-

age indicates an annual water yield of 14.7, which we round off to 

15 ac-ft/mi 2 for watersheds of less than 20 mi 2 in the undisturbed 

desert area. 

These runoff characteristics vary somewhat with the physical 

parameters of each watershed and should not be extended to distant 

areas. The area of interest here will be limited to the Tucson dis-

trict of Figure 2, where a series of small desert watersheds, adjacent 

to and very similar to Atterbury Watershed, extend generally through 

T.15 S., R. 14 and 15 E. and discharge at points adjoining the urban 

area. These are, in order, the Atterbury, Julian, Rodeo, and Airport 

watersheds, aggregating about 65 mi 2• By the above rainfall-runoff re-

lationship, the anticipated gross annual quantity available from the W2 

source in this limited area would be approximately 1,000 acre-feet. 
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Preliminary measurements of runoff from High School and Arcadia 

watersheds (Figure 3) during 1968-69 indicate total annual runoff to be 

approximately double that from the desert watersheds by rough compari-

son, and between two and three times the desert runoff for individual 

storm events. By reason of the very short period of record, only infer-

ences can be drawn as to comparative peak flow, concentration time, and 

other hydrologic factors in the urban areas, and the volume runoff re

lation can be estimated only tentatively until detailed future studies 

are completed because of both areal diversity and time variability in 

the urban watershed characteristics. In view of the apparently high 

percentage of runoff for some storm events, it seems conservative to 

estimate that the annual water yield from a fully developed urban resi-

dential area such as High School Watershed may be slightly more than 

twice that of the desert area; accordingly, we can assign a factor of 

35 ac-ft/mi 2 to the urban watershed. On this basis the Alamo, Arcadia, 

High School, and Tucson Arroyo watersheds (Figure 3) with combined area 

of about 18 mi 2 would yield 630 ac-ft/yr. Unpublished gage-height 

records of the U.S. Geological Survey for the main and south intercep-

tors from Davis-Monthan Air Force Base, combined with slope-area sur-

veys and computation by the Manning formula, indicate an average annual 

discharge of 700 ac-ft from this l4-mi 2 area, or 50 ac-ft/mi 2• Owing 

to the large expanses of paved area, lined drainage channels and other 

improvements on the base, a high water yield seems plausible. These 

measurements, however, represent only a 2-year record (water years 1961 

and 1962) which includes the extremely large regional storm event of 
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August 22, 1961; this would seem to lend support to the smaller long

term yield factor. Applying 35 ac-ft/mi 2 to this watershed, then, and 

classifying it with urban sources, brings the total available W source 
1 

in this limited area to about 1,100 ac-ft/yr. 

The quality of waters from local runoff, both urban and desert, 

is subject to a complex association of environmental factors. In de-

termining levels of quality relative to potential uses, one must exam-

ine a broad range of parameters which may be summarized in checklist 

form as follows: 1) Physical properties such as temperature, turbidity, 

color, and odor; 2) chemical characteristics, including concentration 

of total dissolved solids, common inorganic ions (with chloride or bi-

carbonate as indicators), boron and fluoride, the nitrogen and phos-

phorus nutrients, hardness, trace metals, pH, and organic chemical 

indicators such as COD and dissolved oxygen; 3) content of suspended 

solids, including fixed and volatile solids; 4) presence of micro-

organisms, including total coliforms, fecal coliforms, and fecal strep-

tococci; and 5) content of toxic organic substances such as phenolic 

compounds, pesticide residues, and fuel derivatives. 

Woolhiser (1959, p. 73) published chemical analyses of runoff 

on Atterbury Watershed. Together with analyses made in 1969 of ponded 

water from four locations on Atterbury and Airport watersheds, these 

show waters of good chemical quality for virtually all uses, with total 

dissolved solids content around 200 ppm or less, about one-half of 

which is accounted for by bicarbonate. The significant characteristics 

of desert,runoff, however, are likely to be suspended solids, 



51 

microorganisms, and possibly nutrients for plant growth, with the ef

fects of all these depending heavily upon the manner of water detention, 

circulation, and opportunity for development of a life cycle. For most 

immediate uses, coagulation-sedimentation and chlorination would be re

quired. 

A continuing study in which the writer has participated includes 

sampling and analysis of runoff from High School and Arcadia watersheds, 

which are in urban residential and suburban-desert areas, and from a 

tributary of Tucson Arroyo called Railroad Wash, in an industrial area. 

In general these waters also are good chemically except for inclusion 

of organic matter, whereas increasingly intensive urbanization and in

dustrialization commonly are accompanied by decreasing quantities of 

suspended matter but increasing concentrations of microorganisms and 

occurrence of toxic substances. 

A compilation of results of analyses of runoff from these 

watersheds for a series of 1969 storm events is presented in Table 7. 

Miscellaneous sources of salvageable water in the region have 

been identified by the writer through examination of city water billing 

records and other means, but only the major sources listed and de

scribed above were included in the analytical portion of this study. 

The water quality parameters of the major sources are perhaps too com

plex to be summarized concisely in a descriptive way, and accordingly 

have been presented in Tables 3 to 7. The quantities available as 

estimated for the 1970 level can be summarized as follows (ac-ft/yr): 



Table 7. * Quality of Water From Urban and Suburban Runoff in Tucson. 

Quality Parameter 

Turbidity 
Total suspended solids 
Volatile suspended solids 
Total dissolved solids 
Calcium 
Magnesium 
Sodium 
Chloride 
Sulfate 
Bicarbonate 
pH 
Fluoride 
COD 
Nitrate 
Phosphate 

High School Watershed 
Range of 

Values a 

156-1400 
56-3500 
20-492 

122-347 
27-100 

0.1-12 
2.5-9 

2-14 
7-85 

59-312 
6.7-7.8 

<0.2-1.2 
102-422 
0.3-8.0 

0.10-2.5 

Average 

556 
941 
205 
204 
42 

4 
5 
7 

27 
124 

7.3 
<0.62 

231 
2.9 
0.56 

92 
65 

Total coliforms (x 
Fecal coliforms (x 
Fecal streptococci 
Phenols 

11-230 
4-259 
2-61 

0.2-3.1 
0.1036-0.2913 

10~/l00 mO 
10 /lgo mO 
(x 10 /100 ml) 25 

Pesticides (ppb) 
0.9 
0.1920 

Arcadia Watershed 
Range of 

V 1 b Average a ues 

280-4200 
244-7152 
68-712 

160-311 
32-66 

1-13 
1.3-8 
0.8-21 

8-36 
88-210 

6.6-7.9 
<0.2-0.6 

91-314 
0.4-7.7 

0.06-0.60 
1-280 
1-188 
1-200 
0-2.9 

0.1262-0.2200 

1320 
2100 

292 
204 
41 

3 
3 
6 

18 
121 

7.4 
<0.31 

200 
2.3 
0.28 

56 
49 
22 
0.8 
0.1838 

-k 
All units are milligrams per liter unless otherwise noted. 

Railroad Watershed 
Range of 

Values c 

860-3100 
1256-6360 

232-720 
135-518 
30-82 
l-ll 
3-52 
2- 24 

15-100 
0-264 

7.0-11.2 
0.23-0.29 

141-1693 
0.6-2.6 

0.03-9.0 
<0.2-120 

<1-167 
<0.7-30 

0-1.5 

Average 

1980 
3081 

438 
262 
52 

4 
II 

8 
39 

139 
7.8 
0.25 

617 
1.4 
0.76 

<32 
<30 

<7 
0.7 
0.0288 

aComplete or partial results of analyses of 61 samples in 1969, principally during summer 
monsoon rainy season. 

b 53 analyses. 

c2l analyses. 
Ln 
N 
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Domestic-industrial effluent from city-county metropolitan system, 

31,800; domestic effluents from individual county treatment plants, 

200; discrete industrial cooling and processing effluents, 1,200; and 

small watershed runoff, 2,100, for a net total of 35,300 acre-feet per 

year (Table 1). 

Past and Present Uses of Salvaged Water 

Perhaps the earliest applications of salvaged water to bene

ficial use in the Tucson region were in the use of desert runoff (W2) 

on small watersheds to replenish stock-watering ponds and to supplement 

irrigation of pasture by flooding. An example of this use is seen in 

the remnant of a storage reservoir near East Glenn Street at the con

fluence of Arcadia Wash with Alamo Wash (Figure 3). This would now be 

classified as an urban or suburban runoff source (WI) if still in oper

ation. 

A recent innovation has been made by the City Parks and Recre

ation Department in using desert runoff from a portion of Cat Mountain 

Watershed in the Tucson Mountains to replenish a recreation reservoir 

at Kennedy Park in southwestern Tucson. 

Industrial cooling effluent from the De Moss-Petrie power plant 

in northwestern Tucson, blended with effluent from an adjacent power 

transformer station, has been used since 1965 for artificial ground

water recharge on a research basis by the University of Arizona Water 

Resources Research Center, and previously by the Institute of Water 

Utilization. The quantity of water either recharged or bypassed to the 



Santa Cruz River channel from this source is approximately 500 acre

feet per year. 
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The remaining and principo,_ source of salvaged water histori

cally applied to reuse is the effluent from the City of Tucson waste 

treatment plant (MIl). Grain crops in the area were irrigated with raw 

sewage from 1900 until 1928. In that year a primary treatment plant 

was constructed, and treated effluent has been supplied since that time 

for the irrigation of various crops (City of Tucson 1966). The quanti

tative distribution of treatment plant effluent since 1940 is shown in 

Table 8. 

Following construction of the secondary treatment plant in 

1951, and with the advent of rapidly increasing available supplies of 

effluent, the city negotiated several contracts for its use. These 

contracts have been examined by the writer and their principal provi

sions are briefly summarized herewith. On February 16, 1953, a con

tract with Tucson Gas and Electric Company was completed for use of 

effluent in amounts up to 1,200 acre-feet per year but not to exceed 

4 acre-feet per day. The city was to receive $2,460 per year, which 

is equivalent to $2.05 per acre-foot if full use were made. The com

pany has not actually made use of the water under this contract, but 

held it in reserve. 

Under date of March 1, 1953, a 20-year contract was made be

tween the city and tenants of the City Sewer Farm, providing, as sub

sequently amended, a minimum use of 2,310 ac-ft/yr and up to 3,200 

ac-ft/yr of effluent to irrigate the farm (640 acres, more or less) 
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Table 8. Historic Tucson Wastewater Treatment Plant Effluent 
Distribution, 1940-69.* 

Year 

1940 
1941 
1942 
1943 
1944 
1945 

1946 
1947 
1948 
1949 
1950 

1951 
1952 
1953 
1954 
1955 

1956 
1957 
1958 
1959 
1960 

1961 
1962 
1963 
1964 
1965 

1966 
1967 
1968 
1969 

Treatment 
Plant 

Effluent 

2,820 
3,450 
3,770 
4,220 
4,460 
4,620 

4,410 
4,950 
5,190 
4,500 
4,570 

5,320 
6,530 
9,530 
9,720 
9,950 

10,870 
12,290 
13,280 
15,170 
16,280 

16,650 
18,910 
20,190 
21,150 
21,300 

23,980 
25,390 
28,480 
31,130 

City 
Farm 

Irrigation 

2,820 
3,450 
3,770 
4,220 
4,460 
4,620 

4,410 
4,950 
5,190 
4,500 
4,570 

o 
o 

1,680a 

1,850 
3,230 

3,550 
3,040 
3,070 
2,940 
3,100 

2,740 
3,120 
2,310 
2,320 
2,010 

2,660 
3,150 
2,140 
2,100 

Treatment 
Plant 

Grounds 
Irrigation 

10 
20 
20 
30 

20 
50 
90 
70 
60 

70 
80 

130 
110 
130 

150 
150 
200 
200 

Contract 
Irrigation 

(Estimated) 

2,170b 

5,000 
6,000 
7,000 
7,500 
8,000 

8,500 
9,000 
9,500 

10,000 
10,000 

lO,500 
1l,000 
1l,500 
12,000 

River 
Release 

(Estimated) 

Estimated 
maximum 
570 
of 

annual 
production 

5,320 
6,520 
7,830 
7,850 
4,520 

2,300 
3,200 
3,120 
4,660 
5,120 

5,340 
6,710 
8,250 
8,720 
9,160 

10,670 
1l,090 
14,640 
16,830 

* Source, City of Tucson (1968) except 1968 and 1969 from cur-
rent records of the City Water and Sewers Department. All quantities 
are in acre-feet. 1.0 mgd = approximately 1,120 ac-ft/yr. 

a1953 Lease of City Farm. 

b1955 Contract Sale of Surplus Effluent. 
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at the rate of $4.00/ac-ft delivered at city expense to the high point 

of the acreage. 

The third and major contract was negotiated on March 1, 1955, 

between the city and a party identified as copartners Harry H. and Emma 

G. Oshrin, husband and wife, and Albert S. and Gloria Oshrin, husband 

and wife. This contract covered all excess sewage effluent water at 

the treatment plant excluding those amounts sold under the above agree

ments plus sufficient water to irrigate the grounds at the plant not in 

excess of 10 acres. The term of the Oshrin contract was 20 years and 

the purchasing price for effluent water was $l.OO/ac-ft as determined 

by advertised bids. The purchasers agreed to construct a pipeline from 

the treatment plant to the place of use, which consisted of 2,100 irri

gable acres of land about four miles distant, and to construct a regu

lating pond or detention basin for storage and control of effluent water 

delivered but not immediately used. 

Subsequent amendments and supplementary agreements modified the 

above contract in some respects, although no basic change in effluent 

reuse was effected. The principal modifications were contained in an 

agreement made in June 1963 between the purchasers and Pima County Sani

tary District No.1, after it became necessary to relocate right-of-way 

for the effluent pipeline because of interstate highway construction. 

The District purchased the conveyance and storage works and agreed to 

make the requisite relocations, as well as to deliver through the works 

any quantities of effluent up to 13 mgd. The District acquired the 

right to purchase, and to resell, any effluent waters in excess of this 
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quantity. The amount of effluent available for purchase grew to exceed 

13 mgd, as indicated in Table 8, but the amount deliverable to the con

tracted use has been physically limited to approximately this rate, de

pending upon available pressure head. Those quantities delivered to 

date have been successfully utilized in the irrigation of cotton, small 

grains, and other inedible crops. 

Potential Uses 

Opportunities for agricultural reuse of salvaged waters extend 

from the present Al and A2 uses into the A3 (Orchard) and the A4 (Pro

duce) categories (Table 9). Treated sewage effluent cannot be used for 

irrigation of produce (e.g., leafy vegetables) with which the irriga

tion water would come into direct contact, without extensive treatment 

to reduce hazards from disease-producing organisms. Use for certain 

other crops, however, is more immediately feasible; statutes adopted in 

California in May 1968 (California Administrative Code, Title 17, Chap. 

5) permit direct use of primary effluent for surface irrigation of 

crops for processed foods and orchards and vineyards, and use of dis

infected oxidized reclaimed water for produce. An example of a loca

tion for one such use in the Tucson region would be the 5,200 acres of 

pecan orchards recently established in the Sahuarita district. 

A substantial demand is evident in the Tucson region for re

claimed water to serve recreational uses RI and R2• Research on the 

technical feasibility of such uses, which have been implemented success

fully elsewhere, has been initiated by both the City of Tucson and the 

University of Arizona. 



Table 9. Existing and Selected Potential Uses of Salvaged Waters in 
the Tucson Region. 
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Use Example of Location of Use 

Irrigated agriculture 

Field and forage crops (A1) 

Cotton (A2) 

Orchard (A3) 

Produce (A4 ) 

Recreation 

Fishing and boating (R1) 

Landscape irrigation: 
Parks-golf courses (R2) 

Industry 

Cooling (11) 

Mining and milling (1 2) 

Cortaro District 

Sahuarita District 

Sahuarita District 

Tucson District 

Tucson Wastewater 
Reclamation Project 

Randolph Park 

Power plants 

Copper mines 

NOTE: Storage, as an alternative to use, may be classified as 
follows: 

Surface (Sl) 

Subsurface: Injection or spreading (S2) 
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Treated sewage effluent has been contracted, though not used, 

for industrial cooling purposes (II)' as mentioned above. This can be 

implemented and expanded, to an extent dependent primarily upon rela

tive locations of source and use. Possible future use of such efflu

ents for mining and milling (1 2) is dependent upon conveyance costs and 

upon satisfactory level of synthetic detergents in the treated water. 

The flotation process which predominates in local copper milling oper

ations is sensitive to frothing properties of the fluids and therefore 

incompatible with the effects of ABS, although federal statutory require

ments for replacement of ABS by LAS detergent ingredients may ameliorate 

this problem. 

Temporary surface storage (Sl) of treated waters has been prac

ticed, but subsurface storage (S2) by artificial recharge has not pro

gressed locally beyond the research stage. This alternative will be 

analyzed as an operational method in the present investigation. 

In the introductory section the possible substitution of 

treated salvaged water into the domestic water supply function was men

tioned. For the moment we can accept the separate existence of a 

metropolitan demand for high quality water (domestic water standards) 

which is being supplied entirely from primary water sources, and a 

relatively small demand for water of lower quality now being supplied 

in part by the primary ground-water supply and in part by salvaged 

water from the city waste treatment plant. Through an increasing 

availability and utilization by management of salvageable waters, and 

a concurrently increasing relative scarcity of primary supplies, two 
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resulting adjustments can be visualized: 1) A larger proportion of the 

demand for waters of substandard quality will be supplied from salvage

able waters, the primary sources being increasingly reserved for higher 

uses; and 2) as the total demand curve shifts toward the more steeply 

rising portion of the total supply curve, at some point it will become 

feasible to treat salvageable water to the level required for substitu

tion into the primary supply function. The first adjustment is already 

in operation to some degree, and its present and potential structure is 

analyzed herein; the second adjustment is anticipated at some point in 

time beyond the projection of the present research, and is discussed 

here only in recognition of its possible future relevance. 

Legal Incentives and Constraints 

Potential use of salvaged water in general has been enhanced by 

enactment of the Water Quality Act of 1965 as amended and the subse

quent enactment of state statutes setting standards for quality of 

waters discharged as effluents. Traditionally, the general body of 

water law has dealt with the input side of the primary water-use system; 

relating to both surface water and ground water, the statutes and common 

law were addressed for the most part to the acquisition and exercise of 

water rights, and not so commonly to the output side where questions of 

an ~ post facto nature reside. The setting of standards for effluents, 

however, orients a set of legal requirements to the realm of water out

put, disposal, treatment, and reuse. 

More specifically to the set of recreational uses, enactment of 

the Land and Water Conservation Fund Act of 1964 and subsequent 
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establishment of the Bureau of Outdoor Recreation has broadened the in

centive and the financial capability for local governmental units to 

acquire and develop outdoor recreation sites and facilities. The sig

nificance of this condition is apparent because many of these facilities 

are water-based and because the water quality requirements relative to 

many of the recreational activities can be met by certain classes of 

salvageable water without extensive treatment. 

With regard to constraints on uses, the present allocation pat

tern is frozen by the existing effluent contracts, as described earlier. 

Either under these arrangements or under a renegotiated set of contracts 

it would be possible theoretically to assign the salvaged waters to 

higher agricultural uses, to several recreational uses, and ultimately 

to domestic uses. Here, however, the legal condition is negative-

i.e., the Arizona statutes are partially silent as to permissible uses 

under specific quality criteria or specified treatment processes and 

the control of such uses is exercised by administrative policy and 

procedures of the State Health Department on a "permit" basis. 

Water Quality Criteria 

Salvageable waters, by definition or by implication, possess 

some distinctive attributes of quality at their respective sources. 

Therefore in evaluating the feasibility of new uses and the costs in

cident to using these waters, the central ~ssue is the measure of dif

ference between quality at source and quality required at point of use. 

Having sampled, analyzed, or otherwise investigated the parameters of 
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quality at the sources, there remains only to state the quality re-

quirements for each use, and a pair of end-points will have been estab-

lished for each source:use combination, to which one can then apply the 

measure of cost for transition from one end-point to the other. 

There is no clear-cut procedure for doing this. For one thing, 

there are uses for which definitive criteria have not yet been set and 

generally accepted. A parallel problem is that many sets of criteria 

as given include a range of values, within which all values may be 

equally acceptable or among which one value could be optimal according 

to local or temporal variables. In addition, some criteria are recom-

mended while others are mandatory. Having recognized these problems, 

we can nonetheless synthesize the accompanying tabulation of basic 

water quality criteria for each of the projected uses, based on an ex-

tensive review of recent and current literature on criteria and stand-

ards, the degree of refinement being tempered by judgment as to the 

practical needs of the present work. 

Care should be taken to maintain a proper perspective of the 

distinction between water quality standards and criteria, as set out 

by FWPCA (l968a,p. vii). 

Standard: A plan that is established by governmental 
-authority as a program for water pollution prevention 

and abatement. 

Criteria: scientific requirement[sJ on which a de-
C1S1on or judgment may be based concerning the suitability 
of water quality to support a designated use. 

So defined, a standard is relevant to an objective and, being estab

lished by governmental authority, is socially oriented; the criterion 



63 

is rather a requirement, to be stated in descriptive or numerical 

terms, and oriented to the need of the user, whether public or private. 

Federal water quality standards have been adopted pursuant to 

the Water Quality Act of 1965, as amended, and standards have been for

mulated by each state which must receive approval of the Secretary of 

the Interior as conforming sufficiently to the federal guidelines. The 

standards of the states include water-quality criteria, water-use clas

sification, and an implementation and enforcement plan. The criteria 

set by states are modified as appropriate to conditions of local en

vironment. Hirsch, Agee, and Burd (1968) have recently reviewed fed

eral-state efforts in this field. 

For purposes of the present work, quality criteria for the spe

cific proposed uses are compiled below. Sufficient and appropriate 

criteria for many of the uses are adopted as contained in standards for 

interstate and coastal waters as per the 1965 Act (FWPCA 1968a) and are 

taken from that source unless otherwise cited. The general provisions 

of the Act and of the Arizona standards (Arizona State Department of 

Health 1968) have been reviewed for their bearing on any and all of the 

criteria used. The FWPCA criteria also have been supplemented in cer

tain areas by those of McKee and Wolf (1963) and Dryden and Stern (1969). 

Drinking water standards are not included, as this use is not directly 

considered herein. Quality criteria for one of the projected uses, 12, 

are dependent to some extent on local requirements or environmental con

ditions and have been determined through local inquiry as cited. 
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Quality requirements for present and proposed uses of salvaged 

waters are as follows: 

Agricultural Uses 
(Irrigation) 

AI: Field and Forage Crops 

Temp: l3-29°C desirable. 

pH: 5.5-8.5 desirable. 

Salinity: TDS<700 mg/l (McKee and Wolf 1963). 

Soluble sodium percentage: <60 (McKee and Wolf 1963). 

Primary treatment level if source is M or MI (Calif. 

Admin. Code 1968). 

Same as AI. 

Same as AI. 

Boron: <0.5 mg/l (Ariz. State Dept. of Health 1968). 

A4: Produce 

Same as Al and A3 combined. 

Microorganisms (Calif. Admin. Code 1968): Surface irri-

gation requires an oxidized and disinfected waste water, 

and spray irrigation requires a disinfected, filtered 

water, i.e., a coagulated waste water which has been 

passed through natural undisturbed soils or filter media 
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so that the final turbidity determined by an approved 

laboratory method does not exceed ten (10) turbidity 

units. 

Recreational Uses 

Rl : Fishing and Boating (combined criteria for fresh-water 

fish propagation and general recreation use other than 

primary contact). 

TDS: <1500 mg/l. 

pH: 6.0-9.0. 

Temp: Related to species. (Example: For Tilapia sp., 

temperature must not be consistently <13°C). For many 

species, temperature must be maintained at <34°C (Ariz. 

State Dept. of Health 1968). 

DO: >5 mg/l, or saturation. 

CO 2: <25 mg/l as free CO 2• 

Turbidity: <25 Jackson Turbidity Units. 

Total alkalinity ~20 mg/l. 

No oils. 

No settleable solids. 

Radionuclides: USPHS Drinking Water Standards. 

Heavy metals: Cu: ~1/10 the 96-hr TLm and maximum 24-hr 

avg 9/30 same. 

24-hr ~1/500 same. 

