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ABSTRACT

With groundwater resources becoming less available in the physical,

economic, and legal senses, water reuse is rapidly gaining momentum in the

arid West. An institutional assessment of water reuse in the Tucson Basin

in Arizona indicates that despite institutional changes encouraging the

substitution of effluent for native groundwater, many opportunities for

water reuse are precluded by existing water rights arrangements and

insufficient economic incentives. An economic assessment compares

potential benefits and costs of implementing water reuse plans for the

Tucson area with potential benefits and costs of alternative water-supply

scenarios in which similar quantities of water are provided from other

sources. Alternative water sources include pumping native groundwater,

"reallocating" water saved through reduction in low value water uses, and

importing surface water and groundwater from other basins. The results

of this study indicate that at the present time, there is no convincing

economic justification for increasing water reuse as planned by the City

of Tucson. Not only are reduction in use and importation alternatives

less costly to implement than increasing effluent use, they also save more

groundwater. The results of the economic assessment indicate that the

citizenry of the Tucson Basin would be better served if planned increases

in the use of effluent in the Tucson metropolitan area were postponed

until the costs become more competitive with the costs of alternatives.
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CHAPTER 1

INTRODUCTION

Problem Statement 

In many urban areas of the western United States, high-quality water

is becoming less available in the physical, economic, and legal senses,

forcing water management agencies to manage demand through conservation

measures and augment supply with lower quality waters. One source of

lower quality water is treated effluent, the source commonly associated

with the practice of water reuse. The term effluent, as used in this

study, is defined as wastewater that has undergone treatment in a

wastewater treatment plant. Many water-short cities in the arid West are

in the process of incorporating effluent into their overall water-supply

schemes. This dissertation is an institutional and economic assessment

of water reuse in the Tucson Basin in southeastern Arizona.

Effluent Use and the 1980 Arizona Groundwater Management Act

Water users in the Tucson Basin, traditionally supplied entirely by

high-quality groundwater, are now required by state law to conserve this

source. Legal constraints on groundwater use in the basin are imposed

through the 1980 Arizona Groundwater Management Act (GMA). The intent of

the GMA is to provide a comprehensive framework for the "management and

regulation of the withdrawal, transportation, use, conservation, and

conveyance of rights to the use of groundwater" (A.R.S. 45-401) The GMA

designated four areas of the state as Active Management Areas (AMAs) where

the Arizona Department of Water Resources (ADWR) is charged with managing_
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groundwater to reduce overdraft. The mandated goal for three of the AMAs

(Phoenix, Tucson, Prescott) is safe-yield, the long-term balance between

groundwater withdrawals and recharge, by the year 2025. For the Pinal

AMA, the management goal is to preserve existing agricultural uses and

future water supplies for non-irrigation uses. The ADWR considers

effluent an "underutilized resource," that, if more extensively or fully

used, could replace a substantial portion of groundwater pumpage in the

Basin. Thus, effluent use is a potentially significant variable in

reducing groundwater overdraft.

As part of their efforts to comply with the provisions of the GMA,

municipal water providers in the Tucson Basin are planning to augment

native groundwater supplies with lower quality sources, including water

imported from the Colorado River via the Central Arizona Project (CAP) and

treated effluent. Management plans implemented by the ADWR encourage the

use of imported water and effluent as they impose increasingly stringent

conservation programs on agricultural, industrial, and municipal water

users over the course of five management periods.

The Tucson Active Management Area (TAMA) includes both the Upper

Santa Cruz and Avra Valley Sub-basins. The Tucson Basin is part of the

Upper Santa Cruz Sub-Basin. As of this writing, the TAMA office of the

ADWR is nearing completion of its Management Plan for the Second

Management Period: 1990-2000.

The ADWR's efforts to utilize effluent resources are focused on

increasing both the direct use and the controlled recharge of effluent

(ADWR, 1988). The ADWR's reuse program seeks to increase effluent use in
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the TAMA to about 50,000 acre-feet of effluent annually in the year 2000,

and to about 84,000 acre-feet in the year 2025. These amounts constitute

about 60 percent of the total projected effluent supply in the TAMA. If

projections of municipal wastewater production are realized, the City of

Tucson will become the largest holder of effluent rights in the TAMA by

the year 2000. By the year 2000, the City plans to provide about 28,000

acre-feet per year (about 64 percent of its projected allotment) to turf

facilities and other potential users. By 2025, the City plans to provide

about 40,000 acre-feet per year (about 43 percent of its projected

allotment).