Cd: ~1/30 the 96-hr TL and maximum 
m 

(TL = "mean tolerance limit.") 
m 

Pesticides: Chlorinated hydrocarbons: None. Other: 

Variable. 



Surfactants: ABS: <1/7 of 48-hr TL or <1 mg/l. 
m 

LAS: <1/7 of 48-hr TL or <0.2 mg/l. 
m 

Ammonia-N: ~1.5 mg/l. 

Microorganisms: F. Coli ~log mean of 1000/100 ml, and 

not >2,000/100 ml in >10% of samples. 

P04 : ~0.5 mg/l (Dryden and Stern 1969); <0.05 mg/l as 

P may be desirable. 

R2: Landscape Irrigation 

Same as AI. 
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Oxidized and disinfected water (Calif. Admin. Code 1968). 

Industrial Uses 

II: Cooling: "Point of Use" (includes external but not in

ternal treatment). 

Charac teris tic 
Si02 
Al 
Fe 
Mn 
Ca 
HC03 
S04 
Cl 
TDS 
Hardness (CaC03) 
Alkalinity (CaC03) 
pH 
Organics 

MBA Test 
CCE Test 

COD 
Suspended solids 

Concentration (mg/l) That 
Normally Should Not Be Exceeded 

Once
Through 

50 

200 
600 
680 
600 

1000 
850 
500 

5.0-8.3 

75 
5000 

Makeup for 
Recirculation 

50 
0.1 
0.5 
0.5 

50 
24 

200 
500 
500 
130 

20 

1 
1 

75 
100 



NOTE: TDS is not an arithmetic total of individual ion con
centrations, as no one water will have all the maximum 
values shown. 

12: Mining and Milling (Copper) (Roseveare 1969): 

1. Quality at least equivalent to that of secondary ef-

fluent, and/or coagulation-sedimentation and sand 

filtration. 

2. Where the flotation process is used, ABS surfactants 

must be absent, and LAS surfactants must have been 

degraded and removed. 

Storage 

Sl: Surface Storage 

Free of objectionable depositional materials, floating 

debris, scum, oils, etc., or objectionable color, odor 

or turbidity. 

DO >5.0 mg/l, or saturation. 

S2: Subsurface Storage 

1. Low content of suspended solids. 

2. Chemically compatible with storage medium. 

3. ABS-LAS concentration below foaming level. 
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CHAPTER 3 

ECONOMIC ANALYSIS OF WATER SALVAGE ACTIVITIES 

The description and classification of sources of salvageable 

water as given in the previous chapter indicate the amounts and kinds 

of such water that may enter the total regional water-use regime. The 

determination of costs associated with the utilization of these waters 

will give us the elements of a salvaged-water supply function. Then 

the determination of benefits to be derived from each kind of use will 

permit the formulation of an array of net-benefit coefficients to be 

applied to each source:use combination. Finally, the combination of 

these coefficients under various locational arrangements, and with 

time-related use and storage alternatives, will yield a simple norma-

tive model which can be modified and used for examining specific plan-

ning and operational adjustments in the regional salvageable water 

system. 

Unit Costs and Methods of 
Water Control and Treatment 

The necessary cost activities for the transformation leading 

into the water reuse subsystem include the conveyance, treatment, and 

storage of the waters. Disposal is a fourth activity which in practice 

serves as an alternative to some reuse, but which in the normative model 

may be reduced to zero-quantity. Where some positive quantity of water 
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disposal does exist, it clearly can have either positive or negative 

value. 
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Storage also could be considered a temporary alternative to 

use, but since storage is time-related it is herein considered as a 

short-run intermediate activity following treatment and preceding re

use. If we consider the entire time span on a seasonal basis to in

clude placing of water into storage, retaining it, and subsequently 

removing it from storage, there is a calculable operational cost asso

ciated with the entire activity, and in the event of subsurface storage, 

certain benefits due to quality improvement may be realized. These 

points will be examined in a later section. 

Conveyance activities will be considered to include collection 

of municipal effluents within the existing collection system, as well as 

conveyance of any salvaged water from point of capture to treatment site 

and from treatment site to storage site or point of use. 

Water Treatment 

Two essential kinds of information are needed in relation to 

treatment: 1) Which treatment processes are required for each source: 

use combination, in light of the quality occurring at the source and 

the criteria relevant to the use; and 2) what are the unit costs assign

able to each of the treatment processes, at the appropriate plant scale 

for the availability at source and demand for use. Resolution of the 

first query requires the identification of a quality vector for influ

ent flow to the treatment process and a quality vector for effluent 

flow following treatment. These vectors are simply an ordered listing 
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of all the significant water quality parameters. The influent and ef-

fluent flow vectors are linked by the parameters which are critical in 

common to both the source and the use. These "critical parameters" de

termine the treatment process or combination of processes that will be 

required. 

This exercise seems simple at first glance; certain treatments 

will yield known results, so the links are easily identified. The cur

rent literature, though, testifies that the recent resurgence of re

search on advanced waste treatment processes has provided some new 

answers and has also uncovered some new areas of inquiry which remain 

to be examined. Clearly the analyst must take full account of the 

latest experimental contributions while at the same time limiting the 

operational alternatives to those methods that have been demonstrated 

practical on some level. Several processes have only recently advanced 

from laboratory scale to technical feasibility on the pilot-plant scale 

to economic feasibility on an operational level. 

The conventional (primary, secondary) treatment methods applied 

to municipal effluents are in many respects standardized and well known, 

although admittedly there is room for increased efficiency. Treatments 

in general are characterized in one report of FWPCA (1968b) as conven

tional treatment, advanced treatment, and ultimate disposal, the second 

term being justified as follows: "Although the term' tertiary' is often 

used as a synonym for advanced treatment methods, the two are not pre

cisely the same. Tertiary suggests a single treatment to be applied 

only after conventional primary and secondary treatment. 'Advanced 
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treatment' actually means any process, technique, or system not now in 

common use" (FWPCA 1968b, p. 1). This wording will be followed herein, 

where advanced treatment might mean a modification of a conventional 

process, or one or a series of processes following a conventional treat-

mente 

In order to assign the appropriate treatment process to any 

source-use pair, it is necessary first to examine the complete influent 

flow vector of water quality. This is illustrated in Table 10, by 

which we note any parameters for which values are known. Referring back 

then to the water-use criteria, certain corresponding parameters may be 

seen as criteria for any specific use. Where the values at source ex

ceed maxima or are otherwise nonconformable with values required for use, 

these are critical, and the kind and degree of treatment(s) required are 

thereby indicated. 

Of course, most of the treatment methods are not selective with 

respect to individual quality parameters, but many of them can be re

garded as rather closely selective with respect to the principal head

ings in Table 10 (e.g., Suspended Solids, Inorganic Ions), especially 

at the advanced treatment level. 

Primary treatment reduces coarse, settleable solids, removes 

some amount of suspended organic materials by settling, and reduces 

BOD5 by as much as 35 percent. Secondary treatment methods (trickling 

filter, activated sludge, or oxidation pond) consist of some form of 

biological oxidation and partial settling of the residual organic mater

ials, with a resulting cumulative reduction in BOD5 of up to 95 percent 



Table 10. Generalized Vector of Quality Parameters for Salvageable 
Waters. 

Information on water quality sampling and analysis 

[Location, Time, Identification] 

Physical properties 

[Temperature, Turbidity, Color, Odor, ••• ] 

Suspended solids 

[Fixed SS, Volatile SS] 

Chemical characteristics 

Inorganic ions or chemical indicators 

[TDS, EC (micromhos @ 2S0C), Ca, Mg, Na, SAR, 

CI, S04' C03 , HC03 , total hardness, pH, F, B, 

Li, • • .] 

Organic solutes or pollution indicators 

[DO, Surfactants (ABS, LAS), BOD, COD, TOC, ••• ] 

Plant nutrients 

[Nitrogen, Phosphorus, Potassium, ••• ] 

Trace metals 

[Fe, Mn, Cr, Ni, .Cu, Zn, Pb, Cd, Co, Sr, • • .] 

Microorganisms 

[TC, FC, FS, VIRUS, ••• ] 

Toxic substances 

[Phenolic Compounds, Pesticide Residues, Fuel Deriva

tives, Radionuclides, ••• ] 
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with the activated sludge process and som~what less in the other pro

cesses (FWPCA 1968b, p. 4-5). 
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At the advanced treatment level, the general classes of criti

cal parameters and the corresponding treatment processes which effec

tively act upon them are as follows, the underlined items being those 

specifically included in this analysis: 1) Suspended solids removal-

lime or alum coagulation-sedimentation (=chemical clarification), sand 

or mixed-media filtration, and microstraining; 2) inorganic removal-

electrodialysis, distillation, freezing, ion exchange, and reverse os

mosis; 3) organic removal--activated carbon adsorption, advanced oxida

tion, foam separation, and filtration; 4) nutrient removal--precipita

tion of phosphate, biological denitrification of nitrate-N, air 

stripping of ammonia-N, and sand (soil) filtration; 5) removal of tur

bidity, color, odor, and toxic substances--activated carbon adsorption; 

and 6) removal of pathogenic microorganisms--chlorination. 

Application of these methods to the source-use matrix for sal

vageable waters through the appropriate critical parameters yields a 

"treatment-method matrix," as detailed in Table 11, which is used as a 

basis for computing unit treatment costs. 

The answer to the remaining question, that of unit costs of the 

appropriate treatment combinations at various plant scales, is also 

elusive in some respects. Actual costs of the treatments now used in 

the Tucson region are a matter of record with the city and county 

agencies; costs for prospective treatments, however, must be estimated. 

In order to form a cohesive set of estimates, both for present cost 



Table 11. Matrix of Treatment Methods for Salvaged Waters Relative to Type of Use. 

A A2 A3 A4 Rl R2 I . 1 . Use rrlgatlon: 
Irrigation: Irrigation: Irrigation: Recreation: Recreation: 

Field and Fishing and Landscape 
Source Forage Crops Cotton Orchard Produce Boating Irrigation 

MIl' M2 PRIM PRIM PRIM PRIM SEC PRIM 
Domestic-Indus- SEC SEC SEC SEC CHEM SEC 
trial Effluent: CHLR FILT CHLR 

City Plant or CHLR 
Separable Source 

MI 2, MI OXP OXP OXP OXP OXP OXP 
Domestic-Indus- SEC SEC CHEM SEC 
trial Effluent: CHLR FILT CHLR 

County Plant or CHLR 
Discrete Source 

EI FILT FILT FILT FILT CHEM FILT 
Industrial Effluent: FILT 

Discrete Source MICR 

E2 CHEM CHEM CHEM CHEM COOL CHEM 
Industrial Effluent: FILT FILT FILT FILT CHEM FILT 

Separable Source FILT 

Wb W2 CHEM CHEM CHEM SETT SETT CHEM 
Watershed Runoff: FILT FILT FILT CHEM CHEM FILT 

Urban or FILT FILT CHLR 
Non-Urban CHLR CHLR 

-..J 
~ 



Table ll.--Continued 

Use 

Source 

MIl, M2 
Domestic-Indus
trial Effluent: 

City Plant or 
Separable Source 

MI2' Ml 
Domestic-Indus-
trial Effluent: 
County Plant or 
Discrete Source 

El 
Industrial Effluent: 

Discrete Source 

EZ 
Industrial Effluent: 

Separable Source 

Wl , Wz 
Watershed 

Runoff: 
Urban or Non-Urban 

II 
Industry: 
Cooling 

SEC 
CHEM 
FILT 

OXP 
CHEM 
FILT 

CHEM 
FILT 
CARB 

CHEM 
FILT 
CARB 

CHEM 
FILT 
MICR 
CHLR 

12 
Industry: Mining 

and Milling 

SEC 
CHEM 
FILT 

OXP 
CHEM 
FILT 

CHEM 
FILT 

CHEM 
FILT 

CHEM 
FILT 
MICR 
CHLR 

Sl 
Storage 

(Surface) 

SEC 
CHEM 
FILT 

OXP 
CHEM 
FILT 

CHEM 
FILT 

CHEM 
FILT 

CHEM 
FILT 
CHLR 

S2 
Storage 

(Subsurface) 

SEC 
FILT 
CHLR 

OXP 
SEC 
FILT 
CHLR 

FILT 
MICR 

COOL 

CHEM 
CHLR 

Key to terms: PRIM=Primary; SEC=Secondary, Activated Sludge; OXP=Oxidation Pond; CHEM=Chemical 
Clarification, generally by alum or lime coagulation and sedimentation; FILT=Sand Filtration; CHLR= 
Chlorination; MICR=Microstraining; CARB=Activated Carbon Adsorption; COOL=Cooling Pond Detention; 
ELEC=Electrodialysis; SETT=Settling Pond Detention. 

....... 
U1 
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levels and for projections to future years, it seems advisable to exam-

ine existing costs on a broader base and under a common set of assump

tions. Several studies which do this have been reported, and a summary 

analysis of these is presented in the 1968 Conference report of the 

Water Pollution Control Federation (Smith 1968). This analysis, which 

incorporates national averages and a time escalation procedure, is used 

herein as the principal basis for estimating treatment costs. Actual 

recent costs incurred by the city and county were examined as a check, 

and found to be close to but slightly lower than the estimates based on 

the WPCF method. The 1967 Conference report of the Water Resources 

Center Directors (Weinberger 1967) was also studied for comparison and 

was found to contain slightly lower cost figures for conventional types 

of treatment and consistently higher costs for advanced treatment 

methods. The WPCF figures, however, were retained without adjustment. 

These unit cost figures are shown in Table 12 for several representa

tive scales of operation, the 2.5-mgd figures representing unit costs 

for treatment rates of 0-7 mgd; the 10-mgd figures, rates of 7-15 mgd; 

and the 25-mgd figures, rates of 15-50 mgd. In any specific calcula

tion, knowing or assuming the proper plant scale, we can arrive at unit 

costs for the treatment processes by applying coefficients from Table 

12 to the indicated treatment methods in any given element of the matrix 

in Table 11. 

Two kinds of cost coefficients are not provided in the study 

upon which Table 12 is based. These are the oxidation pond treatment 

and the "package-plant" sewage treatment processes. The oxidation 



Table 12. Unit Costs of Water Treatment.* 

U nit 
Treatment 

2.5 mgd 
¢/1000 gal $/ Ac-Ft 

1. Conventional Treatment: 
Primary 3.8 12.40 
Oxidation Pond a 1.0 3.20 
Activated Sludge 6.9 22.50 
Trickling Filters 4.4 14.30 

2. Advanced Treatment: 
Coagulation and Sedimentation 3.0 9.80 
Sand Fil tra tion 4.4 14.30 
Ammonia Stripping 1.2 3.90 
Activated Carbon Adsorption 7.6 24.80 
Electrodialysis 10.5 34.20 
Microstraining 0.7 2.30 
Aeration (1 - 6 mg/l) 0.6 2.00 
Chlorination 0.8 2.60 

3. "Package-Plant" Treatment: b 

3.4 11.00 

V a ria b 1 e 

10 mgd 
¢/1000 $/ Ac-Ft 

3.0 9.80 

5.0 16.30 
2.8 9.10 

2.8 9.10 
2.7 8.80 
1.1 3.60 
5.3 17.30 
8.7 28.40 
0.6 2.00 
0.3 1.00 
0.7 2.30 

Cos t s 

25 mgd 
¢/1000 $/ Ac-Ft 

2.5 8.10 

4.0 13.00 
2.0 6.50 

2.7 8.80 
1.9 6.20 
1.0 3.30 
4.1 13.40 
7.8 25.40 
0.6 2.00 
0.2 0.70 
0.6 2.00 

" " 



Table 12.--Continued 

U nit Tot a 1 Cos t s 
Treatment 2.5 mgd 10 mgd 25 mgd 

¢/1000 $/Ac-Ft ¢/1000 $/ Ac-Ft ¢/1000 $/Ac-Ft 

1. Conventional Treatment: 
Primary 9.2 30.00 6.4 20.80 5.0 16.30 
Oxidation Pond a 8.6 28.00 
Activated Sludge 15.0 48.90 12.0 39.10 9.0 29.40 
Trickling Filter 12.0 39.10 8.4 27.40 6.7 21.80 

2. Advanced Treatment: 
Coagulation and Sedimentation 4.0 13.00 3.7 12.10 3.6 11. 70 
Sand Filtration 5.6 18.20 3.5 11.40 2.5 8.10 
Ammonia Stripping 2.1 6.80 1.6 5.20 1.5 4.90 
Activated Carbon Adsorption 12.2 39.80 8.0 26.00 6.0 19.50 
Electrodialysis 17.5 57.00 13.7 44.60 11.6 37.80 
Microstraining 1.6 5.20 1.5 4.90 1.3 4.20 
Aeration (1 - 6 mg/l) 1.0 3.30 0.5 1. 60 0.4 1.30 
Chlorination 1.0 3.30 0.9 2.90 0.8 2.60 

3. "Package-Plant" Treatment: b 

8.6 28.00 

'"'k 
Except as noted, data are from Smith (1968). 

apima County Dept. of Sanitation. 

b See text. 

-...J 
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pond, widely utilized in the semi-arid Southwest, is used by the Pima 

County Department of Sanitation at seven locations within the Tucson 

region, and package plants are used at three locations, all of which 

are isolated or separate sites (Ml sources). Cost information adapted 

here for these processes is based upon operating data provided by the 

Pima County Department of Sanitation. 

The cost of operation and maintenance of the oxidation ponds 

runs slightly less than 1.0 cents per 1,000 gallons, and the 1.0 figure 

is used here. This item in Table 12 is entered only under the small 

plant size, as the method is generally not applicable to major plants. 

The total treatment cost, including debt service, is based upon a capi

tal investment of $10,000 per service acre of pond for the first acre, 

decreasing by about 10 percent for each additional acre up to 0.2 mgd 

capacity in unit construction. The treatment rate can be figured on a 

loading factor of not more than 50 Ibs of BOD per acre per day and a 

population equivalent of 0.15 Ibs of BOD per day at a flow of 75 gpd 

per capita, therefore 330 population or 25,000 gpd per acre of pond. 

The construction cost is assumed to be amortized in 20 years at an in

terest rate of 5.0 percent. Thus a pond with capacity of 100,000 gpd 

and a corresponding cost of $34,400 would incur a unit cost of 7.6 

cents/1000 gal, making total cost 8.6 cents/lOOO gal. 

The package-plant treatment as designed and marketed by sev

eral commercial firms is receiving increasing attention in current ef

forts toward both water pollution control and water reuse, especially 

where isolated or separable sewage effluent sources in small to moderate 
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quantities are subject to treatment. The county operates four such 

plants in the Tucson region, treating 30,000 gpd of flow; at this level 

the operating cost is about 34.5 cents/1000 gal of which two-thirds is 

power cost, and the total treatment cost is approximately 51.0 cents/1000 

gal figured at a capital cost of 75 cents/gpd capacity and amortization 

over 20 years at 5.0 percent. 

These cost figures are given here merely to indicate current 

costs for these small plants. The use of package plants postulated in 

Chapter 4, however, is on the much larger plant scale of 2.0 mgd, and 

these costs are quite sensitive to economies of scale. At a 2.0-mgd 

treatment level the operating costs can be estimated at 3.4 cents/1000 

gal, and total unit costs at 8.6 cents/1000 gal as shown in Table 12. 

This estimate pertains to an Infilco or equivalent design, generally in

corporating primary and secondary clarification, an extended aeration 

version of activated sludge treatment, and chlorination. The cost fig

ures are only slightly above projections based on equations recently 

formulated in a nationwide survey by Di Gregorio (1968). 

Water Conveyance 

For the purpose of making estimates of unit costs of water con

veyance as needed for the present analysis, an estimating procedure was 

synthesized from several basic sources. A useful guide and model to be 

used as a check againit design estimates is the work of Marks (1967) 

which we may call the "Texas study," supplemented as needed by Clark 

and Frost (1962). All conveyance is presumed to be accomplished by 

concrete cylinder pipelines. 
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For computations involving marginal changes in allocation of 

water on a short-run basis in an established distribution system, we 

need only the unit ($/ac-ft) cost of pumping water based on given power 

costs, lift, length of line, and efficiencies with which to derive the 

economically optimal pipe diameter. This marginal cost can then be 

applied to the delivery rate. The Texas study covers delivery rates of 

1.0 mgd and larger, and the charts and graphs by Clark and Frost cover 

smaller flow rates. 

Where estimates are required for planning decisions requiring 

new construction, the criterion for determining cost of water conveyance 

to the point of use is the unit cost sufficient to pay the annual pump-

ing cost as computed above, plus that amount required to amortize the 

fixed costs for pipelines and pump stations over the project life. In 

order to make comparative evaluation of structural adjustments, this 

water cost and the expected benefits of use are discounted to present 

value in the decision year T. The present value formulae are as given 
o 

elsewhere in this study. 

For the present purpose electric power was assumed in all in-

stances (except one, as mentioned below) because of its general avail-

ability at all locations and relatively high efficiency at various 

delivery rates. Natural gas could be figured as a less expensive 

source of power at those places where one can tie in to existing gas 

pipelines and 'vhere large delivery rates are applicable to the efficient 

use of large natural gas engines. 
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A special computation is made for one such alternative, that of 

conveying the entire treated effluent MIl from the City treatment plant 

to the copper mines south of Tucson. The City of Tucson has made pre

liminary calculations of cost of conveyance of the effluent, and the 

unit costs so derived with modifications by the writer are used for 

evaluation in Chapter 4. The assumptions applied therein are given in 

Appendix A. Other conveyance lines considered in Chapter 4 are the di

version of sewage to Randolph Park for treatment and the transporting of 

effluent from the Hughes and Tucson Gas and Electric plants to the Air

port site. Individual estimates for these are developed or adopted as 

cited in that section. 

The cost of conveying untreated sewage through the collection 

system is given in the Annual Report of the Sewerage Division (City of 

Tucson 1969, p. 38). One can deduce an average unit cost in the total 

system for the year by combining net expenses and quantity of influent 

to the plant, thereby obtaining a cost of $4.30/ac-ft for FY 1969. 

Water Storage 

Large-scale storage of water is not contemplated as a basic 

activity in the control and use of salvageable waters; where storage is 

required, it involves relatively small volumes of water and is gener

ally a short-run operational feature of water control. The costs of 

initial construction and continuing operation of small surface reser

voirs as holding ponds or detention basins for desilting or cooling are 

estimated on the same basis as are costs for the county oxidation pond? 
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Subsurface storage by artificial ground-water recharge is con

sidered preferable for holdover of treated effluents. For this purpose 

the total unit costs for construction and operation of recharge basins 

an~ recovery wells are cited in Chapter 5, and the variable costs of 

the storage operation, attributable chiefly to pumping back the stored 

waters, are described in a later section dealing with the storage al-

ternative. 

Unit Benefits Attributable 
to Uses of Salvaged Water 

Empirical analyses have been made with which to assess the unit 

value in use of reclaimed water in the agricultural and recreational 

uses defined in this study. Similar values for the industrial uses have 

been selected or modified from the published literature. 

Agricultural Uses 

The net benefits attributable to irrigation water can be evalu- _ 

ated by means of a farm-budget analysis. Relative to a specified area 

and a specified time, a curve can be constructed which will show net 

revenue over variable costs attributable (as a residual) to irrigation 

water in the production of various crops. This curve can represent one 

or more farm sizes to indicate economies of scale, and will be aggre-

gated to the level of the entire area of interest, in terms of an ex-

pansion of the "composite acre" which reflects the cropping pattern of 

the area. The form of the expression for the aggregate is as fo11O"O-7s: 



where x. = 
l. 

n 
L 

i=l 
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x. 
~ 

(TR . - TV C.) A 
~ ~ 

composite acre 

I 

A = number of acres for each crop in the area, 

and TR and TVC = total returns and total variable costs, 

PB = primary benefits attributable to water for the 
crop. 

A plot of the curve obtained from this expression is shown in 

84 

Figure 4. In order to obtain the components of the abscissa in units of 

acre-feet, one must obtain the number of acres in each crop for the area, 

for the year in question, which is a matrix of crop acreages C for the 

incremental farming units 

n 
crops 

m farms 

CII • • • • • • • Clm 
• 

enl . . . . . . . C nm 

which is to be multiplied by a matrix of water-use coefficients for each 

crop, for each part of the area, in acre-feet per acre 
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The vector representing the products CK of each crop type and 

its corresponding water-use coefficient will contain the accumulative 

elements of water in acre-feet applied to the area (Table 13). 

In order to obtain the components of the ordinate, we need to 

know the yield per acre for each crop in the area, the price per unit 
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yield for each crop, and the proportion of each crop in the composite 

irrigated cropping pattern. These data may be arranged for the unit 

regional farm as shown in Table 14. The result of this multiplication 

is a value for gross revenue per acre over the unit area. For deter-

mination of net returns, values assigned to the cost of inputs for pro-

duction for the unit area must be deducted, and the "water value" will 

be a residual claimant to the net revenue of the unit. Then net bene-

fit (primary) attributable to irrigation water is computed as (TR.-TVC.) 
1. 1. 

with respect to each crop or as (TR-TVC) summed with respect to the 

composite acre. The aggregate values for the basin are reached by ap-

plying the crop acreage data in the equation shown earlier. Secondary 

benefits or multiplier effects attributable to these activities would 

be applied as appropriate for long-term analysis. 



Table 13. Cropping Pattern and Irrigation Water Use in the Tucson 
Region, 1969. 
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Crop Acres 
Irrigateda 

Water Use 
Coefficient 
(Ac-Ft/Ac)b 

Water Use 
(Ac-Ft) 

Accumulated 
Water Use 

(Ac-Ft) 

Alfalfa 

c Cotton 

G • d ral.n 

Lettucee 

M . f al.ze 

Orchardg 

Pasture 

Pecans 

Sugar beets 

Miscellaneous 

1,012 

4,450 

1,930 

722 

2,431 

261 

2,137 

5,190 

170 

283 

5.6 5,667 5,667 

4.4 19,580 25,247 

3.1 5,983 31,230 

1.9 1,372 32,602 

3.1 7,536 40,138 

4.4 1,148 41,286 

5.0 10,685 51,971 

4.4 22,836 74,807 

4.4 748 75,555 

4.1 1,160 76,715 

a 
From 1969 Crop Survey, Dept. of Agric. Engineering, Univ. of 

Arizona. 

bBased on Erie, French, and Harris (1965) and Dept. of Agric. 
Engineering, and modified by the writer. 

cAll solid-planted. Approximately 90 percent Upland or short-
staple. 

dpractica1ly all barley. 

e . 
Spring lettuce; no fall crop. 

f Includes 113 acres of field corn. 

gPrincipally oranges. 



Table 14. Summary of Net Returns per Acre for Irrigated Crops in the Tucson Region. 

Grop 

Alfalfa 
Cotton 

Grain 
Lettuce (spring) 
Maize 
Orchard 
Pas ture 
Pecans 
Sugar beets 
Misce 11aneous 

Unit 

Tons 
Lbs 

Cwt 
Cwt 
Cwt 

AUM 
Cwt 
Tons 

a Output/Ac 

4.5 
1051 (lint)c 
1700 (seed) 

38.4 
180 
41.2 

10.Og 
0-3l50h 

20.5c 

Price/Unitb Gross Total 

Revenue/Ac 
Variable 
Costs/Acc 

$ 111.15 $ 57.96d 

374.23e 199.33 
$ 24.70 

.2059c 

.025 
87.17 42.76 d 

891.00 759.19 
2.27 
4.95 
2.24c 92.29 56.30 

60.00 30.00 
0-1l02.50h 68.00-l90.00h 

6.00g 
35.00h 
13.80c ,e 283.00 161.53 

aFrom Arizona Crop and Livestock Reporting Service (1969), unless otherwise noted. 

bFrom The University of Arizona (1969, p. 4), unless otherwise noted. 

cFrom Wildermuth, Martin, and Rieck (1969, p. 63-80), unless otherwise noted. 

Net 
Revenue/Ac 

$ 53.19 
174.90 

44.41 
131.81 
35.99f 

219.00 
30.00h 

219.00 
121.47 
135.75 

dFrom unpublished data, Univ. of Ariz. Dept. of Agric. Economics, furnished by Dr. L. E. 
Mack. Costs relate to farm sizes ranging from 520 to 960 acres. 

e Includes Government payment. 

f Net revenue assumed equivalent to that of pecan orchard. 

gSalt River Project 1968 Annual Report. 

hData from County Agricultural Agent. Net revenue as shown is annualized average over life ~ 
of orchard (see text). 
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The net returns calculated above are on a per-acre basis. In 

order to translate these values to returns per acre-foot of water, they 

are divided by the respective water-use coefficients for each crop 

type. 

It should be stressed here that Figure 4 does not account for 

fixed costs of the irrigated farming activities, as would be necessary 

in a long-run analysis. The calculation illustrated above deducts only 

the variable year-by-year costs of each crop activity on an established 

farm operation, and assumes that these costs arise each year without 

time dependence, except in the case of pecans. Variable costs for 

pecans are time-linked according to stages of the life cycle of the 

orchard, increasing in later years with heavier harvesting operations 

(Table 14). Revenues vary also, owing to increasing per-acre yields 

with maturity, followed eventually by decline. The idealized length 

of life cycle and replacement period in the commercial operation has 

not yet been well established for this region, the entire activity be

ing not more than five or six years old. Anticipated yields and vari

able costs as given in Table 14 and a perpetual 20-year life cycle were 

based upon the most recent data compiled by the Pima County Agricul

tural Agent on local Arizona operations and the established New Mexico 

industry, in addition to operational data from southern states (McElroy 

and Powell 1963), all adjusted as closely as practicable to known or 

predicted conditions in the Tucson region. 

Accordingly, the anticipated stream of unit net revenues over 

variable costs was constructed for the expected individual life cycle, 
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and discounted to present value by the relation (PV)b 

where NRt is the amount of net revenue for each year, 

= 2: NR (l+i)-t 
t=l t 

PVb is the begin-

ning-of-cycle present value of a single-cycle series with varying 

annual returns, i is discount rate (8 percent), and t is a given year in 

the cycle. This was expanded to the present value of a perpetual series 

by the formula, as derived by Moore (1947, p. 971-972) and as modified 

by Professor M. M. Kelso, 

PV = 
a PV [1 + 1 ] 

b (1 + i)n - 1 

where PV is the present value of the perpetual series, and the other a 

terms are as before. The PV was converted to an annualized average 
a 

value extended to "infinity," or (PV). = annual annuity value~., a ]. 00/ ]. 

which is the per-acre return shown in Table 14. 

Although the water-use function as developed and utilized above 

includes acreages for ten crop types, these are combined into four 

classes of crops related to the cropping activities Al to A4 • These 

are distinguished by ascending order of intensiveness or unit net-

return level and also in part by ascending degrees of required treat-

ment of salvaged waters for allocation to each activity. The Al activ-

ity, called "field and forage crops," contains several extensive crops 

and combines grain (barley), maize (sorghum), alfalfa, and pasture 

acreages with minor amounts of sugar beets and unclassified miscellan-

eous cropped areas. A weighted average of net returns figured over 

these respective acreages yields $11.02/ac-ft as illustrated by the Al 

line in Figure 4. 
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The A2 water-use activity is irrigation of cotton, taken sepa

rately because it represents a relatively large block of water use at 

a distinctive net-return level, the extent in quantity being con

strained closely by governmental allotments and price subsidies. 

The A3 activity, orchard, as discussed above, possesses time

dependency beyond the seasonal or single-year unit, and is character

ized in part by the input mix of large unit operations such as the one 

currently being developed in the Sahuarita district. The A3 category 

includes a very small proportion (261 acres) of citrus. 

The A4 activity is irrigation of the highly intensive vegetable 

crops, here called "produce." The acreage at present is entirely in 

lettuce, which is rather tightly constrained horizontally by year-to

year market conditions. 

Each of these activities can be evaluated in terms of linear 

net-return coefficients as indicated by the horizontal segments of the 

graphs in Figure 4. However, for use in illustrating the nonlinear 

function of diminishing marginal returns with increasing quantity in 

each activity, a regression line was fitted to the midpoints of the 

vertical segments of the stepwise curve. The fit was made with the aid 

of CDC 6400 computer coding, in which the slope and intercept were com

puted by several methods. The "maj or axis fit," which minimizes abso

lute (perpendicular, not vertical) distances from the best fit line, 

gave values of 64.486 for intercept and -0.8425 for slope. The result

ing curve, plotted in Figure 4, is useful in approximating a piecewise 

linearization of the nonlinear total-returns function. 
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Recreational Uses 

Methods of evaluating outdoor recreation benefits have received 

the close attention of numerous economic analysts in recent years, 

principally because of increased awareness of disparities between "sup

ply," as measured by availability of existing recreation facilities, 

and "demand," as measured in terms of present and projected user par

ticipation. Attempts at assessing benefits have accentuated the diffi

culties inherent therein, most of which arise from two factors--the 

prevailing policy of public ownership of recreation sites, and the 

corresponding absence of a market mechanism for establishing price on 

recreational activities. An additional problem is that of distinguish

ing between individual and social benefits, because of externalities, 

and the associated question of whether the benefits arrived at are at

tributable to the "recreation experience" or to the "recreation re-

source." 

The methods of analysis developed in recent years have been sum

marized by Clawson (1959) and Lerner (1962), among others. Among the 

general classes of analytical technique is the evaluation of willing

ness to pay, by either direct or indirect determination. A "direct" 

method determines recreationists' demand in terms of willingness to 

pay, by a surveyor interview asking how much they would pay to par

ticipate in certain recreational activities. An "indirect" method is 

one by which benefits are related to a demand curve which is constructed 

in turn by imputing to the recreation user a willingness to pay, on the 

basis of his observed behavior in making expenditures for recreation 
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activity. The method employed herein is the direct interview, described 

in principle by Knetsch and Davis (1966). 

Review of published literature, supplemented by local inquiry, 

disclosed that no previous studies had been made which would serve as 

a basis for quantification of value in use of water for urban recre-

ation by Tucson residents. A study by Cox (1969) included socioeconomic 

data on Tucson households as determined in a 1967 survey by Professors 

D. A. King and M. M. Kelso, but Cox's evaluation of water demand in 

recreation was related to five rural recreation area sets, ranging from 

Lake Powell as the most distant to Rose Canyon Lake as the nearest to 

Tucson. 

Unpublished data are available also from a survey made by Van 

Deusen (1966), in which four kinds of information were sought--socio-

economic characteristics of responding Tucson households, the extent of 

respondent's knowledge on water reuse, his reaction to the idea of 

waste-water reuse for recreation in Tucson, and information on his 

political stance and voting behavior. Only the third category gave 

economic information, and this was quite generalized. 

Because of the need for specific and detailed data for evalua-

tion of demand, an independent survey was developed and carried out for 

this analysis. The method of telephone interview was employed, to 

sample Tucson residents as participants in urban water-based outdoor 

recreational activities. The sampling area was centered at Randolph 

Municipal Park, which is very near the population center of metropoli-

tan Tucson and was extended to cover 100 square miles by drawing a , 
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series of five concentric squares with increasing coordinate radii in 

one-mile increments. 

Questions to the interviewees were posited on the existence of 

a hypothetical recreation resource, centrally located in the urban 

area. In order to convey a mental image of such a location, the inter-

viewers mentioned Randolph Park as necessary to make firm the concep-

tual location but in so doing were careful to convey a description, not 

of the existing facility at Randolph Park but rather of the facility 

postulated by the questions. 

The target sample size was taken as 500 households. The size 

of the population is indicated by the number of water service connec-

tions of the City Water and Sewers Department, about 65,000, which at 

3.3 persons per connection would represent approximately 215,000 resi-

dents. Some industrial or commercial connections are included, so that 

the number of residential households is lessened, but the 100-square-

mile sample area encloses some outlying areas not served by the city; 

therefore the number of recreating households in the statistical popu-

lation is believed to balance out at some level between 60,000 and 

70,000. The appropriate sample size was determined by a standard for-

mula as given by Cochran (1964). The first approximation was 

n = 
o 

(1.96)2(0.5)(0.5) 

(0.05)2 
= 384 

where d is the acceptable margin of error in p, and t represents a con-

fidence interval of 95 percent. To allow for nonresponses, it was 



decided to select an ini tial sample of 500 households; the net result 

was a total of 415 completed interviews. 

The sample elements were distributed both radially and direc-
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tionally by a method of random-number selection, and identification of 

the elements was accomplished by use of the Polk Tucson City Directory 

for 1969. Prior to the interviews, a preconditioning letter was mailed 

to all the selected respondents (Appendix B), which it is felt greatly 

facilitated the establishment of rapport at the beginning of interview, 

and probably improved total response. 

The questionnaire, a copy o£ which is included in Appendix B, 

contained five questions. The first was introductory; the fourth and 

fifth requested relevant though independent information; the second and 

third were structured to yield the essential quantitative data for eval-

uation of recreation benefits. The postulated fee schedules for each 

activity under Question 3 were iterated from high to low value, so that 

the figure elicited from the respondent was the maximum amount that he 

would be willing to pay for that recreation occasion rather than forego 

it altogether. A curve fitted to all such maxima has been called the 

"all-or-none demand curve" (Patinkin 1963), which will be discussed 

below. 

The R water-use activity was extracted from the survey results 
1 

by first separating out the value associated with picnicking and gen-

era 1 use, and then combining the results from the fishing and boating 

activities. These combined data were then arranged in (X, Y) pairs 

where each Y represents a level of maximum willingness to pay in 
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dollars per recreation occasion (visit) and the corresponding X is the 

accumulative number of visits indicated for that level by the survey 

respondents. A curve drawn through all plotted points representing 

these pairs would be the "all-or-none" curve which is the dashed line 

in Figure 5. In one sense the points describing this curve can be con

sidered as minima on the X-axis, since their plotting implies perfectly 

inelastic demand between each fee level and the next lower one, al

though some unknown degree of elasticity is to be suspected which would 

tend to shift the curve increasingly outward with decreasing price. 

Counteracting this effect, however, is the possibility that the pros

pective user's perception tends toward idealization of the recreational 

experience, so that in practice the quantity coordinate would fall 

slightly short of that expressed by the interviewee. These two effects 

have not been quantified but are recognized here as apparently compen

sating sources of error. 

The theoretical relationships between this curve and the "com

pensated" demand curve have been discussed by Patinkin (1963, p. 83-88) 

and the approximate relative positions of these curves as continuous 

functions are illustrated in Figure 5. The lower or compensated curve 

bears the same relation to the all-or-none curve as a marginal curve 

bears to an average; we can make use of this familiar fact to deduce 

their relative positions on the graph. Considering the recreation 

enterprise as an activity of an industry, the plotted points represent

ing the (X, Y) pairs appear as points on the average revenue curve for 

that activity, and the compensated curve is both a marginal revenue 
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function and a derived demand curve for that activity, i.e., for the 

aggregate of all inputs required to produce the recreation facility. 
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Further, we can make a quantitative evaluation by first con

structing the compensated curve, an illustration of which is given with 

geometric proof by Baumol (1965, p. 27-31) and then evaluating the 

total (gross) area under the compensated curve relative to the sample 

taken during the survey, thus obtaining a gross consumer's surplus. 

Rather than integrate the area under the theoretical smooth curve, we 

will sum by successive approximations the incremental marginal bene

fits under the curve, making use of the actual empirical price breaks 

given by respondents in the direct interviews. Later we can utilize 

the increments in another sense, to define linear segments which ap

proximate the nonlinear demand curve over selected incremental ranges. 

The summed demand under the compensated curve is $11,190/yr, 

which represents gross annual benefits attributable to the fishing and 

boating activities at the hypothetical recreational facility aggregated 

over the households sampled. This must be extended from the sample to 

the population, apparently by a factor of 150 on the basis of a sample 

of 415 and a population of slightly less than 65,000 households in the 

demand area. It is immediately evident, however, that one facility 

such as that proposed would be limited in capacity to much less than 

the actual full population. We can turn to established standards for 

urban recreation resources as set out by the National Recreation Asso

ciation (1952, p. 34-41), to obtain an approximation of this relation

ship. The standards call for municipal park area equivalent to 1 acre 



per 100 persons in the community. (This is exclusive of and in addi

tion to federal, state, or county parks within driving distance.) 

Within each of the municipal parks, at least one-fourth of the area 

should be for playgrounds or active sports. 
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Randolph Park presently represents one unit containing a net 

area of approximately 400 acres, of which about three-fourths is dedi

cated to golf, tennis, and baseball facilities and the remainder to 

zoo, lake, picnic areas, and general playground activities. A 20-acre 

lake such as that proposed herein would occupy 5 percent of the total 

park area or 20 percent of the latter described area; this water facil

ity would be operationally feasible provided the total park facility 

were so planned and dedicated, while it is at once evident that the 

water facility on any larger scale would become impossibly constrained 

by space requirements for the appurtenant boat docks, launching ramps, 

and parking areas, in addition to the other facilities mentioned. 

The relative extent of space requirement for golf course and 

other activities will of course vary from one park unit to another, but 

taking Randolph Park as an example and assuming the 20-acre fishing and 

boating lake were integrated with it, we find that five such units 

within the survey area would serve to meet the standards cited. On 

this basis the sample survey results pertaining to the single facility 

can be expanded tentatively by a factor of 30, to serve a user popula

tion of 12,500 households or 43,000 persons. 

Presently in existence or under development by municipal 

authority, in addition to Randolph Park, are two units of comparable 

scale, each with water bodies in the 15- to 20-acre range; these are 
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Kennedy Park in the southwest area, and the northwest area recreational 

facility being developed near the city treatment plant. Other smaller 

park areas either reserved or in use, in combination with the above, 

indicate a total park area generally consistent with the standards. It 

is evident, however, in view of the above estimates, assumptions, and 

empirical survey results, that a partially unfilled demand presently 

exists for the water-based urban recreational facility. 

Having expanded the demand evaluated from the sample to the in

dicated capacity in terms of user population, we can check the expected 

user pressure against specific standards relating design of facilities 

to the separate activities. Application of standards most pertinent to 

local conditions (Nez 1961, U. S. Soil Conservation Service 1964, Corn

well and Holcomb 1966, Louisiana Parks and Recreation Commission 1966) 

indicates that the loading imposed by the 30-fold expansion of the sam

ple is compatible with the standards at or near maximum intensity of 

use. At this level the annual gross returns to the water facility 

would be $335,700. 

In order to determine net benefits of the facility, we must ac

count for costs for all the inputs except water, and derive the net 

marginal value product of water as a residual claimant to the net rent 

of the recreational resource. The annual variable costs associated with 

two existing facilities, in terms of administrative expenses and opera

tion and maintenance, were used as a basis for estimating such costs 

with respect to the facility proposed for this analysis. Such actual 

costs for ,1969 were furnished by the City Parks and Recreation Department 
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in relation to Reid Lake, a 5-acre water facility presently in opera

tion at Randolph Park in Tucson and supporting the single activity of 

fishing for children not more than 12 years of age. The amount for all 

variable costs except the fishing concession is $11,600/yr. Fishing

related sales are a rather small part of the total concessionaire ac

tivity, and it was estimated that the relatively minor amount of boating 

that could be sustained on this small acreage would increase the operat

ing costs for fishing and boating to not more than 3/4 man-years or 

$3,600, bringing the annual total to $15,200. 

The Supervisor's office of the Coronado National Forest, U. S. 

Forest Service, furnished similar data, including full fishing and boat

ing activities, for Pena Blanca Lake, a 50-acre facility about 60 miles 

southwest of Tucson. These costs currently are $2l,200/yr. 

These two estimates differ according to two principal kinds of 

variables--the size of each facility and the intensity of activities at 

the respective sites. Maintenance and associated labor costs, chiefly 

for litter control, weed control, and repair and upkeep of facilities, 

appear to be directly proportional to area. The administrative costs, 

however, depend also upon location and activity and the corresponding 

necessity for recreation leaders, guards, general attendants, and 

shoreline inspectors, especially during special events such as weekend 

fishing derbies, model boat contests, or sailboat races. Accordingly, 

although Reid Lake is much smaller and does not offer boating, it re

ceives very intensive activity and these costs are reflected in the 

seemingly disproportionate figures given above. 



102 

In considering costs for the proposed 20-acre lake in an urban 

setting, we must judge that such costs will be more nearly like those 

for urban Reid Lake than those for rural Pena Blanca Lake. Having made 

this adjustment for activity level and assuming the likelihood of heavy 

user pressure at all sizes of lake within the present projection (see 

discussion of capacity limitations), we can conclude that this intensity 

of use is to be sustained irrespective of size and that the absolute 

magnitude of resulting costs will increase approximately in direct pro

portion to extended sizes of water surface available. It is estimated 

that the postulated facility with 20 surface acres of water for both 

fishing and boating activities would incur per-acre variable costs of 

$500/yr for maintenance and $l200/yr for administrative and operational 

costs (wages), or a total variable cost of $34,000/yr. 

The figures developed above for both benefits and costs are in 

units of dollars per year relative to the entire facility. To obtain 

units comparable to those developed earlier for short-run analysis of 

agricultural uses, we must divide by annual water input required to 

sustain these activities. The initial volume of water needed upon com

pletion of construction, depending upon design depth and filling cri

teria, would be equal to the area times a constant average depth on the 

order of 10 feet, and might be chargeable to first-year fixed costs, as 

discussed below. 

It is desirable, however, to maintain circulation and to provide 

a capability for periodic sluicing or draining at a rate of at least 

one complete volume replacement per year, to cover the risk of 
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accidental pollution or accumulated rubble due to intensive use. The 

filling volume then can be considered a repetitive annual requirement. 

In addition, the annual consumptive water use would be that re

quired to replace vertical losses with two components, upward evapora

tion loss and downward seepage loss. It becomes very important, 

therefore, in assessing per-acre-foot benefits or costs, to make ap

propriate decisions regarding control of these losses. Under conditions 

of economic scarcity of water, it may be desirable to incur a higher 

fixed cost for more effective sealing of the lake bottom with plastic 

liners as well as operational costs for evaporation suppression, in 

order to realize annual water savings. Without general scarcity, 

lesser investment costs for these controls might be preferred since 

fairly high unit returns could still be anticipated. 

For an initial unit evaluation let us assume that no measures 

are incorporated for evaporation suppression and that the lake is 

sealed with local clay and Wyoming bentonite by the reasonably success

ful procedure used in the existing Reid Lake. Under these conditions 

an annual evaporation loss of 5.8 feet might be expected, plus a long

term seepage loss of 0.035 ft/day or 12.8 ft/yr for a total of 18.6 

which may be rounded to 20 feet per year or 400 acre-feet for 20 acres. 

The total estimated annual input therefore is 600 acre-feet. 

On this basis the annual gross benefits are $559.50/ac-ft and 

the' annual variable costs are $56.67/ac-ft for a unit net return to 

water of $502.83/ac-ft per year (calculated figures only; not all 

figures significant). 
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In order to undertake long-run analysis of structural adjust

ments involving such facilities, the fixed costs for design and con

struction can be estimated and amortized over the expected life of the 

facility. It is assumed, as explained previously, that land require

ments have been fulfilled. An estimate for the actual water facility 

then is $263,000 for lake construction, appurtenances, initial filling, 

and engineering costs. This amount amortized at 5 percent for 30 years 

is equivalent to an annual payment of $17,100, which is to be added to 

annual variable costs in long-run evaluation (equal to $28.50/ac-ft). 

With regard to R2 use (landscape irrigation), net unit value in 

use of water can be considered equivalent to that for pasture under Al 

uses, which is $.6.00/ac-ft. In other terms this can be considered a 

minimum net value, as it approximates the rate that would be incurred 

for obtaining pumped ground water for park and golf course irrigation 

if wells were located on the site for that purpose. 

It is readily apparent that some part of the water dedicated to 

this R2 use may be complementary to that in Rl use, under conditions 

where the recreational lake can be operated jointly as a holding reser

voir for releases to park irrigation. 

Industrial Uses 

In attempting to assess the value of water in industrial uses, 

a high unit value is commonly found, especially in uses where water is 

relatively minor quantitatively among all the input factors. These 

high returns per unit of water intake supposedly give some indication 

of the "maximum" rate the industry could pay for water and still remain 
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in production. This is, however, unrelated to the industry's willing-

ness to pay; in both public and private sectors the user is of course 

attracted to the "minimum" or the least expensive available source. 

Projections of unit returns to water in the industrial uses under vari-

ous conditions, then, will be represented by some point within the 

range between the two kinds of figures indicated above. 

The actual variable cost to the copper mines in the Tucson re-

gion for obtaining water is about $20.00/ac-ft according to Clausen 

(1970), who applied this figure to refer to a single point on the de-

mand curve for industrial uses in general. Equivalent figures can be 

cited relative to the more specific use 12 (mining and milling). 

Gilkey and Beckman (1963) state that Arizona mineral-industry opera-

tions are "self-suppliers" of 87.8 percent of their new water, and that 

figures for fourteen copper, lead-zinc, and uranium operations showed 

an average cost of $40.73/ac-ft including power, labor, and supplies. 

As specific examples, expected costs at the Mission Unit of American 

Smelting and Refining Company were $16.29/ac-ft, and actual cost for 

pumping power only at Pima Mining Company's open pit were $23.46/ac-ft. 

For the I use (cooling water at power plants) the largest user is 
1 

Tucson Gas and Electric Company Plant No.1, which is supplied by six 

wells at a cost of about $12.60/ac-ft. 

An indication of gross water value in use in the mineral indus-

tries also is given by Gilkey and Beckman (1963, p. 86-87). In lieu of 

data for analysis of value added, an estimate was made in terms of 

"value of product," which is simply a quotient of statewide 
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smelter-product value of production for the copper and lead-zinc opera-

tions divided by the total quantities of new water intake and water 

consumption in the same industries. The resulting value of product for 

each acre-foot of new water intake was $497.60, and the value of produc

tion for each acre-foot consumed was $856.71. 

The statewide inter-industry analysis by Tijoriwala, Martin, 

and Bower (1968) develops direct value added per acre-foot of water in

take in 24 sectors of the Arizona economy. In mining (1 2) use, the 

direct requirement for water per $1,000 of output is 0.147 acre-feet. 

As the technical coefficient for value added ($) in mining per ($) out

put is 0.477439, a gross value added of $3247.99 is associated with each 

acre-foot of input. This gross value added, however, is comprised of 

returns to numerous input factors, and in order to be more nearly com

parable to unit water values developed earlier for the agricultural and 

recreational uses, wages for labor should be accounted for and computed 

out of this gross value added. Doing so with the aid of labor coeffi

cients and payroll data from the Statistical Supplement to the above 

reference, we can deduce a value added of $1452.l5/ac-ft. Application 

of a similar analysis to the utilities sector yields a value added of 

$967.4l/ac-ft (calculated figures only; not all figures significant). 

For the purposes of the present research, the "low" figures of 

about $20.00/ac-ft for mining and $12.50/ac-ft for utilities, and the 

"high" figures of approximately $1,450 and $950 per acre-foot, respec

tively, will be considered to define a range of values, within which 
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several levels can be selected for testing in the analytical model of 

water use. 

Costs and Benefits of the Subsurface 
Storage Alternative 

The foregoing analysis assumes transformation of waters from 

source to use without appreciable lapse of time. As stated earlier, 

however, the alternative to immediate use is temporary storage, util-

ized most appropriately when a time gap exists between maximum supplies 

available and maximum demands for use. Surface reservoir storage in 

the semi-arid regions entails high rates of evaporative loss in addition 

to relatively large land use and construction costs. Water spreading 

or injection for subsurface storage, which will be the method consid-

ered here, mitigates these disadvantages. Additional incentives are 

stated by Frankel (1967, p. 290): liThe reuse of reclaimed water offers 

a practical means of conserving large quantities of water now being 

wasted •••• Indirect reuse through artificial recharge of ground 

water aquifers offers great potential as a reclamation scheme. The ap-

proach takes advantage of dilution, time, and of psychological factors 

not inherent in direct reuse." 

The psychological factors, especially in the case of domestic 

reuse of municipal effluents, are likely to be quite significant, al-

though perhaps not easily quantified. They are evidently time-related, 

the psychological benefits increasing with time of detachment between 

source and use. The dilution effect, or more generally the improve-

ments in quality with deep percolation, can be quantified but have not 
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received extensive economic study; they are seen to require a time ele-

ment for effectiveness. Time-relatedness, inherent in the process of 

storage, leads then to an evaluation which includes the time dimension. 

This can be done by discounting to present value the stream of benefits 

and costs calculated for a projected planning period or operational 

period. 

The general objective considered herein is the maximization of 

net benefit of a set of water reuses, expressed as 

z = L U •• Q •• 
i j 1J 1J 

subject to certain constraints. This expression is for a current time 

period too short to be discounted. To extend over a storage period, we 

would evaluate 

PV (Z) = 
T 

L 
t=l 

[~~ ] ( )-n kk U .. Q.. 1 + r 
i j 1J 1J 

where PV = present value, 

T = length of storage and withdrawal period (yrs or mos), 

r = social discount rate, 

n = number of yrs (or mos) intervening between present time 

and a particular yr (or mo) being evaluated, 

Q in the integrand is the variable quantity of water per unit 

time, and 

U = (B-C), wherein U must be specified as relevant to some 

particular type of use in order to evaluate gross bene-

fits B, and C includes incremental costs of recharging 
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water, either continuously or at intermittent intervals, 

plus the cost of subsequent recovery by pumping. 

Expanding, U = (B-C) (BR + B ) - C - (C + C ) 
P F R P 

where 

B 
P 

= 

= 

= 

= 

= 

unit benefits due to quality improvement accruing in the 

recharge operation, 

expected unit benefits attributable to reuse after recov-

ery by pumping, 

fixed costs of the recharge facility, 

variable costs of the recharge operation, and 

unit costs of recovery by pumping. 

It is apparent at once that the last term C = f (H), where H 
p 

will represent the pumping lift at the points of recovery, and moreover 

that f (H) will be a function of both time and location in a dynami-

cally operating ground-water reservoir. Therefore it becomes helpful 

to digress temporarily from a lumped parameter system to a distributed 

parameter system, or field problem, in the language of Chapter 1. In 

these terms, we are here dealing not with optimization theory and policy 

but with hydrology and operations. It may not be amiss, however, to 

rearrange these terms and say that this represents an optimization of 

operations, the output of which feeds back into an optimal policy model. 

The solution for f (H) which must be fed back in terms of costs 

can be obtained by one of two principal methods in modern ground-water 

theory--pumping-test analysis and areal numerical-analysis methods. 

Although image theory and flow-net analysis are useful aids in 
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evaluating boundary conditions and flow patterns, respectively, the 

more general mathematical solutions utilizing basic ground-water flow 

equations are commonly obtained from the well-pumping or numerical-

analysis methods. The choice between these two general methods depends 

upon the assumptions that can be made concerning the ground-water res-

ervoir, the kinds and quality of data that are available, and the 

purpose of the analysis. In any event, for the present problem we are 

most likely to solve for "static" water level or head h at one or more 
o 

selected recovery points at one or more projected times, and proceed 

from there to find pumping lift H which will be H = (h - h ) + h , sop 

where h - h = head difference between static level and land surface 
s 0 

or point of use, expressed in feet, and h = change in head from h due p 0 

to pumping of the recovery well, h being a function of the aquifer p 

characteristics, rate of pumping, and duration of pumping. 

The pumping-test method of determining ho would utilize commonly 

a form of the Thiem equilibrium formula or the Theis nonequilibrium 

formula or some modification thereof. Expressed in U. S. Geological 

Survey units (Ferris and others 1962) and in terms of change in head, 

the equilibrium formula is 

s = 

and the nonequilibriumformula is 

s = 114.6 Q w (u) 
T 



where 

W 

s = 
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drawdown in feet at any observation point in the vicinity 

of a well discharging at constant rate, 

Q = pumping rate in gpm, 

T = transmissivity in gpd/ft, 

r = distance in feet from the pumping well to the observation 

point, 

s = coefficient of storage (dimensionless), 

t = time in days since pumping started, and 

I 
-u 

(u) e 
= -- du 

u ' 

wherein u = 1.87 
2 

S/Tt • r 

These formulas may be used initially to determine the aquifer 

coefficients T and S in a specified area, using measured values of Q, 

r, s, and t. Having T and S, one can then readily predict the unknown 

s for any assumed values of Q, r, and t. Also, the discharging or 

pumped well theoretically can be a recharging we 11 and the resulting s 

can be a rise in water level instead of a drawdown. The desired param-

eter h in the present analysis then would be the computed s in combin
o 

ation with an initially measured water level h. at the location in 
1 

question, or h = h. + s. 
o 1 -

The derivation of the equilibrium formula contains the restric-

tive assumptions of a steady-state system and laminar ground-water 

flow; the nonequilibrium formula assumes an infinitesimally small well 

diameter and instantaneous discharge of water from storage with decline 

in head. In addition, both formulas are based on the assumptions that 

the aquifer is homogeneous, isotropic, and of infinite areal extent; the 
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discharge or recharge well penetrates the entire thickness of the aqui

fer; and the T parameter is constant at all times and at all places. 

Although these restrictions have not unduly hindered the wide

spread use and application of these methods in well-field analysis, 

there are ground-water systems in which the facilities or resources 

available may be inadequate to conduct aquifer tests at enough loca

tions to account for varying T, evaluate boundary conditions, and in

clude all the locations of interest within the area of influence of the 

testing wells. In these circumstances it may be advantageous to use 

methods of numerical analysis for quantitative solutions, which can be 

based upon simple water-level data and account for nonsteady flow in 

nonhomogeneous aquifers, utilizing finite-difference approximations of 

the basic differential equations that describe ground-water flow (Stall

man 1956, Ferris and others 1962). The theory and application of re

laxation procedures have been treated comprehensively by Allen (1954). 

Operational solutions commonly require formidable amounts of computa

tional time and labor, even with a desk calculator, hence the wide

spread renewal of interest in such procedures in recent years with the 

development of electronic digital computers which can perform the re

petitive iteration and relaxation algorithms in relatively short time. 

This method begins with reference to some combined form of the 

equation of continuity for an unconfined aquifer and Darcy's Law, 

yielding the general partial differential equation 

". Tvh - S a hlot - Q = 0 
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Expanding this vector and considering two-dimensional flow, the equa

tion becomes 

= (S a hi at - Q) I T 

This form of the equation is then converted to a finite-differ-

ence approximation which will utilize a relaxation scheme. Southwell 

(1946) has shown that the head differentials can be approximated in 

terms of head values at nearby points or nodes in an arbitrary grid 

system, and taking finite time increments one obtains the finite-

difference form 

= 

2 
where d = the unit area of a node-space in the grid of points used in 

the solution. This form should prove useful, in addition to the pump-

ing-test methods, for predicting head distribution for pumpback opera-

tions following storage by artificial recharge. 

The Net Benefit Function 

A net benefit function is a function of an activity, such as an 

application of a specific salvageable water source to a specific bene-

ficial use. It contains elements of both benefit and cost, and its 

quantitative character is the net algebraic result U = (B-C) or the 

combination of a benefit function and a cost function both of which, it 

may be emphasized, must be functions of the same specific and identical 

activity. Modifications of these functions due to interdependence of 

mUltiple activities will be considered farther on. 



The net benefit function U is composed of several elements: 

1. Direct Benefits 

(a) Price to User (P) 

(b) User's Surplus (V) 

2. Direct Costs (C) 

3. Indirect Benefits and Costs (M) 
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Expanding to the total net benefit coefficient, we must later add two 

more elements: 

4. Latent Effects (L) 

5. External Economies and Diseconomies (E) 

It is not intended to imply that every activity produces all the 

elements listed; for any given source:use combination some elements are 

likely to have zero value, but generally the existence of any or all of 

them is possible. Some of these elements are rather readily evaluated, 

whereas others seem to be only qualitative and perhaps elusive, but it 

seems plausible that all might be subject to some form of quantifica

tion and certainly that all should be given consideration where appropri

ate. 

Direct Benefits and Costs 

The first term (price) can be used alone as a proxy for the en

tire direct benefit in terms of revenue to the producer. This was done 

by Clausen (1970) whose effort was directed specifically toward the 

evaluation of a pricing policy. He made certain assumptions thereto, 

such as the existence of an autonomous central water authority which 
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d II" 1" II f ten s to ~nterna ~ze some 0 the other elements of benefit and cost. , 
he recognized, as have others, that in some sectors the price paid or 

revenue collected for water is not representative of its "fu11 value II , 
because certain social attitudes and administrative practices prevent 

or inhibit the pricing mechanism inherent in the free market exchange 

of water as a scarce commodity. 

In addition to the actual price paid by the user for a given 

quantity of water at any given time, there is some additional increment 

of price that he would have paid for the same water rather than do 

without it. The amount measured by willingness to pay but not actually 

paid represents a "user's surplus" of some form which has a real and 

measurable value. Parallel to this is the term for direct costs, and 

the associated "producer's surplus." 

Indirect Benefits and Costs 

The terms discussed so far all have concerned direct benefits 

and costs, or those accruing to the producer and the user of the sa1-

vaged water product, and have been relevant to an efficiency maximiza-

tion criterion. The next factor is indirect benefits and costs, or 

those accruing to non-users by a multiplier effect acting on the direct 

benefits and costs and stemming from or induced by the water-use activ-

ity. These terms are evaluated then on a social level rather than an 

individual level and are relevant to the distribution ethic. 

The analysis of indirect benefits and costs has traditionally 

been a feature of project evaluation, commonly performed by a federal 

water agency and typically on a regional or larger scale. Irrigation 



projects have provided a fertile field for such evaluation, as re

ported in the literature, and more recently recreation benefits have 
, 

received much attention. In the present work, indirect benefits at-

tributable to the various uses of salvaged water will be recognized 
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where appropriate, by reference to methods used in regional studies. 

No original quantitative evaluation of multiplier effects will be made, 

however; it is assumed here that existing effects would be the same 

whether a given industry is served by ground water or by upgraded sal-

vaged water. 

Latent Effects and Externalities 

There are other elements in the net benefit function, many of 

which are peculiarly relevant to the subject matter at hand, salvaged 

waters, and to certain of the water uses considered herein. The first 

class of these consists of effects which either add to or subtract from 

the benefit of a use activity, generally through technical links be-

tween producer and user, which are here called latent effects. An ex-

ample of a positive latent effect (one that 'would add to benefit or 

decrease cost) would be the plant nutrient value of nitrogen, phos-

phorus, and potassium contained in secondary sewage treatment effluent 

applied to crop irrigation. A negative effect would be a high content 

of dissolved salts in water applied to crops not highly salt tolerant. 

The heat load of a cooling tower effluent may be either positive or 

negative in effect, depending upon the kind of use to which it is al-

located, and perhaps upon seasonal air temperature fluctuations and 

other variables. It is readily apparent that some of these effects 
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such as chemical content of water applied to soils may be entirely 

time-dependent, with value; 0 at time zero but ~ 0 at time t, in which 

event the term "latent" seems especially appropriate. 

Examples of such internal economies or diseconomies might sug

gest that other latent effects would play their counterparts in the 

form of external economies or diseconomies. There are in fact similar 

technological links, as well as institutional effects due to property 

rights and legal agreements or to public-goods aggregation, which af

fect third parties and are truly external. Externalities, however, are 

set out as a separate class of elements, being recognized as the ef

fects of other activities on the one at hand, which exert their effects 

on the production function of the producer or the utility of the user, 

whereas the internal effects originate within the activity at hand and 

are reflected within the production function. Insofar as these latter 

effects are direct and internal to the transformation subsystem, one 

might speculate that they already exist or are accounted for within the 

price paid or the consumer's surplus added thereto, and that there is 

danger of double-counting. This would perhaps be entirely true if the 

latent effects were fully and continuously recognized by the user. The 

contention here is that commonly they are so perceived either not at 

all or only in part by the user, and that under this condition they do 

not enter his rational choice and might well be accounted for separately, 

as are the externalities. 

Having thus introduced the several elements of the net benefit 

function in a preliminary and descriptive way, we can now proceed with 



a more explicit expression of both cost and net benefit as objective 

function coefficients. 

A Normative Model 
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The process of utilizing water from any source for any net bene-

fit purpose as discussed above is referred to here as a water use activ-

ity. The decision variable in each instance is the activity level or 

quantity Q of water to be used, generally in terms of acre-feet per 

unit time, and the kind of activity is designated by the notation Q ij' 

where i refers to the source of water and j refers to the type of use. 

The units of water being assigned to use are identical with the treated-

water components of the vector X of products resulting from the water-

salvage transformation described in Chapter 1. 

The spatial gap between source and use can be accounted for in 

a conveyance cost component which acts to modify net benefit, as de-

scribed above. However, when locations of water use activities must 

be distinguished for comparison or iterated over a series, the super-

k script k will be used, whence Q .. will denote obtaining water from 
~J 

source i and applying it to use j at location k. Where it becomes im-

practical to distribute the location parameters incrementally, they are 

lumped sufficiently so that a given k represents an area within which 

the characteristics of location are essentially homogeneous with re-

spect to benefit and cost variables--e.g., an irrigated farming area 

within one or two townships, or a recreational complex on a section of 

municipally dedicated land. Many of the computational illustrations in 

Chapter 4 are presented relative to such a lumped parameter system. 
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In order to examine for comparison an operational objective of 

cost minimization to satisfy current (1970) levels of use, we can uti

lize the array of cost coefficients C which have been determined as 

the sum of costs for conveyance, treatment, and storage and so are ex-

k k 
pressed functionally as C .. = f (C .. , T .. , S .. ) wherein only the con-

1.J 1.J 1.J 1.J 

veyanc,e cost is related to location. The objective function to be 

used in this formulation is then (where C is sum of costs) 

MIN Z = 
M N Kkk 
L L L C •• Q •• 

i=l j =1 k=l 1.J 1.J 

The more general measure of effectiveness to be employed will 

be an array of net benefit coefficients which are measures of differ-

ence between the above cost coefficients and the set of corresponding 

benefit coefficients B as evaluated previously in this chapter. These 

are functions of several variable components as described above, so that 

k k k k 
B.. = f(P., V . , M.). 

1.J J J J 
k k as U .. = f (C .. , 
1.J 1.J 

comes 

Therefore the net benefit coefficients are expressed 

T .. , S .. , p~, V~, M~) and the objective function be-
1.J 1.J J J J 

MAX Z = 
M N 
L L 

Kkk 
L U •• Q .• 

i=l j =1 k=l 1.J 1.J 

Next to be added to the model are the constraints, which are of 

four kinds: 1) Technological constraints, in the form of maximum avail-

abilities at sources and, where appropriate, minimum requirements for 

uses; 2) institutional constraints, arising from numerous sources such 

as terms of legal contracts, governmental allotments on certain crop 

acreages, standards for water-based urban recreational facilities, or 
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policy constraints implemented through local water agencies, any of 

which may commonly act as maxima applied to uses; 3) non-negativity 

conditions, stating that no negative quantities Q of water can realis-

tically be allocated; and 4) a set of economic optimality conditions. 

The "availability" inequality constraints relative to present 

(1970) source conditions can be set down simply as r t Q~j ~ Qi(MAX); 

i = 1, ., 8. This expands to a set of eight rows in the general 

constraint matrix, from the eight sources as given in Table 1. The 

right-hand-side coefficients can be given as constants for the 1970 

level, but for future time horizons the element of uncertainty enters 

and these coefficients must be predicted as expected values or as ly-

ing within a range of estimated values. This subject will be treated 

in more detail in Chapter 4. 

The minimal "requirements" or demand constraints are a neces-

sary part of the model in the cost minimization procedure; when we 

turn to net benefit maximization, these constraints are relaxed and 

quantities demanded apparently become more flexible, although this 

set of constraints is replaced to some approximate degree by the ef-

fective institutional constraints. Insofar as the "requirement" in-

equality constraints are operative, they appear in the form 

Qj(MIN); j = 1, ••• , 8 for the eight major uses listed in 

k 
~~ Q •• ~ 
i k 1.J 

Table 9. 

They also resemble the availability constraints in that the right-hand-

side coefficients change from constants to estimated values if pro-

jected into the future. 
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It should be noted here that in the most general sense this 

type of constraint can be considered to be relaxed as a technological 

constraint at any time if we assume that primary sources of water are 

available to fulfill the demand partly or entirely, and in this event 

the proportion of salvaged-water use becomes a function of strictly eco-

nomic and institutional forces. 

Institutional constraints include both tight and loose con-

straints, i.e., some which can be expressed as a limiting constant and 

others which act to constrain the activity level within some unstated 

numerical limit. The former type is represented by the legal contracts 

for effluent, described earlier. The "City Farm" contract for amounts 

not to exceed 3,200 ac-ft/yr and the "Oshrin" contract for amounts up 

to 14,600 ac-ft/yr (or 13.0 mgd) 
k 

are expressed as QMI(l)A(l) ~17, 800, 

and the Tucson Gas and Electric Company contract provides that 

k 
QMI(1)I(1) ~ 1, 200. 

Since it would be irrational to utilize a negative quantity of 

water in any activity, the non-negativity constraints are added as 

Qk >0 for i-I M" j = 1 N; and k = 1, ••• , K. ij - - , • • .,' ., • • ., 

The economic optimality conditions are not written into the con-

straint matrix but are implicit in the formulation of the model, accord

ing to their common definitions. In consideration of water salvage as 

a productive activity, these would appear as follows: 

MC./MB. = MP •• 
. 1 J 1J 

MCi (1)/MCi (2) = MRS i (1)i(2) 

= MRT j ( 1) j (2 ) 
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where: 

MB = Marginal benefit = dU/aQ. 
J 

Me = Marginal cost = dU/dQ. 
l. 

MP = Marginal product = -OQ./dQ. 
J l. 

MRS = Marginal rate of substitution 

= -OQi( l)/dQi( 2) 

and 
MRT = Marginal rate of transformation 

= 

The basic elements of the objective and constraining relations 

having been stated, it is necessary next to introduce into the objective 

function a term that will account for the latent effects of the water 

use activity as described in the previous section. Insofar as a latent 

effect can be evaluated in relation to a discrete annual activity, for 

example the fertilizer value of a sewage effluent in growing a season's 

crop, it can be added algebraically into the U coefficient as a single 

value. When it is accumulative, however, and therefore time-dependent, 

we must evaluate the effect over the relevant period of years and ex-

press it in terms of the present value of the expected stream of bene-

fits or costs during the planning period. This value, as before, is 

N 
= L L [ 1 ] 

n=l n (1 + i)n 

where LpV = present value of the benefit or cost stream 

L = value of the latent effect in a given year 
n 

n = years in the planning period 

i = discount rate 
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In a year-by-year evaluation this present value would be converted to 

an annualized average value which could be used for any year in the 

period. In either event, the net benefit coefficient in the objective 

function has now been expanded to (U ± L). 

The final modification of the static model is the addition of a 

term expressing value of externalities. Insofar as the value of an ex-

ternal economy or diseconomy c~n be quantitatively determined, it can 

be injected into the net benefit coefficient in the same manner as the 

latent effect. The total coefficient is now (U ± L ± E), and the static 

model with contractual constraints can be written: 

MAX Z = 
M N Kkk k k 
L L L [U .. ±L .. ±E .. ] Q •• 

Subject to: 

and 

i=l j=l k=l 1J 1J 1J 1J 

k L L Q.. SQ1· (MAX) i=l, ••• , M 
j k 1J 

k 
QMI(1)A(1,2) < 17,800 

k 
QMI(l)I(l) < 1,200 

k L L Q. . ~ QJ. (MIN) j = 1, • • ., N 
i k 1J 

Q~. > 0 
1J 

In such mathematical statements the application of some form of 

optimization technique is implied though not strictly specified. In 

the general case, depending upon the nature of the objective function 

and constraints, a model conceivably could be so written as to befit 
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methods of linear, quadratic, geometric, dynamic, or general nonlinear 

mathematical programming. For the exposition of optimizing methods ap-

plied to the subject at hand, the linear programming form is developed. 

Linear optimization, through broad application and liberal modifica-

tion, has become a powerful and versatile tool in economic analysis, 

and can be utilized in solutions for systems of equations having truly 

linear coefficients and for approximating solutions to nonlinear sys-

terns, provided the limitations of linear approximation always are duly 

recognized and carefully stated. 

A particularly appropriate alternative, when dealing with net 

benefit functions which become nonlinear over a range of quantity, is 

the method of separable convex programming. This is a linear optimi-

zation of segmented portions of a function with decreasing slope, such 

as the "total revenue" curve showing diminishing marginal returns. The 

definitions and conditions for convex and concave functions are given 

by Hillier and Lieberman (1967). In terms of net benefit the general 

objective function, subject to the constraints of formulation of the 

particular problem, would be 

where 

and 

n 

MAX 2: 
j=l 

j represents activities, j=l, • •• , n 

k isa linear segment of the curve, k=l, • •• , m 

s is slope of the segment 

q is the quantity allocated to the segment. 
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The static model having been described, there remains only to 

incorporate the time-sequential elements of the complete mathematical 

model. In any single-stage solution of the model as given, it is im

plicit that the objective function coefficients and the constraint 

values are dependent only upon the independent variables operating 

within that time stage and are not interdependent. To a large extent 

this is true, because each source of salvaged water may be regarded as 

a renewable flow resource generated independently by exogenous forces 

within each year. Geographically linked constraints would arise, how

ever, in the event of simultaneous operation of several treatment 

plants all connected to a common collection-distribution system; the 

demand-supply relations would resemble those of a limited or stock re

source, as represented for example by one year's supply. Such inter

dependencies can be resolved by a recursive programming technique 

effectively employed by several analysts (e.g., Wood 1951, Dean and 

Schaller 1965, Day 1969) in which successive time periods are chosen 

to be sufficiently short so that the interdependent responses do not 

have time to operate within a single period. The time-linked con

straints are incorporated by a recursive solution of the model in which 

each stage is partially dependent upon the optimal solution for the 

previous stage. 

Assuming that the linear programming model developed in this 

section were to be operated in recursive solution, the time notation 

would be added and the recursive relations specified. The time-linked 

relationship appears both in the objective function coefficient and in 



126 

the right-hand-side values of the availability constraints. The net 

benefit coefficient U was stated to be a function of several benefit 

and cost variables, which in turn are related to demand and supply con

ditions at time t, so that in summary we can say U~. = f(B,C) = 
1.J 

f[D~.(t), ~.(t)J, where D represents current demand for use j and W 
1.J 1.J 

represents total water supply in the respective sources over all loca-

tions at time t. In the availability constraints the limiting coeffi-

cients would be the current supplies available expressed as a 

difference between total supply at the beginning of the planning 

period and all the previous allocations during the period, or ~.(t) = 
1.J 

t k* 
W.(MAX.) - ~ Q .. (t-l) for all t = 1, ••• , T over all sources, uses, 

1. t=l 1.J 

and locations. For a single time period, the last term becomes zero 

and the constraint remains as before. 

This form of recursive solution would be applicable to the 

situation in which a deterministic or "stock source" quantity such as 

a single-year supply can be postulated, and the "instantaneous" or 

short-term constant coefficients are used in the recurring solutions 

which act to successively diminish that supply. These conditions could 

apply as well to the utilization of a ground-water source which was be-

ing "mined" or pumped at some policy-constrained depletion rate. Such 

an activity is not the central topic of this study, although time-

related dependencies are pertinent to the ground-water storage (spread-

ing basin) alternative introduced earlier. 

A similar but more appropriate form of solution is available, 

wherein t~e time periods between solutions can be extended to successive 
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years or periods of years, and the "disposal activities" which are un-

used quantities from the previous solution can be entered with the 

slack variables in the next solution. The supply carried over is that 

quantity placed in storage, which acts as an additional interim activ-

ity and whose time-linked identity is expressed in a state transforma-

tion function. 

The complete normative model with such a function and time no-

tation can be summarized as follows: 

MAX Z(t) = 
M N K 
L L L [U~.(t) ± L~.(t) ± E~.(t)] Q~.(t) 

i=l j=l k=l ~J ~J ~J ~J 

L [B(t) - C(t-l)] *k ( t-l) + DQ. 
i, k 

~ 
t=l, • •• , T 

Subject to: 

N K k 
L L Q .. (t) :S Qi(MAX) (t) 

j=l k=l ~J 

i=l, ., M 

t=l, • • ., T 

N K k M(t-l) K -k 
L L QM+l . (t) :S L L DQ ( t-l) 

j=l k=l ,] i=l k=l 

M+l K k L L Q .. ( t) 2: Qj(MIN)(t) 
i=l k=l ~J 

j=l, • •• , N 

t=l, ., T 

and 

k 0 for all i, j, k, t Q .. (t) > 
~J. 

DQ~"~ (t-l) > 0 for all i, k, t 
~ 

where 

B(t) = benefits in time period t 



C(t-l) = cost of storing and recovering water between 

time periods (t-l) and (t) 

DQ = a disposal activity, or unallocated quantity, ap-
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pearing in the final column of the solution matrix 

and (*) represents an optimal value of any variable as 

determined in the previous allocation. 

According to all the devices described above, the capability is 

at hand for optimal operation of various states of the salvageable 

water system or marginal adjustments of the system. Ranging from most 

simple to most complex, the given problem may be solved by 1) listing 

and inspection of the alternatives, 2) exhaustive enumeration, 3) 

linear optimization procedures such as the transportation algorithm, 

to be solved manually, or 4) computer coded linear programming solu

tions, with special techniques as needed. Full development of all the 

devices named in this section would be far beyond the scope of the 

present work, but they have been described in order to provide perspec

tive of the analytical capabilities specifically applicable to the sal

vageable water system. Several illustrative examples of linear solu

tions applied to selective portions of the system will be presented in 

Chapter 4. 

Evaluation of the more general structural adjustments, in which 

optimal operation of comparative states commonly is a subproblem, will 

follow with additional notation introduced as required. 



CHAPTER 4 

EVALUATION OF ADJUSTMENTS BY OPERATIONAL 
AND PLANNING DECISIONS 

Referring to the Tucson region within which the system of sal-

vageable waters is operative, an economic state is represented by the 
. k 

set of all values of Q .. at a point in time t. An adjustment or 
1.J 

(synonymously) a transformation from one state to another can be ef-

fected either through a marginal change in any of the quantities within 

a specifically described system, or through a structural change in the 

system which in turn will alter one or more of the quantities. 2 

It is advantageous, of course, to avoid examining the results 

of such changes ex post facto. The value of the model resides in the 

ability to pretest by assigning proposed changes to the system and cal-

culating the expected results within the accuracy permitted by avail-

able data and prediction. The following pages will be devoted to such 

testing under conditions imposed by selective adjustments of both types 

--marginal and structural. 

An Analytical Model 

The normative model described in Chapter 3 is designed to be 

applicable generally to a region with diversified sources and qualities 

2. The writer is indebted to Prof. L. Duckstein of the Uni
versity of Arizona Department of Systems Engineering for the idea of 
applying the terms "marginal" and "structural" in this context and for 
some of the related notation which follows. 
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of water and multiple potential uses to which it can be allocated. In 

order to illustrate application of the model, several specific examples 

will be developed for the Tucson region. Marginal adjustments will be 

illustrated principally in the context of the Cortaro and northwestern 

Tucson districts (Figure Z) wherein occur the bulk of the sources MI l' 

MI 2, and El in addition to ground water, and existing uses Al and AZ as 

well as potential uses A3, A4 , Rl , and RZ and facilities for storage, 

both surface and subsurface (Sl and SZ). Selection of examples for the 

evaluation of structural adjustments is based in part upon their ap

propriateness in revealing knowledge about the significance of salvaged 

water sources and potential uses, and also in part upon their relevance 

to certain imminent problems of concern to water administrators in the 

region. 

Marginal Transformations 

The detailed conceptual model in Chapter 3 was developed in the 

unspecified context of a total system. We turn now to several analyti

cal applications in the specifically limited Northwest Area as later 

defined. Following an introduction to economic supply functions for 

salvaged water, optimal allocation patterns will be sought through two 

approaches, cost minimization and net benefit maximization. 

Some implications of these differing approaches should be 

recognized. A cost-minimizing strategy enables one to analyze individ

ual areas separately by stating specified water requirements, thereby 

more easily excluding problems of interdependency among units. So long 

as total supply in the area of interest exceeds total requirements, we 
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can freely seek to satisfy those requirements at minimal cost. The 

freedom of flexibility, however, resides only on the cost side, while 

the implication is that the benefit-generating level of required use, 

having been set by exogenous factors, is either optimal or at least 

necessary or desirable. 

In the benefit maximizing approach, the optimizing solution of 

course will no longer seek merely to fulfill minimum use levels but 

will tend to allocate the greatest possible quantities available, con

centrating them in uses where unit costs of water are quite low rela

tive to unit benefits. Certain upper bounds then begin to come into 

play, commonly being identified first as diminishing or even decreasing 

marginal returns, and it then appears that water allocations can fluc

tuate freely against the elastic barrier of economic demand. The next 

and sometimes surprising development, however, is the ascendancy of in

stitutional constraints as upper bounds; long before the allocation of 

water to a given use approaches the level of optimal market returns, 

the allocation to the particular use may be restrained by a constant 

determined by size of unit operations or other exogenous factors. This 

sequence of events asserts itself in the progressively constrained 

series of benefit maximizing solutions to follow. First, however, some 

statements about supply of salvaged waters will be presented to aid in 

visualizing marginal substitution of these waters into the total water 

supply function. 
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Supply Functions 

If empirical data give us a water use function such as that de

picted in Figure 4 for irrigation water, we can surmise that this 

downward-sloping curve is intersected at some point by a rising supply 

curve, and that at this point the use of water is marginal. That is, a 

unit rise in cost of supply or a unit decrease in quantity supplied 

will coincide with a unit decrease in water used, and this change will 

progress upward from the lowest toward the highest valued water use 

activities. 

We can illustrate first how such upward shifts might occur in 

the case of a stock resource or a diminishing flow resource such as a 

ground-water supply in which withdrawals exceed replenishment. This 

kind of situation was described by Jacobs (1968) in his formulation of 

a ground-water supply function for Tucson domestic use by diversion 

from agricultural use; a modification of Jacobs' model will be applied 

below to a limited region in order to compare ground-water supply with 

salvaged water or mixed supplies. 

Figure 6 shows the cost of supplying ground water in 10-mgd 

increments from the Cortaro and Sahuarita districts and Santa Cruz 

bottomland (Figure 2), which coincide roughly with diversion units 1 

and 14-18 as described by Jacobs. His analysis was directed toward di

verting this supply to a central distribution point for domestic use in 

Tucson. Conveyance costs to other kinds or points of use of course 

would differ; for the purpose of illustration, however, the basic as

sumptions ,used by Jacobs are preserved in Figure 6. Spatial increases 
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in cost as depicted on the horizontal axis are due to progressively in-

creasing distance to unit diversion areas, and cost increases with time 

are due to increasing pumping lift at an assumed constant rate of 

ground-water extraction. Idealized smooth cost curves are plotted for 

selected future years as noted in Figure 6, merely for illustration. 

Costs for water storage or for conveyance to different locations 

may be expected to change with time in the same way with respect to 

ground water as with respect to salvaged water; therefore, we can cancel 

out such costs in making a comparison. 

Whereas time-related changes in cost of ground water are primar

ily a function of changing pumping lifts, the controlling factor in 

supply of salvaged water is treatment cost. This may be expected to 

increase with time by escalation of material and labor costs for con

struction of treatment facilities, but on the other hand may tend toward 

a net decrease with time for two reasons--improved technology leading 

to higher efficiency in selective treatment methods, and economies of 

scale due to ever-increasing effluent loads. Economies of scale at

tributable to greater loading at a given plant must of course be weighed 

aga,inst possible savings in conveyance costs if satellite treatment 

plants were built. In any event, the causal factors and expected trend 

of time-related changes in the supply function can be indicated qualita

tively at this point. 

In order to examine the manner and effects of imposing salvaged 

water supplies upon the "total" water supply presently available, one can 

visualize the greatly simplified case of demand for a single water use 
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being supplied at a certain level entirely with ground water, upon 

which is then imposed a supply of salvaged water (Figure 7). Two kinds 

of effects could take place. First, the salvaged water might act to 

augment the existing supply and move the water use level Q higher (to 

the right) under the prevailing demand curve. However, since the local 

water use activities in general appear to be constrained not by water 

shortage but by other factors, we should not expect the added supply to 

result in a directly proportionate increase in use. Rather the second 

kind of effect will operate, i.e., incremental substitution of the sal-

vaged water into the water supply function in order to minimize costs 

at an unchanged level of use Q. 

This substitution in turn can take place in one of two ways, 

depending upon the relative shapes of the supply functions; these are 

illustrated in the two parts of Figure 7. In the upper diagram, the 

ground-water supply curve would be followed up to quantity q , and the 
x 

salvaged water supply would be used for additional quantities up to the 

level of use Q. The net gain to the system would be the shaded 

triangle-like area as shown. In the lower diagram the salvaged water 

supply would be utilized up to quantity q , and ground water would supx 

ply additional needs to level Q, while additional salvaged water would 

become a disposal quantity. The net gain under this set of conditions 

also is indicated by the shaded area. In addition to the net gain as 

illustrated for a given year's use, increasing gains will be realized 

in subsequent years if indeed the ground-water supply function shifts 
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upward and the salvaged-water supply function remains relatively un

changed or even perhaps shifts downward as postulated above. 
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Two other forms of time-related incremental benefit from the 

combined supply function can be speculated upon: 1) a growing future 

value of the ground water not pumped as a result of the substitution, 

and 2) the benefit (or avoided losses) of precluding eventual local 

ground-water depletion which might necessitate relocation or extinction 

of the dependent industry (for example, irrigation). 

The relationship illustrated in principle in Figure 7 can be 

plotted with real data for the current (1970) supply conditions. Figure 

8 shows the relative costs of supplying ground water or salvaged water 

to two kinds of agricultural uses, Al and A2• Again the conveyance and 

storage costs are netted out in order to compare directly the variable 

costs for pumping ground water and for treating salvaged water. Im

plicit in this graph is the recognition of treatment of domestic wastes 

by the water agencies as a service function since disposal is necessi

tated in any event. The users pay only $l.OO/ac-ft by contract. We 

see that under these conditions the salvaged-water supply curve is the 

cost-minimizing function for approximately the first 25,000 acre-feet 

. of supply. With respect to salvaged water only, Figure 9 illustrates 

a comparison between this cost condition as viewed by the user and the 

alternative position of the region at large as represented by the city 

treatment facility. The lower curve represents the marginal cost of 

each incremental quantity of effluent to the user, whereas the upper 

curve reflects the marginal social cost of each incremental quantity. 
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The difference between the two functions represents the net social cost 

of sewage treatment or disposal. 

In the same context as Figure 8, the supply function for the 

several sources of salvaged water can be extended to all the uses con

sidered in this study. This function is shown in Figure 10. It must 

be remembered that the unit costs determining each increment of this 

stepwise function are not costs of treatment ~~, but costs of re

quired treatment relative to each use. For the purpose of illustration, 

the currently available annual quantity from each source is divided 

evenly among the eight uses, without strict regard to their relative 

demand quantities but conforming to the respective quality requirements 

of each. The resulting supply function is depicted in terms of both 

variable 0 and M costs and total (including debt service) treatment 

costs. The basic data for these are presented in Table 15. The cost 

of conveyance of each increment of supply to various points of use is 

not built into Figure 10; the illustration of such a function would be 

impractical in a simple graph because of the multiplicity of geographi

cal possibilities. Suffice it to say here that in each instance the 

cost of supply would have to be extended to include the variables of 

both space and time; this is shown more explicitly in a subsequent sec

tion through the use of specific examples. 

Constrained Cost Minimization 

To this point the portrayal of the salvaged water system and 

description of analytical methods have referred to the total geographic 
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Table 15. Cost Data for Salvaged Water Supply Function, Tucson Region. 
"/( 

D a t a for V a ria b 1 e Cos t s D a t a for Tot a 1 Cos t s 

Source Use Variable Proportional Source Use Total Proportional 
of of b Cost Allocation of of b Cost Allocation 

Watera Water $/ Ac-Ft (Ac-Ft/Yr) Water a Water $/ Ac-Ft (Ac-Ft!Yr) 

MI 2,M1 A1 0 87.5 MI 2,M1 Al 0 87.5 

MI 2,M1 A2 0 87.5 MI 2,M1 A2 0 87.5 

MIl Al 1.00 3125 MIl Al 1.00 31Z5 

MIl A2 1.00 3125 MIl A2 1.00 31Z5 

MIl A3 1.00 3125 MIl A3 1.00 3125 

MIl A4 2.00 3125 MIl A4 2.60 3125 

MIl R2 2.00 3125 MIl RZ 2.60 3125 

M2 A1 11.00 562.5 E1 Al 18.20 150 

M2 A2 11.00 562.5 E1 A2 18.20 150 

M2 A3 11.00 562.5 E1 A3 18. ZO 150 

MZ A4 11.00 562.5 E1 A4 18.20 150 

MZ RZ 11.00 562.5 E1 R2 18.20 150 

E1 A1 14.30 150 MIl 11 19.80 3125 
I-' 
~ 
N 



Table 15. Cost Data for Salvaged Water Supply Function, Tucson Region.--Continued 

D a t a for V a ria b 1 e Cos t s D a t a for Tot a 1 Cos t s 

E1 A2 14.30 150 MIl 12 19.80 3125 

E1 A3 14.30 150 MIl R1 22.40 3125 

E1 A4 14.30 150 M2 Al 28.00 562.5 

E1 R2 14.30 150 M2 A2 28.00 562.5 

MIl II 15.00 3125 M2 A3 28.00 562.5 

MIl 12 15.00 3125 M2 A4 28.00 562.5 

MIl Rl 17.00 3125 M2 R2 28.00 562.5 

MI2,M1 A3 22.50 87.5 MI2,M1 II 31. 20 87.5 

MI 2,M1 II 24.10 87.5 MI2,M1 12 31.20 87.5 

MI 2,M1 12 24.10 87.5 El 12 31. 20 150 

El 12 24.10 150 E2 Al 31.20 225 

E2 Al 24.10 225 E2 A2 31.20 225 

E2 A2 24.10 225 E2 A3 31. 20 225 

E2 A3 24.10 225 E2 A4 31.20 225 

E2 A4 24.10 225 E2 R2 31.20 225 

E2 R2 24.10 225 E2 12 31. 20 225 I-' 
.j::'-
W 



Table 15. Cost Data for Salvaged Water Supply Function, Tucson Region.--Continued 

D a t a for V a ria b 1 e Cos t s D a t a for Tot a 1 Cos t s 

E2 12 24.10 225 WI Al 31. 20 137.5 

WI Al 24.10 137.5 WI A2 31. ZO 137.5 

WI AZ Z4.10 137.5 WI A4 31. ZO 137.5 

W1 A3 24.10 137.5 W2 Al 31. 20 125 

Wz \ 24.10 1Z5 W2 A2 31.20 125 

W2 A2 24.10 125 W2 A3 31. 20 125 

Wz A3 Z4.10 125 MI2,M1 Rl 34.50 87.5 

MI 2,M1 A4 25.10 87.5 W1 R2 34.50 137.5 

MI 2,M1 R2 25.10 87.5 W2 R2 34.50 1Z5 

M2 Rl 25.30 562.5 E1 Rl 36.40 150 

M2 II 25.30 562.5 W1 II 39.70 137.5 

M2 12 25.30 562.5 WI 12 39.70 137.5 

El Rl 26.40 150 W2 II 39.70 125 

MI 2,M1 Rl 26.70 87.5 W2 12 39.70 125 

I-' 
~ 
~ 



Table 15. Cost Data for Salvaged Water Supply Function, Tucson Region.--Continued 

D a t a for V a ria b 1 e Cos t s D a t a for Tot a 1 Cos t s 

WI R2 26.70 137.5 M2 Rl 46.20 562.5 

W2 R2 26.70 125 M2 II 46.20 562.5 

E2 Rl 27.30 225 M2 12 46.20 562.5 

WI II 29.00 137.5 MI 2,M1 A3 48.90 87.5 

WI 12 29.00 137.5 MI 2,M1 A4 52.20 87.5 

W2 II 29.00 125 MI 2,M1 R2 52.20 87.5 

W2 12 29.00 125 E2 R1 54.40 225 

WI A4 29.90 137.5 WI A4 57.70 137.5 

WI R1 29.90 137.5 WI R1 57.70 137.5 

W2 A4 29.90 125 W2 A4 57.70 125 

W2 R1 29.90 125 W2 R1 57.70 125 

E1 II 48.90 150 E1 II 71.00 150 

E2 II 48.90 225 E2 II 71.00 225 

Total: 35~300 Total: 35,300 
"( 'Based on Tables 11 and 12. See text for derivation of unit costs. 
aSymbols refer to sources as given in Table 1. I-' 

bSymbols refer to uses as given in Table 9. 
.J::'-
VI 
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area of the Tucson region. The profusion of possible adjustments in 

the system, and the lack of adequate predictive data in some areas such 

as urban runoff, combine to preclude a comprehensive numerical solution 

of every aspect of the system. For the computation of marginal substi-

tutions of salvaged water into the water supply function and optimal al-

location to a number of uses, therefore, we will refer specifically to 

the northwestern part of the Tucson region, which can be treated as a 

geographic unit containing several water sources and various existing 

and potential uses. More specifically, this area lies northerly of an 

east-west line bisecting T.13S., R.13E. (Figure 2), thereby extending 

northwestward from the city sewage treatment plant to Rillito Narrows. 

This area coincides approximately with diversion unit No. 1 of Jacobs 

(1968), and for easy reference will be called the Northwest Area. 

The available water sources here are, in addition to ground 

water, the MIl and MI2 sources from the city and county treatment plants 

and the El source from the De Moss-Petrie stearn electric power plant, 

actually southeast of the subject area but assumed to supply an avail-

able effluent. First we will examine present uses. The El effluent 

currently is used largely for experiments in artificial recharge, and 

that portion not used is spilled into the channel of the Santa Cruz 

River. The MI effluent also is disposed of after treatment, by evap-
2 

oration and seepage. The MI effluent during the past year was uti-. 1 

lized for experiments in advanced treatment at the city plant and for 

irrigation of the plant grounds, the "City Farm" (about 600 net 
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irrigable acres) which purchased about 1,600 acre-feet at $4.00/ac-ft, 

and the "Oshrin" farmlands (about 2100 irrigable acres) which purchased 

about 28,900 acre-feet at $l.OO/ac-ft, as reported by City of Tucson 

(1969). 

The effluent purchased by users evidently could have served 

considerably more acreage except for limitations in the existing con

veyance and distribution system which force overflows to the Santa Cruz 

River channel in addition to evaporation and seepage losses in holding 

reservoirs. 

The actual quantity of water available from the MIl source, 

after deducting that used for research, was 30,400 acre-feet. If the 

Tucson Gas and Electric Company had taken the full 1,200 acre-feet of 

MIl water to which it was entitled under its contract with the City, 

the total quantity available would have been reduced to 29,200 acre

feet; however, as none was taken, the 1,200 acre-feet can be considered 

as part of the total available. 

The MIl supply was actually allocated for agricultural uses 

only, to the City Farm and the "Oshrin" holdings (now held by Dow Chem

ical Company), aggregating 2,700 acres. On these lands the water use 

activities have been AI' about 1,650 acres, and A2, about 1,050 acres; 

by Tables 13 and 14 these activities would yield annual net returns 

over variable costs amounting to $256,377, with a water use of 11,200 

acre-feet. According to Figure 8, the users in minimizing cost could 

have purchased this quantity of ground water for $30,576 in pumping 

costs, whereas their actual purchase cost of effluent was $35,502. The 
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explanation of this apparent non sequitur is that they purchased much 

more water than would have been required for efficient irrigation of 

the lands. As to the reasons for their doing so, it can only be specu-

lated that, in an effort to preserve contractual good will, the parties 

have acceded to practical operating arrangements which, though not op-

timally efficient, have proven mutually acceptable during the life of 

the contract. 

According to the 1969 crop survey, an additional 1,350 acres 

were irrigated in the Northwest Area with ground water, in a cropping 

pattern which indicates a net return of $169,400 with a water use of 

approximately 5,300 acre-feet, as shown in Table 16. 

Table 16. Net Returns to Agricultural Use of Ground Water in the 
Northwest Area, Tucson Region, 1970 Conditions. 

Water Use Acre-Feet Net Return Total Activi ty Acres Coefficient Used Per Acre Returns 

Al 553 4.0 2,212 $ 44.08 $ 24,376 

A2 352 4.4 1,549 174.90 61,565 

A3 286 4.4 1,258 219.00 62,634 

A4 158 1.9 300 131.81 20 ,826 

1,349 5,319 $169,401 

The pumping cost for the required ground water apparently was $14,521; 

the cost to user for effluent would be $5,919, assuming the contract 

price was $l.OO/ac-ft and the user paid $2.00/ac-ft for the additional. 

treatment cost needed for A4 use. 
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The preceding is descriptive of present uses. We can now pos

tulate an extension of all the salvaged-water supplies in the same 

Northwest Area to the other potential uses mentioned earlier, and im

pose a cost minimization strategy to the source:use matrix. Within 

the availability constraints on each source, the objective is to find 

the minimal-cost allocation to satisfy all the uses at specified 

levels, these levels to be not rigid "requirements," but "goal-setting" 

approximations to the quantities demanded according to current cropping 

patterns, industrial cooling practices, or "standards" for water-based 

urban recreation activities. 

This exercise will proceed in several steps, progressively 

adopting various assumptions. The first step is to examine a least

cost allocation of the available sources of salvageable water to all 

the potential uses, i.e., the three sources MIl' MI 2, and El and the 

six uses Al through A4 , Rl , and R2• Invoking the relative treatment 

costs according to Tables 11 and 12, we write the objective function 

with cost coefficients: 

MIN Z =: 21.1 Q11 + 21.1 Q12 + 21.1 Q13 + 23.1 Q14 

+ 30.0 Q15 + 23.1 Q16 + 3.2 Q2l + 3.2 Q22 

+ 25.7 Q23 + 28.3 Q24 + 29.9 Q25 + 28.3 Q26 

+ 24.1 Q31 + 24.1 Q32 + 24.1 Q33 + 24.1 Q34 

+ 27.3 Q35 + 24.1 Q36 

Subject to the availability constraints and water requirements: 



and 

l: (Qu + Q12) ~ 17,800 

6 
l: Q1" ~ 12,600 

j=3 J 

6 

l: Q2J" ~ 500 
j=l 

6 
~ Q3" < 500 

j=l J 

3 
l: Qil ~ 8,900 

i=l 

3 
l: Qi2 ~ 6,100 

i=l 

3 
L: Qi3 > 1,800 

i=l 

3 
L: Qi4 > 100 

i=l 

± Qi5 ~ 600 
i=l 

3 
L Qi6 ~ 1,300 

i=l 

Qij ~ 0 for all i, j 
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The optimal allocation obtained with the aid of the CDC 6400 computer 

yields the solution shown in Table 17. (All units are ac-ft/yr; sym-

boIs for sources and uses are those listed in Tables 1 and 9, p. 4 and 

58.) 
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Table 17. Allocation of Salvaged Water in the Northwest Area Tucson 
Region, 1970 Conditions Under Cost Minimization. ' 

Sources U s e s 
Al A2 A3 A4 Rl R2 

Total Disposal 

MIlA 8,400 6,100 14,500 3,300 

MIlB 1,800 100 100 1,300 3,300 9,300 

MI2 500 500 0 

E1 500 500 0 

(GW) 0 0 

8,900 6,100 1,800 100 600 1,300 18,800 12,600 

Although this allocation includes only salvaged waters, a 

ground-water row (GW) has been inserted with zero-values to aid in mak-

ing comparison with subsequent solutions which do include ground water. 

The MIl row has been split into two rows MIlA and MIIB in the solution 

matrix, again for clarity of illustration, so that fulfillment of the 

first two availability constraints can be identified in the row-totals. 

Evaluation of the objective function for this allocation yields a cost 

of $394,520. This solution also indicates "shadow prices" of $17.90/ 

ac-ft for MI2 and $2.70/ac-ft for El waters; this is an indication of 

the marginal value product for the limiting sources, or the value of 

one additional unit in terms of the objective function. It can be 

speculated that if MIlA and MI 2, or alternatively MIIB and El , were 

perfect substitutes, the marginal value products of MI2 and El would be 
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zero, since MIl is in surplus; however, MI2 and El have been introduced 

as independent sources, and the results obtained accordingly reflect a 

strict mathematical solution. 

The preceding gives us an allocation scheme assuming salvageable 

waters were the only sources available. We can now add the ground-water 

source in the amount of 16,900 acre-feet, which would be adequate to 

serve all irrigated lands in the area, and observe any changes in the 

allocative pattern (Table 18). 

Table 18. Allocation of Ground Water and Salvaged Water in the North
west Area, 1970, Under Cost Minimization. 

Sources Use s Total Disposal 

MIlA 0 17,800 

MIlB 1,400 1,400 11,200 

MI2 500 500 0 

El 0 500 

GW 8,400 6,100 400 100 600 1,300 16,900 0 

8,900 6,100 1,800 100 600 1,300 18,800 29,500 

We see that, with the exceptions of 1,400 acre-feet from MIl 

and 500 acre-feet from MI 2, the less expensive ground-water source has 

been utilized to fill all minimal requirements. The evaluated objec-

tive function is $76,770, in comparison with a cost of $394,520 in the 



previous allocation where no ground water was available. The shadow 

prices now are MI 2, $17.90 and GW, $18.40 per acre-foot. 
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The above solutions assume the costs of treatment for all sal

vaged waters to be an input to the user's production function. More 

realistically, the city and county water agencies are obliged to per

form the service function of disposal of metropolitan waste waters, in

cluding sufficient treatment to mitigate public health hazards and 

promote public safety. Therefore the necessary costs of this part of 

the water salvage activity are borne, as at present, at little or no 

direct cost to the user. Accordingly, if we assign user costs of zero 

to the primary and secondary treatment processes performed by the city 

and county and assume only the $1.OO/ac-ft contract amount in the cor

responding elements of the matrix, we see that all the uses would be 

optimally served by the MIl source, since it is available at least cost 

and its availability constraint exceeds the sum of water quantities de

manded by all uses. Such a result is evident by inspection and without 

formal solution, but the allocation will be tabulated for comparison 

(Table 19). 

This result would hold with or without ground-water availabil

ity, and in fact represents the approximate present situation within 

the limitations of existing contracts and facilities. The noncontract 

lands cannot be served by the existing distribution system, and are ir

rigated with pumped ground water. 

Three points should be mentioned here regarding the foregoing 

analysis and discussion. First, it will be noted that 12 (Mines) use 
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Table 19. Allocation of Ground Water and Salvaged Water in the North-
west Area, 1970, Under Cost Minimization With Treatment 
Costs Borne by Water Agencies. 

Sources U s e s Total Disposal 
A1 A2 A3 A4 Rl R2 

MIlA 8,900 6,100 15,000 2,800 

MIlB 1,800 100 600 1,300 3,800 8,800 

MI2 0 500 

E1 0 500 

GW 0 16,900 

8,900 6,100 1,800 100 600 1,300 18,800 29,500 

is not entered in the above allocation. This use is excluded in cost 

minimization because the mines presently utilize a local ground-water 

source at less cost for pumping than would be incurred by conveyance 

from the Northwest Area, where as noted we are considering only local 

sources and uses. The alternative of allocating MIl effluent to use by 

mines will be examined below, however, in the context of benefit maxi-

mization. 

Secondly, the input value of water in each instance is assumed 

to be the water value only, whereas the MI sources possess an equiva-

lent fertilizer value to the Al and A2 crops which can be irrigated 

without complete removal of plant nutrients. This latent effect is not 

considered in the minimal-cost approach as a reduction in cost of 

water, but is considered later as a reduction in fertilizer cost, which 
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is a variable input cost and thus acts to increase unit net benefit of 

the affected activity. 

Thirdly, the accumulative result of certain latent effects or 

future trends can produce a time-linked variability, in either the cost

minimizing or the benefit-maximizing approach, which would be accounted 

for in time-projected solutions by reducing to present value the time

related consequences of any choice made in a given decision year. These 

sources of variability will be examined in the following section. 

Time-related Elements 

The sample solutions for allocation and value of the objective 

function as given above pertain to present (1970) conditions; the same 

kind of solution can be run for any year or other time period in the 

future, adjusting coefficients and constraints according to values of 

previous solutions as well as actual changes in conditions over time. 

Without attempting to make independent predictions here of the extent 

of such changes, we can nonetheless indicate their expected trends and 

identify the external and internal factors. 

Exogenous Future Trends. The City Planning Department and the 

Water and Sewers Department have made projections of population, water 

requirements, and water supply sources for the period 1970-2030 

(Rauscher 1968); by making slight empirical adjustments in the 1970 

figures, we can observe certain changes as projected for various inter

vals between 1970 and 2000. 

Availability constraints generally will be relaxed with time. 

The total reusable sewage effluent available in 1970 is projected to 
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increase by about 50 percent by 1980, 100 percent by 1990, and 170 per-

cent (more than 80,000 acre-feet per year) in 2000. Just as this in

creased source is almost directly proportionate to increased population, 

so are some of the industrial effluents such as power plant blowdown, 

although other sources such as metal and aggregate processing effluents 

are less directly related and more difficult to appraise as to future 

quantities. The volume of runoff from urban (WI) sources can be ex

pected to increase gradually with continued urbanization of outlying 

areas, as described in Chapter 2. 

In regard to quantities demanded for various uses, expansion in 

the recreational uses can be expected in an approximate parallel with 

population growth, and demand for industrial cooling water may grow 

even faster, particularly in power generation. This point will be ex

plored in Chapter 5. The input water quantities required by mining for 

the immediate future were discussed in Chapter 2. In the agricultural 

sectors we may anticipate some shifting from Al toward A4 uses along 

with rising land values and other factors, and total water use by agri

cultural activities should gradually decrease, perhaps not through gen

eral water shortages but by increased pressures of urbanization. The 

City's projections show 1970 water use for irrigation (Tucson region 

excluding Avra Valley) decreasing 13 percent by 1980, 37 percent by 1990 

and 61 percent by 2000. 

The cost coefficients, dependent primarily upon treatment cost, 

might be expected to maintain relatively stable values with respect to 

primary and secondary methods, on the basis of past experience. 
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Treatment plant records (City of Tucson 1969, p. 37) show an average 

gross cost of treatment of $3l.87/mg for the period FY 1952-69, com

pared with a FY 1969 cost of $33.28/mg. Unit costs for advanced treat

ment, as adopted herein, should either remain stable or decline with 

expansion and refinement of processes. 

Endogenous Latent Effects. Latent benefits are present in the 

activity of reuse of all the MI and M-type salvaged water sources, in 

some of the E sources, and in some of the primary sources of water. 

Perhaps the most readily identifiable and calculable of these is the 

plant nutrient content of the sewage effluents, which is manifested in 

the elimination or reduction of fertilizer costs incurred by the farm

er. This effect will be accounted for as an example in the evaluation 

of net benefit coefficients. 

An empirical evaluation was made recently by Cantrell and 

others (1968) to determine fertilizer value in sewage effluents used 

on field and forage crops near Ruston, Louisiana. They found values 

of $12.60 to $14.80 per acre; using the average of these figures and 

an application rate of 3.0 ac-ft/ac yields a unit value of $4.57/ac-ft 

for this use. 

A similar calculation can be made for the Tucson region. On 

the basis of typical analyses of the secondary effluent discharged from 

the city plant, and from reported analyses by Schreiber (1957) and 

others, it would seem conservative to use values of 55 pounds of am

monium nitrate and about 75 pounds of phosphate per acre-foot of ef

fluent. The third constituent ordinarily applied in fertilizer, 

potassium, is also present in solution in the effluent, but the 
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chemistry of soils in the Tucson region is such that potassium is gen-

erally abundant and the addition of more with effluent irrigation is of 

no added benefit. On the other hand there is no apparent danger of 

harmful effects from over-abundance of ,potassium; therefore, it will be 

dismissed from further consideration locally with the conclusion that 

its effect is non-negative. 

The recommended applications of nitrogen and phosphorus in this 

region during the irrigation season vary widely, but a seasonal rate 

for cotton typically may be 140 lbs/ac of Nand 70 lbs/ac of P, and for 

small grains 80 lbs of Nand 40 lbs of P per acre. The costs for mater

ials and application of these amounts of fertilizer approximate $20.00 

and $17.00, respectively. 

Since the application of irrigation water at the farm headgate 

for individual crops in these (AI and A2) classes ranges from 3.1 to 

5.6 acre-feet per acre, the nutrients applied therein if sewage efflu

ent is used would amount to 170-310 lbs of nitrogen and 230-420 lbs of 

phosphorus. It follows that for these classes of crops the use of the 

effluent provides a benefit with value at least equal to the costs that 

otherwise would be incurred by fertilizing. It is at once apparent, 

however, that only the first 2 or 3 acre-feet applied counts toward 

making up the fertilizer requirement, and the remainder of the effluent 

provides excess nutrients. Looking at it another way, applying enough 

effluent to satisfy the nutrient requirements would under-irrigate the 

crops. Evidently then we should dilute or mix the effluent with water 

from another source containing no nutrients, or alternate irrigation 



applications between such water and the effluent. The use of ground 

water is an endogenous factor under these conditions. 
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The question then becomes one of determining the optimal mix. 

The nitrogen requirement for the crop is generally higher than the 

phosphorus, but its concentration in the effluent is generally less. 

We could either "key" on the nitrogen requirement and thereby apply ex

cess phosphorus, or key on the phosphorus requirement and make up the 

deficiency in nitrogen application by other means. This is an opera

tional decision for the farmer. The most efficient use of the efflu

ent, in which total fertilizer requirements would be supplied by the 

minimum application of effluent (keyed on N), apparently would result 

in a fertilizer value of approximately($17.00 f 2) = $8.50/ac-ft for 

Al crops and ($20.00 7 3) = $6.67/ac-ft for cotton. In the present ex

ample, however, we are implying the substitution of full effluent use 

for ground water on a given acre, in which event the full fertilizer 

value must be divided out by the full water delivery rate. Thus we 

obtain calculated values of $4.25/ac-ft for Al use and $4.55/ac-ft for 

A2 use, and these amounts will be credited toward the net benefit co

efficients for these uses in the following section. 

It should be noted that the fertilizer value in effluent here 

is considered only as the equivalent saving in cost of commercial fer

tilizer, with the implicit assumption of obtaining equal crop returns 

from use of effluent or other water. There is evidence that additional 

incremental benefits may be realized from effluent use through higher 



crop yields, soil improvement, or other factors. Further comment on 

this point will be reserved for Chapter 5. 

Maximization of the Net 
Benefit Function 
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As described conceptually in an earlier section, an alternative 

approach in determination of optimal allocation is the method of maxi-

mizing net benefits. The basic distinction in mechanics of solution 

between this method and that of cost minimization as just illustrated 

is that the objective function coefficients will now represent the unit 

benefits attributable to each use as determined previously, reduced by 

the corresponding unit costs. 

The problem will be set up again in terms of 1970 conditions 

with availability constraints on the four water sources and minimal 

quantities on all uses. The A3 and A4 minima are adjusted to reflect 

the proportion shown in the 1969 crop survey, and a new use II (cool-

ing) enters the solution. To produce a consistent series of compara-

tive calculations as a case study, the Northwest Area will continue to 

be the area of reference. The objective function and constraints 

follow: 

MAX Z = 15.3 Qll+ 44.4 Q12 + 49.8 Q13 + 67.4 Q14 + 486.0 Q15 

+ 8.2 Q16 + 460.0 Q17 + 15.3 Q21+ 44.4 Q22 + 27.3 Q23 

+ 44.3 Q24 + 476.3 Q25 - 14.9 Q26 + 450.9 Q27 - 13.1 Q31 

+ 15.7 Q32 + 25.7 Q33 + 45.3 Q34 + 475.7 Q35 - 18.1 Q36 

+ 426.1 Q37 + 8.3 Q41 + 37.1 Q42 + 47.1 Q43 + 66.7 Q44 

+ 500.3 Q45 + 3.3 Q46 + 462.4 Q47 



Subject to: 

7 
L Q1. 

j=3 ] 
S 12,600 

7 
L Q2j S 500 

j=l 

7 
L Q3" S 500 

j=l ] 

7 
L Q4J. S 16,500 

j=l 

4 
~ Qil ~ 8,900 

i=l 

4 
L Qi2 ~ 6,100 

i=l 

4 
~ Q.3 > 1,,300 

i=l 1 

4 
L Qi4 ~ 300 

i=l 

4 
~ Qi5 > 600 

i=l 

4 
~ Qi6 ~ 1,300 

i=l 

4 
L Qi7 ~ 900 

i=l 

It will be noted that negative net benefit coefficients arise 
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from allocation of MI2 water to park irrigation, and of industrial ef

fluent E1 to either field and forage crops or park irrigation; nonethe

less, these remain in the solution. The allocation of MIl water is 

divided into two rows for the solution matrix, the first row represent-

ing the sum of current contract quantities of 3,200 acre-feet to Al and 

A2 uses on the City Farm and a nominal annual 13.0 mgd (or about 14,600 

ac-ft/yr) to the Dow lands for the same uses. The optimal allocation 

solution is as shown in Table 20. (All units are ac-ft/yr.) 

The value of the objective function for this solution is 

$14,049,540. The same problem was solved by the separable convex 



Table 20. 

Sources 
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Optimal Allocation of Ground Water and Salvaged Water, 1970, 
Under Net Benefit Maximization, With Linear Net Return Co
efficients and Without Upper-Bound Constraints on Uses. 

Use s 
Total 

8,900 8,900 17,800 

1,300 300 9,700 1,300 12,600 

100 400 500 

500 500 

16,500 16,500 

8,900 8,900 1,300 300 26,300 1,300 900 47,900 

programming method, after determining slopes of linear segments of the 

net benefit function, using 4000-acre-foot increments of supply for the 

various uses. The allocation pattern in that solution was the same as 

that shown in Table 20, although as is expected the optimal value of 

the objective function is slightly greater, $14,200,190;. since the 

available supplies in this Northwest Area greatly exceed the minimal 

requirements for use, the solution utilizes the higher net benefit co-

efficients of the first available increments of supply. Further, 

since no upper limits were placed on use and as the objective is to 

maximize, the solution proceeds to allocate all the "excess" supply to 

the highest valued use, Rl • The actual quantity usable by Rl in the 

region is of course much less than 26,300 acre-feet, and this use is to 

be constrained by the standards for urban recreational resources. This 
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is exactly what is done in the following solution. The quantities al-

located to Rl and R2 will not be allowed to exceed that required to 

serve five park-lake units, and the amount for II use will not exceed 

the current total water intake of both steam electric generating 

plants. The availability constraint on ground water also is adjusted 

to 5,700 acre-feet, or that quantity currently pumped on irrigated 

acreage not served by effluent contracts in the Northwest Area, assum-

ing the regional cropping pattern represented in Table 13. (Alter-

natively, one could use the closely similar figure of 5,300 acre-feet 

obtained according to the 1969 crop survey in the Northwest Area it-

self.) These new constraints are added to those listed for the previ-

ous solution, as follows: 

7 4 
L Q4j < 5,700 L Qi6 < 6,500 

j=l i=l 

4 4 
L Qi5 < 3,000 L Qi7 < 4,600 

i=l i=l 

The optimal allocation solution then is as shown in Table 21. 

The principal difference between this solution and the previous 

one is that, having filled the maximum allowable allocation to Rl , the 

algorithm shifts to II' another high valued use, and goes to maximum 

there, finally apportioning excess quantities over minimum needs to A4 

and A2 uses. Those quantities allocated above minima are shown in 

parentheses below the table. 
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Table 21. ?ptimal Allocation of Ground Water and Salvaged Water 
1n the Northwest Area Under Net Benefit Maximization 
With Institutional Constraints, 1970. 

Sources 
U s e s 

Al A2 A3 A4 Rl R2 11 
Total 

MIlA 8,900 8,900 17,800 

MI1B 1,300 8,600 1,300 1,400 12,600 

MI2 500 500 

El 500 500 

GW 3,000 2,700 5,700 
--- --- - -

8,900 8,900 1,300 9,100 3,000 1,300 4,600 37,100 

Allot-
ment 0 (2,800 ) 0 (8,800) (2,400) 0 (3,700) 

above MIN: 

Below MAX: 0 (5,200) 0 

The next step employed in this procedure was parameterization of 

the objective function coefficients for the Rl and 11 uses, to observe 

how variations in their values would affect the solution. First, since 

the net returns to Rl use were stated earlier to represent conditions 

approaching maximum intensity of use according to recreation standards, 

we might assume the rather extreme and unlikely event that the net bene-

fits to this use turn out to be only one-half or even one-fourth of the 

determined values. The Rl coefficients accordingly were adjusted down

ward from approximately $500/ac-ft to $250 and in turn to $125, and the 

solution repeated. The allocation pattern did not change, although of 
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course the value of the objective function declined, as follows (calcu-

lated values; significant figures may vary): 

Coefficient for Rl 
($/ac-ft) 

Approximately $500 
250 
125 

Value of Objective 
Function 

$4,827,850 
4,076,950 
3,701,950 

The significant point here is that, even under the lowest as-

sumed return to Rl use, the potential annual benefits to the area ap

proach $4,000,000, whereas the actual returns under current conditions 

were estimated on page 148 to be less than $500,000 (or the sum of the 

calculated values $256,377 and $169,401). The realization of the po-

tential benefits of course would require the existence of all other 

inputs to the irrigable acreage, recreational facilities, and power 

plant operations; given this condition, our results indicate the magni-

tude of value of the water input. 

Next, holding the Rl value constant but varying the II coeffi

cient upward, we obtain a slightly different allocation (Table 22). 

The only change between the previous solution and this one was a shift 

of 500 acre-feet of MIl water from II to A4 use, and a corresponding 

shift of the El source from A4 to II" The II coefficient in this so

lution was set to reflect value added of around $950/ac-ft as cited in 

Chapter 3; then it was varied downward through a wide range to a net 

return of only $45 to simulate a gross return of $60 and a pumping cost 

of $15 for ground water. No change occurred in the allocative pattern, 
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Table 22. Altered Allocation of Water With Variations in Net Benefit 
Coefficient. 

Sources U s e s 
Al A2 A3 A4 Rl R2 II 

Total 

MILA 8,900 8,900 17,800 

MIIB 1,300 9,100 1,300 900 12,600 

MI2 500 500 

El 500 500 

GW 3,000 2,700 5,700 

8,900 8,900 1,300 9,100 3,000 1,300 4,600 37,100 

but the net benefits varied in proportion to the decreasing unit return 

to II use, as follows: 

Coefficient for 11 
($/ac-ft) 

$920 
230 
45 

Value of Objective 
Function 

$6,952,970 
3,778,970 
2,927,970 

It is to be stressed here that these values of the objective 

function are tenuous with respect to the parameterized coefficient. 

We are not here determining a known value for the 11 coefficient; we 

are testing over a range of unknown values within reasonable limits to 

observe the effect of the unknown on the dependent variable. This 

point is applicable also to the parameterization of Rl as just com-

pleted and of 12 in subsequent pages. 



It seems appropriate to carry the allocation method to the 

future, and 1975 is used as an example. Although variable costs for 

advanced treatment, for instance, may be lower by that year and con

struction costs higher, such changes would apply equally relative to 

all uses; therefore we retain the preceding net benefit coefficients 

and the same objective function, with one exception--the addition of 

mining and milling (1 2) use. 
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By 1975 the water requirements as projected for mines adjoining 

the Sahuarita district will be in the order of 40 mgd, and the quantity 

of salvageable water in the Northwest Area will be in the same magni

tude. General agreement has not been reached at this time on the tech

nical feasibility of this source:use combination, nor has settlement 

been achieved through legislation, litigation, or agreement regarding 

legal arrangements for such use in light of competition for local ground 

water by agricultural and municipal interests. Therefore we invoke very 

flexible technical and institutional constraints and test for economic 

feasibility at any or all levels of use between zero and 44,800 ac-ft/yr 

(equivalent to 40 mgd). 

We have been dealing with treatment costs only, and as 12 is a 

remote use it is necessary to estimate a cost of conveyance in order to 

visualize what the total cost component would be. The least unit cost 

for conveyance evidently would be that incurred by designing for the 

maximum quantity mentioned above, and an estimate is made on that basis. 

The basic price data and assumptions used are given in Appendix A; the 

resulting estimated 1975 cost of construction for pipeline is 
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$13,400,000 and for booster pumping stations $508,000, or a total in-

vestment cost of $13,908,000. The estimated variable cost for pumping 

is $778,000/yr. Matters of appropriate amortization period, discount 

rate, and escalation factors are subject to judgment; the above esti

mates include escalation based on the ENR Construction Cost Index and 

as described in Appendix A. 

The installed pipe prices used above refer to concrete steel 

cylinder pipe; average service life for this and similar kinds of pipe 

is given as 50-100 years by California Public Utilities Commission 

(1961), and studies by the City of Tucson Water and Sewers Department 

show 70 years for this type of installation. The discount rate for 

municipal funding, in recent years running 4 to 4~ percent, is pres

ently on a relatively high level between 5~ and 6 percent locally, but 

on a long-term estimate it is reasonable to adopt a more stable aver

aging figure, perhaps 5 percent in this instance. The effects of vary

ing discount rate and amortization period within these ranges are not 

great, as illustrated in Table 23. From this range of unit costs we 

can assign $35.00/ac-ft as a conveyance cost which rather closely 

represents a service life of 70 years at 5~ percent. 
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Table 23. Effect of Varying Amortization Periods and Discount Rates 
on Estimated Cost of Conveyance of Treated Effluent to 
Mining Districts 

Amortization Discount Annual Fixed Annual Total Unit Cost 
Period (yrs) Rate ('70) Cost Payment Payment ($/ac-ft) 

40 5 $ 811,000 $ 1,589,000 $ 35.47 

40 6 924,000 1,702,000 37.99 

50 5 762,000 1,540,000 34.38 

50 6 882,000 1,660,000 37.05 

60 5 735,000 1,513,000 33.77 

60 6 861,000 1,639,000 36.58 

70 5 719,000 1,497,000 33.42 

70 6 849,000 1,627,000 36.32 

We seek then an optimal allocation of water from four sources 

to eight uses, with the previously stated objective function and the 

following revised constraints: 

8 4 
2: Qlj $ 36,000 2: Qil ~ 8,000 

}"'l i==l 

8 4 

2: Q2" $ 3,000 2: Qi2 ~ 5,500 
j=l J i==l 

8 4 
2: Q3j $ 600 2: Qi3 ~ 1,300 

j=l i=l 

8 4 

2: Q4" < 5,700 2: Qi4 ~ 300 
j=l J i=4 
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4 4 
700 :5 L Qi5 < 3,600 1,100:5 L Qi7 :5 5,800 

i=l i=l 

4 4 
1,600 :5 ~ Qi6 < 7,800 0:5 ~ Qi8 :5 44,800 

i=l i=l 

where sources (i) are, in order, MI , MI , E , and GW and uses (J') are 
1 2 1 

AI' A2, A3, A4 , Rl , R2, II' and 12, By 1975 the previously constrain-

ing effluent contracts will have expired, obviating the need for partial 

legal restraints as stated earlier. 

In this solution we hold the net benefit coefficient for Rl 

constant at nearly $500/ac-ft as determined by the analysis in Chapter 

3, and hold II at about $460 which is an approximate midpoint between 

the "value added" figure of $920 and the minimal pumping cost of $15, 

as discussed in Chapter 3. While this is done, the coefficient for 

mines (1 2) use can then be parameterized between its extreme upper and 

lower values. The first value assumed is $50/ac-ft, equivalent to a 

gross return to water of $100 less $35 for conveyance and $15 for mini-

mal treatment. The solution follows in Table 24. 

Only a small quantity is allocated to 12 use and evidently if 

the benefit attributable to it is not more than $lOO/ac-ft the alloca-

tion to mines is negligible under the conditions set out here. The 

coefficient then is raised to $350 (Table 25). 

With the higher unit net benefit assigned to 12, an allocation 

of 18,600 acre-feet of MIl effluent has shifted from A4 use to 12 use. 
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Table 24. Benefit Maximizing Allocation of Water to All Prospective 
Uses in Tucson Region, 1975 Conditions, Assuming Minimal 
Unit Returns to Water for Mining Use. 

Sources 

8,000 2,500 1,300 

3,000 

8,000 5,500 1,300 

Allotment above MIN: 

° o o 

Below MAX: 

Use s 

18,900 1,600 3,700 

3,600 2,100 

I Total 
2 

36,000 

3,000 

600 600 

5,700 

18,900 3,600 1,600 5,800 600 45,300 

(18,600)(2,900) ° (4,700)(600) 

(6,200 ) o (44,200) 

Table 25. Allocation of Water to All Uses in Tucson Region, 1975, As-
suming Increased Returns to Water for Mining Use. 

U s e s 
Total Sources 

Al A2 A3 A4 Rl R2 II 12 

MIl 8,000 2,500 1,300 300 1,600 3,700 18,600 36,000 

MI2 3,000 3,000 

El 600 600 

GW 3,600 2,100 5,700 
--

8,000 5,500 1,300 300 3,600 1,600 5,800 19,200 45,300 

Allotment above MIN: 

° ° 0 ° (2,900) 0 (4,700)(19,200) 

Below MAX: (6,200) ° (25,600) 



172 

Next the 12 coefficient is raised to $710, and the result is given by 

Table 26. 

Table 26. Revised Allocation of Water to All Uses in Tucson Region, 
1975, Assuming High, Returns to Water for Mining Use. 

Source 
Use s Total 

8,000 5,500 1,300 300 3,600 1,600 5,800 9,900 36,000 

3,000 3,000 

600 600 

5,700 5,700 

8,000 5,500 1,300 300 3,600 1,600 5,800 19,200 45,300 

Allotment above MIN: 

o o o o (2,900) o (4,700)(19,200) 

Below MAX: (6,200) o (25,600) 

At this level, all available sources of water except MIl have 

been allocated to 12 use, and the MIl source has been assigned to satisfy 

minimal requirements for five uses, some additional amount to the high-

valued uses Rl and 11' and 9,900 acre-feet to 12, again yielding a total 

of 19,200 acre-feet to be allocated to 12 use. Finally a value of 

$l,420/ac-ft is used, yielding a similar allocation but progressively 

greater values of the objective function: 



Coefficient for 12 
($!ac-ft) 

50 

350 

710 

1,420 

Value of Objective 
Function 

$ 6,222,440 

11,658,800 

18,514,280 

32,146,280 
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Evidently, at unit values less than $350/ac-ft for 12 use, ef

ficiency of allocation is the objective of the solution, according to 

actual net rent to water in that use, but at any value added from $350 

up to $1,420, the question of distribution becomes active. With in-

creasing values below $350/ac-ft the allocations of MIl and MI2 efflu

ents, and finally the ground-water increment, are progressively shifted 

from agricultural toward mines use. Apparently at all values at or 

above $350 or about $1.00/1000 gal, an unchanging allocation of approx-

imately 20,000 acre-feet to 12 results from the optimizing solution, 

and any additional allocation becomes a management decision requiring 

some equity basis. In order to serve the full 44,800 acre-feet to 

mines from this area, it would be necessary to delete requirements for 

other uses by some policy decision, or to turn to additional sources. 

This series of calculations illustrating 1975 conditions for 

allocation is based upon projections to that year. In the event that 

some conditions change faster, and others more slowly, than predicted, 

then the rate of change of coefficients in the objective function and 

the constraints would vary accordingly. It is well to recognize too 

that possible events such as court decisions, wherein equity 
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considerations may transcend efficiency criteria, can suddenly and 

drastically change the pattern of allocation. 

Structural Transformations 

This phase of the study postulates a system modification in the 

form of one or more facilities for water control, treatment, conveyance, 

storage, or use. The method of evaluating the transformation attendant 

upon this modification is to develop a present value (at any decision 

time to) of all benefits and costs of the operation of the system through 

its projected life with and without the proposed change and to make an 

algebraic comparison of the two states of the system. Although marginal 

benefits and costs enter the solution, this kind of adjustment and eval-

uation is called "structural," as defined earlier, since new construc-

tion and capital investment are involved and because the postulated 

change is a planning feature rather than an operational modification of 

a given state. 

The purpose here will be to present a methodical procedure for 

evaluating proposed adjustments of this kind. Explicit examples are 

developed with reference first to Randolph Park and then to the Tucson 

International Airport. A narrative of the procedural rationale is given 

briefly in the following text, and numerical examples with symbolic no-

tation are presented in Appendix C. The general formulation for the 

evaluation scheme is the simple relation where change in aggregate net 

benefits between two comparative states is expressed 

dU = 2:2: [(B-C) (w,]·) +d(B-C) (w,j) Q(w,j)]dQ (w,j) 
dQ (w,j) 

w j 
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Two aspects of this kind of formulation deserve particular at

tention: 1) A complete accounting of all the elements of change in

herent in a given adjustment, and 2) a consistent and rational way of 

presenting results of the evaluation. In regard to the first point, 

the recording of all elements involved is aided by breaking the problem 

into parts by either institutional or physical components. In the Ran

dolph Park example, the terms are grouped according to the various 

public agencies, corporations, or other parties affected by the change, 

so as to account for all effects both direct and indirect. Knowledge 

of the net'effect on each party is valuable in equitable decision mak

ing, and computing of their sum yields a value (plus or minus) of the 

social or aggregate net effect. The other method of decomposition is 

by physical or geographic components, preferably oriented to sources 

or uses; this is illustrated in the airport example. 

The second aspect of the method--the forming of results-

evolves through necessity according to the complexity of the problem. 

It may be impractical to reduce net results to dollar values per acre

foot, because commonly various quantities of water are involved in the 

several parts of the system; therefore we find need to apply each in

cremental net effect dU to its appropriate water quantity dQ (w) rela

tive to each water use, and sum the increments by the general formula 

given above. The units of this result are dollars. Next to be consid

ered is the time factor, i.e., whether the answer is a single-valued 

representation of present value or an annualized average value in 

dollars per year applied over a span of time to a planning horizon. 
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The two examples in Appendix C are brought down to these latter units, 

as follows: 1) Variable costs are estimated as recurring annual 

amounts, as are annual benefits; 2) fixed costs predicted to occur in 

a future year are discounted to present value; and 3) both these and 

fixed costs incurred in the decision year are extended to an annualized 

average payment. The end result is a value in dollars per year appli

cable to year tl and assumed to repeat for varying numbers of years 

according to projected life of the unit. If desired, and if all com

ponent parts can be reduced to a common time horizon, this value could 

be capitalized and expressed as a lump sum. 

Operation of a Separable Source 

Randolph Park is chosen as being representative of several lo

cations in the metropolitan area at which a satellite treatment plant 

could be built on the main sewage collection system for the joint pur

pose of relieving system loading and applying the treated effluent to 

beneficial use in the vicinity of the satellite plant. In this example 

we postulate a package plant for conventional treatment of 2.0 mgd or 

about 2,200 ac-ft/yr, of which a major portion would be used for park 

irrigation (R2) and the remainder would receive advanced treatment for 

use in a fishing and boating lake (Rl ) similar to that posed in Chapter 

3. In this instance we will suppose that, of the 2,200 acre-feet per 

year of water treated, 150 acre-feet would be treated for Rl use to 

serve approximately the 5-acre existing lake; 1,600 acre-feet would be 

used to irrigate the 400 acres of park lands; and the remaining 450 

acre-feet would be charged to abnormally heavy irrigation requirements 
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of the plant nursery, unavoidable operational losses, and fluctuations 

in treatment load. 

There are three affected parties. The City Parks and Recrea

tion Department would cease purchasing ground water and would instead 

store and use treated effluent for both the lake and the grounds. The 

City Water and Sewers Department would build and operate the satellite 

treatment plant, but would simultaneously save conveyance and treatment 

costs for a corresponding effluent load at the main plant and enjoy 

partial relief of future main plant expansion. The farming enterprise, 

which has purchase right to all main plant effluent, presumably would 

have to acquire additional ground water to supplant the reduced amount 

available at the plant. From these premises a straightforward calcula

tion is all that is required, and such a calculation is shown as the 

first example in Appendix C. It is stressed that several of the coef

ficients used there are highly tentative, and that the numerical result 

is shown only to illustrate the method and is not intended to be used 

as the basis for decision or design. This brings us to the final point 

to be observed here, that one of the most persistent problems facing 

the water management agency is the necessity to acquire, through exper

ience or investigation, reliable and sufficient data for input to the 

decision model. 

Even with the restriction of unrefined data for cost coeffi-

cients, the sample calculations strongly indicate that the feasibility 

of this type of adjustment would be highly sensitive to the extent of 

allocation to RI use. 
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A Multiple Source Model 

The University of Arizona Environmental Modification Facility, 

located adjacent to Tucson International Airport, serves as the setting 

for a computational example of the use of several sources of salvaged 

water under a unified management entity, in contrast with the previous 

case involving one source of water and numerous institutional entities. 

Although the solution is merely illustrative with respect to uses, the 

sources are available in the approximate gross annual quantities de-

scribed in Chapter 2. Of the 300 acre-feet from the Hughes Aircraft 

Company Plant (E l ), 180 acre-feet is blowdown and 120 is plating efflu-

ent, requiring different treatment. There is 700 acre-feet of cooling 

effluent (E 2) available from the Tucson Gas and Electric Company Plant, 

of which 420 acre-feet would be diverted. Of 300 acre-feet from non-

urban storm runoff (W2), it is assumed that a low flow diversion weir 

would divert 40 percent or 120 ac-ft/yr. 

The problem is set in terms of two alternatives, the first as-

suming development of the El and W2 (Hughes and runoff) sources of 

water and the second assuming only the E2 (power plant blowdown) 

source. Under either alternative the cost of effluent disposal would 

be saved at the sources, but the greater cost of conveyance to the air-

port would be incurred. Weighed against these costs are the potential 

benefits to be gained through use of the salvaged waters at the En

vironmental Modification Facility to support recreational activities Rl 

(lO-acre lake) and R (25 acres of park irrigation), and to supply a 
2 
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cooling pond which would be substituted for cooling towers at the En-

vironmental Research Laboratory. 

The computational procedure is shown as the second example in 

Appendix C. As in the Randolph Park analysis, the values of cost co-

efficients are highly tentative and the project evaluation serves as a 

demonstration only. 

Adjustments in Use From 
Discrete Sources 

Each of the ten county sewage treatment facilities in the Tucson 

region is considered to be an existing or potential discrete source of 

treated effluent, and each is related to a distinctive set of potential 

uses. Although no numerical calculations have been made here in rela-

tion to possible adjustments in treatment and reuse of these sources, 

their significance in the regional water salvage framework will be il-

lustrated in Chapter 5 by a brief summary of potential adjustments at 

the Green Valley site. 



CHAPTER 5 

INTERPRETATION AND CONCLUSIONS 

This final section will begin with a concise statement of the 

principal findings of this research, followed by the recording of some 

implications that may be drawn by induction from the direct results re

garding further related research efforts which appear to be warranted. 

Statement of Findings 

1. A form of regional general equilibrium model serves as the 

broad framework within which the water salvage industry can be analyzed. 

2. A selective inventory shows that an annual supply of approx

imately 35,300 acre-feet of salvageable water is presently available in 

the Tucson region. Projections made by others indicate an increase of 

this supply in the order of 5 percent per year during the next 10 to 20 

years. 

3. It is strongly evident, if not in fact conclusive, from re

view of technical literature that the current state of technology is 

adequate to transform any of the salvageable waters to any desired state 

of quality; it is cost of treatment that necessitates selectivity in 

salvage practices. Further, efficiency of treatment is constantly be

ing improved, bringing about changes in the structure of water salvage 

feasibility and, concurrently, optimality. 

4. According to results of the urban recreation survey, a 20-

acre fishing and boating facility operating at maximum intensity would 
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yield annual returns over variable costs of about $300,000, or approx

imately $500/ac-ft of water input. In conformity with urban recreation 

standards, at least five such facilities could be supported by the ap-

parent demand in the Tucson region. 

5. Owing principally to the recreation demand, evidence of 

feasibility can be demonstrated for construction of satellite treatment 

plants and/or for diversion of unused salvageable waters to a recrea-

tion site. 

6. Activity analysis is applicable to water salvage activi-

ties, and linear programming methods, appropriately modified as to 

statement of constraints, can be used as a guide toward optimal pat-

terns of allocation of salvaged waters. 

7. The salvageable water supplies, both present and future, 

are conceived to be incrementally substituted into the regional water 

supply function, as an input to water activities delimited generally by 

constraints other than water supply. 

Implications for Future 
Related Research 

In the course of reflection upon the technical literature re-, 

viewed, testing of ideas, and compilation of facts and findings intrin-

sic to this research, a procession of related issues gradually have 

become illuminated to varying degrees; those seeming to require more 

urgent attention in forthcoming research are singled out below. 



Utilization of Salvageable 
Water Resources 
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External economies and diseconomies are evident in the manage-

ment of salvageable water resources of virtually every description. By 

definition these waters are never economically neutral, possessing al-

ways some attribute of quality or location which stands either to en-

hance social benefit or to increase social cost, depending upon the 

manner of their disposition. Any conception or misconception of these 

qualities is most likely to be formed in the context of contamination 

or pollution of the environment, centered in the basic question of dis-

posal, and a ready example may be an excessive concentration of nitrates 

in solution in a ground-water reservoir otherwise usable by third par-

ties for domestic water supply. Industrial effluents also are commonly 

suspect. Valuable insight recently has been developed by research on 

methods of either assessing the polluter for his damaging practices or 

enticing him to reduce their extent (e.g., Kamien, Schwartz, and Dol-

bear 1966). If we act, either through incentives or coercion, to miti-

gate disposal practices which tend to pollute, we may be able to wield 

a double-edged sword. In the process of improving quality or location 

of effluent water to decrease its harmful effects, we are simultaneously 

imparting to it an increased value toward some beneficial use. In eco-

nomic terms we can at once internalize an external effect while enhanc-

ing an input to subsequent production. In the context of the Tucson 

region, a need exists to identify and describe the present and poten-

tial technological externalities related to salvaged water utilization. 

A basis for their quantification thus would be provided. 
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Closely related to external effects is the matter of psycholog-

ical effects, which are peculiarly significant in activities involving 

reuse of water. In terms of a user's anticipated benefit from the 

water product, his perception of the water may be a predetermining fac

tor in his decision to bid for it, prior to any determination of actual 

price and quite apart from any calculation of consumer's surplus or 

latent benefits. This may be termed "user perception," which is per

haps a more tractable expression for what is commonly called "aesthetic 

value." 

The user's mental image of a salvaged water is likely to be 

composed of two parts: 1) The tangible evidence of chemical or biolog

ical quality of the water, which can be determined objectively in the 

laboratory and the effects of which are quantifiable by economic anal

ysis, and 2) an intangible or subjective element which is psychological 

and not readily quantified. This phenomenon is operative in the reuse 

of municipal or industrial waste waters for irrigation, especially of 

edible crops, and for recreation, especially water contact sports. It 

is a particularly important factor also in the reuse of any water for 

drinking water. This type of reuse has not been included in the pres

ent study, as it is believed that its application will come in some 

future year beyond the span covered here. In the interest of compari

son with other uses, however, the basic quality requirements for drink

ing water are summarized in Appendix D and one possibility related 

thereto seems to deserve mention. The presence of salvageable waters 

suggests broader adoption of the practice of dually operating domestic 
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water systems, with one pipe system producing drinking water and the 

other supplying lawn irrigation or waste disposal systems. It is not 

contemplated that dual systems would be built in already established 

residential or commercial areas, but their installation in new areas 

of suburban development may be considered imminent as soon as the al

ready available water control technology is combined with a measure of 

economic necessity and psychological acceptance. 

Latent effects of effluent use were described earlier in terms 

of displaced fertilizer cost. Further implications are present in the 

application of these waters to agricultural uses. The properties and 

experimental utilization of effluents for irrigation of small grains in 

the Tucson region have been reported by Dye (1958), Day and Tucker 

(1959), and Day, Tucker, and Vavich (1962), who found generally higher 

green forage yields and grain yields from crops irrigated with effluent 

than from those receiving ground water plus controlled additions of 

commercial fertilizer. One of the significant factors lies in the ef

ficiency of application of bag-applied commercial fertilizer versus 

effluent-carried nutrients. 

Each type of dissolved or suspended plant nutrient in effluents 

can be treated as an input to the production function for a given crop, 

with a growth curve depicting plant response to increasing nutrient ap

plications, under laboratory conditions. It appears that additional 

field experiments are needed in order to depict the region of diminish

ing or even decreasing returns on such a curve, as a function of en

vironmental variables including soil chemistry, plant variety, and 
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climatic factors. Effort should be directed to finding the optimal 

water solution to be applied to accomplish multiple objectives: 1) To 

assure adequate water and nutrient supply to the soil-plant zone; and 

at the same time 2) to avoid excessive application of nitrates at the 

soil surface, which then might be transported laterally by overland 

flow or vertically downward by percolation, to places where their pres

ence may become deleterious. The possible long-range effects of soil 

structure improvements by suspended organics, nutrient storage in soils, 

and accumulation of trace elements or dissolved salts derived from un

mixed effluent application, would also bear closer scrutiny. 

In regard to urban recreational uses of salvaged waters, the 

recreation surveys made in this study and previously have only scratched 

the surface of a wealth of information which would be useful for effi

cient planning in the use of these resources by managers of recreational 

facilities. 

One can readily infer the potential benefits in allocation of a 

discrete salvaged water source to multiple uses including both irriga

tion and recreation, using the figures developed earlier in this study. 

Aside from any industrial use, the allocation of treated secondary 

sewage effluent from the Green Valley plant, at a conservatively esti

mated 1975 level of 1.0 mgd, could serve the following hypothetical use 

pattern (Table 27). As these uses locally are being served by ground 

water, the costs of advanced treatment as needed would have to be 

weighed against these returns. 
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Table 27. Potential Returns to Use of Salvageable Water From a 
Discrete Source. 

Activity Quantity 

Al 70 ac 

A2 40 ac 

A3 40 ac 

A4 5 ac 

Rl 5-ac lake 

R2 80 ac 

Unit 
Returns 

44.08 

174.90 

219.00 

131.81 

3,962.25 
maximum urban 

41.00 

(as sume 2570 of 
use in tens ity) 

Total: 

Annual 
Returns 
to Water 

$ 3,086 

6,996 

8,760 

659 

19,811 

3,280 

$42,592 

Although the industrial cooling effluents from power plants as 

considered in this study are relatively small in amount, the projec-

tions of their growth are significant, indicating not only a propor-

tional growth with population increase but also the multiplying effect 

of an increasing energy consumption per capita. It has been estimated 

that in 1968 about 70 percent of the nationwide industrial thermal ef-

fluent load was attributable to the steam electric power industry, dis-

charging approximately 50 trillion gal/yr of heated water, and that this 

rate of discharge will double by 1980 (Remirez 1968). Moreover, an in-

creasing share, perhaps 30 percent by 1980, of all power production will 

be provided by nuclear power plants, which under present design operate 

at lower heat-rejection efficiency, rejecting about 50 percent more 

heat, than fossil-fueled generating plants of similar capacity. 
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Applied regionally, these factors portend a rapidly increasing combined 

effluent and heat load. The burden on water management involves deci

sions regarding disposal or use of the rejected water and heat, either 

jointly or separately. On the side of joint use is the promise of mul

tiple benefits that may accrue through judicious substitution of cool-

ing ponds for cooling towers, as shown in the Airport example, where 

the cooling ponds have a less efficient heat transfer rate but can sus-

tain high-benefit recreational activities. 

Ground Water Storage and Exchange 

The process of storing water underground through spreading 

basins, as discussed in Chapter 3, can be considered either as a stor-

age process or as a treatment process, or both. Frankel (1967, p. 295) 

cites the experience at the Whittier Narrows project in Los Angeles as 

follows: 

Research on waste water reclamation ••• indicated that for a 
well-ripened intermittently operated basin, i.e., favorable 
aerobic conditions, that (1) approximately three quarters of 
the carbonaceous oxygen demand, as measured by COD, is removed 
from the percolating water in passage through the first four 
feet; (2) the concentration of resistant ABS can be decreased 
to 0.2 mg/l or less in a few feet of vertical percolation and 
that about 97 percent of the removed ABS is degraded biochemi
cally; (3) the sum of organic and ammonia nitrogen is dimin
ished by more than 95 percent in percolation through the upper 
two feet of well-ripened soil; (4) vertical travel through more 
than seven feet of soil removes almost all coliform organisms; 
(5) enteric viruses show no measurable concentration after two 
feet of percolation; (6) after four to eight feet of percola
tion remaining nitrogen is almost completely converted to ni
trates versus the surface forms of ammonia and organic nitrogen; 
(7) LAS degradation shows 90 percent removal of the surfactant 
after passage through two feet of soil; (8) no evidence has oc
curred indicating that the spreading of effluent affects water 



quality at any depth as yet; and (9) optimum spreading of 
waste water effluents indicates application of two feet of 
effluent per day, about nine hours wet and 15 hours dry. 

188 

Although some of these points are stated in a negative or pro-

visional sense, it is clear that several aspects of quality improve-

ment are feasible by percolation through natural permeable materials; 

this is supported by early results of the Tucson Wastewater Reclamation 

Project. The Whittier Narrows project indicated costs for spreading of 

either storm water or reclaimed effluent to range between $0.42 and $lB 

per acre-foot, with an average of $8/ac-ft, making a total recharge plus 

pumpback cost of $lB-23/ac-ft. The recovery cost in new areas can also 

be predicted on theoretical grounds by either pumping-test analysis or 

relaxation methods as described in Chapter 3. 

The storage process of course becomes essential when the waters 

are to be delivered to a seasonally varying use, particularly irriga-

tion. It would seem that for a known requirement and variation, a 

straightforward form of dynamic programming with time stages could be 

applied in planning optimal storage schedules. It is to be hoped that 

this and other available methods of analysis will be increasingly ap-

plied as may be appropriate to studies of storage operations and plan-

ning. The discussion of storage in Chapter 3, while oriented to com-

ponents of the economic model, attested to both the importance and the 

complexity of the physical storage problem with respect to salvaged 

waters. Both quantitative and qualitative work must be continued in 

the area of subsurface storage; unless the entire operation of storage 

and recovery is internal to one agency, the expected ultimate 
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commingling of waters underground signifies that, either prior to or 

during the process of storing, the recharged water must have been up-

graded to a level of quality adequate to the highest use to which fu-

ture pumpers may wish to apply it, if external diseconomies are to be 

avoided. In the case of salvaged waters which occur in relatively 

small quantities, it may be advantageous to utilize tightly sealed 

surface storage reservoirs for waters of differing qualities awaiting 

various treatments or uses. 

Since nutrients in secondary effluents are generally beneficial 

in irrigation but detrimental to other uses, there looms the prospect 

of direct exchange of such effluent to irrigators for rights to pump 

ground water from the irrigated lands. As about one-half of the input 

to the domestic water system reappears as effluent, this kind of ex-

change has a built-in multiplying factor of 1.0 to 2.0, depending upon 

the recovery factor in the collection system and the efficiency of de-

livery of the effluent to the irrigator users. 

These alternatives involving storage and exchange suggest the 

necessity of considerable capital investment in facilities. Although 

short-run operations and variable costs may have received the greater 

share of attention, analyses of feasibility in planning with large 

fixed cost components also deserve continued effort. 

, 
Legal Arrangements Affecting 
Salvaged Waters 

Transcending all the technological exigencies surrounding ef-

fluent use are the prevailing institutional arrangements which control 
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it. The predominant force among these is that exerted by legal aspects 

of water control, in four categories: 1) Ownership of the waters, as 

defined by state statutes; 2) standards regarding discharge of efflu

ents or pollution of natural waters, also effected through legislation; 

3) criteria for use of effluents or waste waters, as set by regulatory 

agencies; and 4) agreements or contracts between effluent producers and 

users. 

In some cities the ownership of treated domestic effluents has 

come under litigation because of complex interagency or intergovern

mental relationships. Traditionally, however, waste disposal has been 

regarded as a service function of the responsible local governmental 

unit which commonly is also the public water supplier, and many commun

ities rely on the presumption that the domestic water user relinquishes 

personal rights to further use of the water when he releases it to the 

public agency for disposal or treatment. Industrial effluent producers 

may even pay directly for the service, but sewer charges are applied 

only rarely in the Tucson region. 

Effluent standards as cited previously have been enacted by the 

Arizona Legislature. The water pollution control law is found in Title 

36 of the Arizona Revised Statutes, under which the rules and regula

tions of the Arizona Stpte Department of Health have been established. 

At present the basic requirement governing wastewater reuse is con

tained in Section III of Article 2, Part III, 1962, which provides for 

treatment and written approval from the Department for use of effluents 

for irrigation. Much remains to be done in this area. At a meeting on 
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October 16, 1969, the State Water Quality Control Council passed a 

resolution to draft proposed regulations governing the reuse of efflu

ent for agricultural, industrial, and recreational purposes (Obr 1969). 

At this writing the regulations are being developed. Two features are 

particularly to be desired in such regulations--that they contain also 

some appropriate provisions concerning recharge or subsurface storage 

of effluents or wastewaters, and that the rules be so constructed as to 

be not narrowly prohibitive but oriented to positive and beneficial use. 

There are indications that these features will be implemented, and that 

these legal instruments will in fact, as stated in Chapter 2, act as a 

vehicle for the achievement of desirable action through reuse, storage, 

or exchange of salvaged waters. 



APPENDIX A 

FACTORS USED AND ASSUMPTIONS MADE IN ESTIMATING COSTS 
OF WATER CONVEYANCE AND STORAGE 

Conveyance (Water Pipeline, General) 

Source: Clark and Frost (1962), Marks (1967), Jacobs (1968) 

Type of construction: Asbestos-cement or smooth concrete pipe. 

Friction factor: Hazen-Williams Coefficient C = 140, or 

Manning's n = 0.011. 

Power costs: (Electric) 1.0¢/KWH (for installations not ex

ceeding SOO KW). 

Pumping efficiency: Average 70 percent. 

Amortization period: 30-40 yrs. 

Discount rate: 4-S percent. 

Conveyance (Sewage Treatment Plant to Mining District) 

Source: Office of City of Tucson Water and Sewers Department 
(Guild 1969). 

Type of construction: Steel concrete cylinder pipe. 

(Fixed cost based on quotations from local pipe manufacturers) 

Unit prices, installed, 1968: 

Diam. Class $/ft 

66" 2S0 $72 

66" lSO-200 S8 

54" 300 67 

48" 2S0 46 

42" 200 31 
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Booster pumping stations: Fixed cost of construction, approxi

mately $lO/mgd capacity/ft of head (at 1969 price level). 

Variable cost of pumping: (Natural gas) $0.01663/ac-ft/ft. 

Pumping head: Elevation, 950 ft. 

Friction, 94 ft. 

Capacity: 40 mgd or 44,800 ac-ft/yr. 

Amortization period: 70 yrs. 

Discount rate: 5-6 percent. 

Time Escalation of Construction Costs 
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Source: Standard Engineering News-Record Construction Cost Index. 

Storage 

1. To escalate late 1968 price quotations to December 1969, 

increase by 9 percent. 

2. To project to beginning of 1975: General index is pro

jected to rise about 10 percent in 1969-70 and about 12 

percent in 1970-71. Pipeline cost increases are running 

about one-half the general rise; therefore increase at 6 

percent per year for 5 yrs to project from December 1969 

to December 1974. (Instead of compounding, use 1 + (6 

percent X 5 yrs) = 130 percent of December 1969 prices.) 

Source: Cluff (1968). 

1. Surface Reservoir 

a) Fixed Costs 

Excavation: 16,100 yd 3/ac for 10-ft depth @ $0.40/yd 

including short haul and light compaction = $6,400/ac 



Sealing (materials and labor): Natural clay and 

Wyoming bentonite, 1~ 1bs/ft2, $2,400/ac; poly

ethylene film liner, $0.0414/ft2 or $1,800/ac; 

PVC 10-mil black plastic liner, $0.0706/ft 2 or 

$3,IOO/ac. 

Bank trimming and landscaping: $500/ac. 
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Total, using high figures, $IO,OOO/ac or $l,OOO/ac-ft 

for 10-ft reservoir depth. Amortized at 5 percent 

for 20 yrs, this would be $80/yr/ac-ft of storage. 

b) Variable Costs 

$3.25/ac-ft. 

2. Subsurface Reservoir 

As cited in text (Frankel 1967): $l8-23/ac-ft, total 

cost for storage and recovery. 



APPENDIX B 

FORM LETTER AND QUESTIONNAIRE USED 
IN URBAN RECREATION SURVEY 

THE UNIVERSITY OF ARIZONA 

WATER RESOURCES RESEARCH CENTER 

September 27, 1969 

Dear Tucson Resident: 

In our research on water needs and uses, we are attempting to 
learn more about the economic value of water-based outdoor recrea
tion activities in the Tucson metropolitan area. 

Within a week or two we will be contacting you by telephone, 
and we would sincerely appreciate your answering a few questions 
about your interest in such activities. This would aid us in our 
research efforts. 

Thank you very much. 
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Sincerely, 

K. J. DeCook 
Research Associate 



THE UNIVERSITY OF ARIZONA 
WATER RESOURCES RESEARCH CENTER 

1969 RECREATION SURVEY 
QUESTIONNAIRE 
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1. Do you or any members of your household do any fishing, boating, or 
picnicking in the Tucson area (within 60 miles)? 

2. Suppose a lake were developed, big enough for rowboats, sailboats, 
or paddleboats (but not motorboats), stocked with edible fish 
(Tilapia), and located in the metropolitan area, say at Randolph 
Park, would you go there for any of these activities (picnicking, 
fishing, or boating)? 

(a) 

(b) 

Yes No Don't know 

Which of these activities would you go there for? 

Fishing from shore __ 

Boating, rental (nonpoW'er) 

Boating, your own boat 

Picnicking __ 

3. Regarding each of these activities: 

Fishing from Shore: 

How many persons in your household ever do any fishing? _____ 

For each day or each time you went fishing at this lake, would 
you be willing to pay: 

$1.00 or more per person __ __ 

(If "yes") how much: _ 

$0.50 or more per person 

How much? 

Less than $0.50 per person 

How much? 

How often do you think you would do this? 
times per __ _ 

Boating (Rental): 

For each day or each time you went boating at this lake, would you 
be willing to pay: 



3. (contld.) 

More than $3.00 per boat 

(If "Yes") How much 1 

$1.50 or more per boat 

How much? 

Less than $1.50 per boat 

How much? 

How often do you think you might do this? 

____ times per __ __ 

Boating (Launch your own): 
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For each day or each time you went boating at this lake, would you 
be willing to pay: 

$2.00 or more 

(If "Yes") How much? 

$1. 00 or more 

How much 

Less than $1.00 __ 

How much? 

How often do you think you would do this? 

times per __ _ 

Picnicking: 

For each day or each time you went picnicking at this lake, would 
you be willing to pay: 

More than $1.00 per family 

(If "Yes") How much? ____ 

Less than $1.00 per family 

How much? 

How often do you think you would do this? 

____ times per ____ 



3. (con t' d • ) 

All Activities Except Boat-Rental, on Annual Basis: 

More than $10.00 per year per family __ __ 

(If "Yes") How much? 

$7.00 or more per year per family __ __ 

How much? 

Less than $ 7.00 

How much? 
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On this basis how often do you think you would use this facility? 

____ times per. __ __ 

4. Would it matter to you what the source of water for the lake was? ____ 

5. About how much is your gross family income per year? $ _________ _ 



APPENDIX C 

ILLUSTRATIVE CALCULATION OF AGGREGATE NET BENEFITS 
RESULTING FROM STRUCTURAL ADJUSTMENTS 

General Formulation: 

dU = ~ ~ [(B-C) (w,j) + d(B-C) (w, j) Q(w,j)] dQ(w,j) 
wj dQ(w,j) 

General Definitions: 

An economic state is represented by a set of Q(w)'s. 

Q(w,i) ~ 0 if produced from source i. 

Q(w,j) ~O if allocated to use j. 

Q(w) = ~ Q(w,k) = 
k 

total quantity of water at or assigned to 
location k. 

B(w) . - Benefits of water use activities; can be represented 
by R(w). 

R(w,j) = Revenues from sale of treated water to secondary 
user j. 

U(w,j) = B(w,j) - C(w,j) Net benefit to user j • 

U = U[U(l), U( 2), . . . • • U(j)] = Aggregate net benefit 
function. 

MU = oU(j)/oQ(w,j) = Marginal benefit of water use. 

MC (w) = OC(w)/oQ(w) = Marginal cost of water conveyance, 
C,S,T,P storage, or treatments, respectively. 

Example I. Randolph Park 

Elements of change in aggregate net benefit: 

1. City Parks and Recreation Department: 
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-(FCS2 + VCS2 )(w) dQ(w1600 ) + (FCp2 + VCp2 )(w) dQ(w2200 ) 

-[(FSM2 + VCM2 ) (w) - BR3 (w)] dQ(w150 ) + BR4 (w) dQ(w1600 ) 

2. City Water and Sewers Department: 

+ (-FCC4 (w) + VCTI (w) + FCT2 (w) dQ(w2200 ) 

- (FCT3 + VCT3 ) (w) dQ(w1600 ) - (FCT3 + VCT3 ) (w) dQ(w600 ) 

+ (FCT4 (w) - R(w) dQ(w2200 ) 

3. Farming Enterprise: 

Definition of symbols used: 

FC(w) Fixed cost 

VC(w) = Variable cost 

w = Any salvaged water treated to the level re-
quired for a given use 

gw = Ground water, assumed to require no treatment 

C = Conveyance 

S = Storage 

T = Treatment 



R = 

D = 

P = 

M = 

Recreational use 

Disposal 

Pumping 

Management (Construction, operation, and/or 
administration of water-use activities or 
facilities) 

Definition of subscripts for Randolph Park example: 

Sl = The current storage of ground water for the park. 

PI = Current pumping (or purchasing) of ground water. 
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RI,2 = Present recreation activities of fishing and park irriga-

Ml = 

S2 = 

P2 = 

M2 = 

R3,4 = 

tion. 

Existing recreational facilities. 

Storage of treated water. 

Booster pumping of treated water from plant to storage 
site. 

New lake and recreation facility as discussed in Chapter 3. 

Recreational activities at new facility, and park irriga
tion. 

Cl = Conveyance of 2.0 mgd of sewage from Randolph Park to 
Main Treatment Plant. 

C2 = Future construction of relief sanitary sewers needed if 2.0 
mgd not diverted. 

C3 = Conveyance of 2.0 mgd of sewage from diversion point to 
satellite plant. 

Dl Sludge disposal by spreading in park. 

D2 = Waste sludge line from satellite plant to return to main. 

C4 = Conveyance pipeline for effluent, from satellite plant to 
lake storage. 

Tl = Current treatment of 2.0 mgd of sewage at Main plant. 



T2 = 

T3 = 

T4 = 

P3 = 

M3 = 

= 

Future treatment plant expansion needed for 2.0 mgd at 
Main Plant if not diverted. 

Satellite treatment plant at park. 

Appurtenant structures, buildings, and landscaping at 
satellite plant. 

Additional ground-water pumping needed for irrigation if 
2.0 mgd of effluent not purchased. 

Additional fertilizer requirement if effluent not used. 

1000 ac-ft/yr in the solution. 

Inserting benefit and cost coefficients and summing: 

1. City Parks and Recreation Department: 

(1.00 + 70.00) 1500 - (279.00) 150 - (6.00) 1350 

+ (101.00) 150 - (4.00 + 0.60) 1600 + (0.70 + 2.50) 2200 

- (28.50 + 56.70 - 559.50) 150 + (6.00) 1600 

= 106,500 - 41,850 - 8,100 + 15,150 - 7,360 

+ 7,040 + 71,140 + 9,600 

= + $152,120/yr 

2. City Water and Sewers Department: 

[4.30 + 14.30 - (1.80 + 3.00)J 2200 

+ (24.40) 1350 - (28.00) 20 + (-0.90 + 10.80 
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+ 34.50) 2200 - (17.00 + 11.00) 1600 - (7.10 + 24.10) 600 

+ (7.30 - 1.00) 2200 

= 30,360 + 32,940 - 560 + 97,680 

_ 44,800 - 18,720 + 13,860 

= + $110,760/yr 



3. Farming Enterprise: 

(1.00) 2200 - (3.00 + 3.00 + 4.25) 2200 

= 2,200 - 13,200 

= -$l1,OOO/yr 

: .dU = +$ 251, 880/yr 

Example II. Tucson International Airport 

Elements of Change in Aggregate Net Benefit: 

Alternative No.1: 

1. Hughes Plant (El ) Source 

(VCCl(w) - (FCC2 + VCC2 ) (w) - (FCSl + VCSl ) (w) dQ(w300 ) 

2. Runoff (W2) Source 

3. Benefits Generated at the Site 

Alternative No.2: 

1. TGE Plant (E 2) Source 

[-(FCC4 + VCC4 ) (w) + VCC5 (w) + VCT4 (w) 
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- (FCT5 + V~T5) (w) 

- (FCp1 + VCp1 ) (w) + VCM2 (w)] dQ(w420 ) 

2. Benefits Generated at the Site 

Definition of Symbols Used: 

FC(w) = Fixed cost 

VC(w) = Variable cost 

w = Any salvaged water treated to the level required for a 
given use 

gw = ground water, assumed to require no treatment 

C = Conveyance 

S = Storage 

T = Treatment 

R = Recreational use 

D = Disposal 

P = Pumping 

M = Management (Construction, operation, and/or administra
tion of water-use activities or facilities) 

Definition of Subscripts for Airport Example: 

C1 = Conveyance to evaporation pond, on Plant property 

C2 = Conveyance to Airport 

Sl = Storage in Airport lakes 



Tl = 

T2 = 

C3 = 

S2 = 

T3 = 

SUB = 

CT = 

Rl = 

Ml = 

C4 = 

C5 = 

T4 = 

T5 = 

R2 = 

PI = 

M2 = 
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Treatment in Airport lakes of plating process effluent 
for circulation 

Treatment in Airport lakes of cooling tower effluent 
for recreation 

Diversion of runoff from channel to pond 

Storage of runoff in ponds 

Treatment for recreational uses 

Substitution of effluent for purchased City water 

Saving on cooling tower through replacement by cooling 
pond 

Recreational activities 

Management of recreation facility 

Conveyance from power plant to Airport 

Conveyance to Main Treatment Plant not needed if diverted 
to Airport 

Treatment at Main Plant not needed if diverted 

Treatment at Airport for all uses 

Park irrigation 

Additional pumping by farm if effluent not purchased 

Additional fertilizer requirement for farm if effluent 
not used 

Inserting benefit and cost coefficients and summing: 

Alternative No.1: 

El Source: (1.00 - 9.00 - 3.00 - 24.80 - 3.20) 300 

_ (10.00 + 26.40) 120 - (7.10 + 24.10) 180 

= - 11,700 - 4370 - 5620 = -$21,690/yr 
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W2 Source: -(10.80 + 1.00 + 24.80 + 3.20 + 7.80 + 26.70) 120 = 

$-8,920/yr 

Benefits: (104.00 - 23.00 + 72.50) 20 + (559.50 - 3.70 -

56.70) 300 + (6.00) 100 = 3,070 + 149,730 + 600 

= $+153,400/yr 

:.dU = $+122,790/yr 

Alternative No.2: 

E2 Source: [-(10.20 + 4.00) + 4.30 + 10.80 

- (7.10 + 24.10) - (3.00 + 3.00) - 4.25J 420 

= $-17,030/yr 

Benefits: (559.50 - 3.70 -' 56.70) 300 + (6.00) 100 + 

(104.00 - 23.00 + 72.50) 20 

= 149,730 + 600 + 3,070 

= +$153,400/yr 

:.dU = +$136,370/yr 



Chemical Substance 
or 

Physical Property 

TDS 

Color 

Turbidity 

Taste 

Odor 

Fe 

Mn 

Cu 

Zn 

Ca 

Mg 

pH 

APPENDIX D 

SUMMARY OF STANDARDS AND CRITERIA 
FOR QUALITY OF DRINKING WATER 

U.S.Public Health 
Service (1962) World Health Organization (1963) 

L ' , + l.ml. ts 

500 

15 (units) 

5 (units) 

3 (units) 

45 

0.3 

0.05 

1.0 

5.0 

250 

250 
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Maximum Maximum 
Acceptable~\' (mg/l) Allowable7rl, 

500 1500 

5 (Plat.-Co. scale) 50 

5 (Silica scale) 25 

Unobj ec tionable 

" 
45 

0.3 1.0 

0.1 0.5 

1.0 1.5 

5.0 15 

75 200 

50 150 

200 400 

200 600 

7.0 - 8.5 6.5 - 9.2 
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U.S.Public Health 
Service (1962) World Health Organization (1963) 

Chemical Substance 
or 

Physical Property 

(Mg + Na) S04 

Phenols 

(CCE: Organic Pollu
tants) 

(ASS: Surfactants) 

+. Recommended. 

*. To consumers. 

L " " + 1m1ts 

0.001 

0.2 

0.5 

**. Potability impaired. 

Toxic Substance Maximum 

Pb 0.05 

As 0.05 

Se 0.01 

Cr+6 0.05 

CN 0.2 

Cd 0.01 

Ba 1.0 

Ag 0.05 

1 

MaxiI1l11m 
Acceptable* (mg/l) 

500 

0.001 

0.2 

0.5 

Maximum 
*~~ Allowable 

1000 

0.002 

0.5 

1.0 

M " 2 aXlInum 

0.05 

0.05 

0.01 

0.05 

0.2 

0.01 

1.0 

Temperature: Not above 29°C or 85°F (FWPCA 1968a) 

1. Grounds for rejection. 

2. Danger to health. 



Fluoride (U.S. Public Health Service 1962) 

Annual Average of 
Maximum Daily Air 
Temperatures, of 

Radioactivity 

50.0-53.7 

53.8-58.3 

58.4-63.8 

63.9-70.6 

70.7-79.2 

79.3-90.5 

Control 

Lower 

0.9 

0.8 

0.8 

0.7 

0.7 

0.6 

L" " 3 l.ml. ts 

Optimum 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

L" " 4 l.ml. ts 
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(mg/l) 

~ 

1.7 

1.5 

1.3 

1.2 

1.0 

0.8 

Activity 
U.S. Public Health 

Service (1962) 
World Health 

Organization (1963) 

SR 90 

RA 226 

Gross beta (in 
absence of SR 90 
and alpha-emitters) 

10 

3 

1000 

Bacterial Quality (U.S.P.H.S 1962, WHO 1963) 

30 

10 

1000 

In both U. S. and International Standards, criteria for pres-

ence of coliform organisms are set according to various sampling 

schedules and analytical techniques. For treated water both sets of 

standards require that the arithmetic mean coliform membrane-filter 

count or MPN index not exceed one (1) per 100 m1. 

3. "Upper" value is recommended limit. "Optimum" value is one
half the amount constituting grounds for rejection. 

4. Concentrations are in micromicrocuries, and limits indicate 
va~ues beyond which further analysis is required to determine safety. 
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Raw Water Standards (McKee and Wolf 1963) 

Constituent 

BOD (5-day) mg/l 
Mo. Avg: 
Max. Day: 

Coliform MPN/lOO ml 
Mo. Avg: 
Max. Day: 

Dissolved Oxygen 
Mg/l Avg: 
10 Saturation: 

pH, average: 

Chlorides, Max. mg/l: 

Fluorides, mg/l: 

Phenols, Max. mg/l: 

Color, Units: 

Turbidity, Units: 

Range of Standards, by Water Source 

Excellent 

0.75-1.5 
1.0 -3.0 

50-100 
<5/0 over 100 

4.0-7.5 
75/0 or more 

6.0-B.5 

50 or less 

<1.5 

None 

0-20 

0-10 

Good 

1.5-2.5 
3.0-4.0 

Poor 

> 2.5 
>4.0 

50-5,000 5,000 
<2010 over 5,000 <5/0 over 20,000 

4.0-6.5 
6010 or more 

5.0-9.0 

50 -250 

1.5-3.0 

0.005 

20-150 

10-250 

4.0 

3.B-lO.5 

>250 

>3.0 

>0.005 

>150 

>250 
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