The Nature of Effluent Use in the Tucson Basin

Because effluent supplies are proportional to indoor water use, they

tend to increase with population growth. Recognizing effluent as their

only growing water source, the Tucson water utility anticipates that

effluent will account for about 15 percent of the total water it provides

by the year 2000 (CH2M Hill, 1989). Though the utility plans to limit

effluent deliveries to non-potable users and recharge sites, the use of

this resource for potable uses is considered inevitable if groundwater

conservation goals and projected water demands are to be met.

Effluent use involves complex management choices, requiring decision

makers to consider an array of information on user quality requirements,

public health concerns, economics, institutional and legal constraints,

and public attitudes. Though several large water users in the basin do

not require potable water, many of these users have little or no incentive
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to use effluent, even if it is available at a lower cost than conventional

water sources. Common concerns include risks to human health, environ-

mental impacts, liability, losses in productivity, and increased capital

and operation and maintenance costs for equipment and machinery.

Research Objectives 

The objectives of this dissertation are to assess the institutional

and economic aspects of water reuse in the Tucson Basin. The institu-

tional assessment examines the efficacy of existing institutions in

facilitating water reuse in the basin. The purpose of the economic

assessment is to test the hypothesis that intertemporal economic

efficiency gains can be realized in the Tucson Basin through increased

effluent use.

From the standpoint of the water using "community" of the Tucson

Basin, the practice of substituting effluent for groundwater has a variety

of economic implications for current and future water users. Water use

sectors that do not necessarily require potable water include irrigation

of several types of crops, irrigation of municipal turf, mining, sand and

gravel production, cooling for industrial uses, and cooling for electric

power generation. Though none require potable water for most of their

uses, these sectors face a considerable range of minimum quality standards

and different water-supply costs which affect the potential users'

incentives for using effluent. For example, nutrients in effluent can be

an added benefit in crop irrigation uses, but a nuisance in electric power

cooling. Furthermore, incentives for self-supplied users (those who have
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individual groundwater rights and pump from their own wells) to convert

to effluent tend to be considerably lower than they are for provider-sup-

plied users (those who are supplied by a water utility). Quality

standards and existing water sources for each use, therefore, must be

considered in assessing the economic impacts of effluent use.

The economic assessment estimates various benefits and costs of

scenarios where a portion of the total projected water use in the basin

is supplied by various alternative sources, including native groundwater,

CAP water, Avra Valley groundwater and effluent. The hypothesis is tested

by comparing the benefits and costs of using effluent with the benefits

and costs of providing similar quantities of water over the planning

period from 1990 to 2025.

Overview

This dissertation is organized into eight chapters. Chapter 2 is

a review of literature on the major issues associated with effluent use.

Any effluent use plan must consider the benefits and costs, health and

environmental effects, public opinion, and user-quality requirements.

In Chapter 3, the Tucson Basin study area is described with respect

to its physiography, climate, population, water supplies, and water uses.

Water resources available to the basin community are assessed with respect

to quality as well as quantity. The history of effluent use in the Tucson

Basin is summarized, followed by a description of effluent use trends.

Chapter 4 presents an institutional assessment of effluent use in

the Tucson Basin. Pertinent laws, institutions and policies, particularly
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those which affect the potential for effluent use are assessed with

respect to their efficacy in facilitating effluent use.

Chapter 5 develops the theoretical hydrologic and economic models

required for the empirical economic assessment. This chapter begins with

a conceptual hydrologic model of a groundwater basin that incorporates the

use of effluent and imported water. The theoretical economic implications

of the problem are then expressed through an optimal control model.

Chapter 6 presents a detailed description of the research methods

used to test the hypothesis of this study. This chapter includes

descriptions of the planning scenarios, the data base, and techniques used

to quantify benefits and costs associated with alternative water-supply

scenarios.

A presentation and discussion of the results of the economic

assessment are included in Chapter 7. Estimates of costs, benefits, net

costs, and average net costs are presented and compared for each

water-supply scenario. This chapter concludes with a discussion of the

major limitations of the economic assessment and a brief summary of the

major findings.

Finally, Chapter 8 presents conclusions of this study and recommen-

dations for further research. The efficacy of existing institutions in

facilitating water reuse is described, followed by a discussion of

effluent use in the context of efficient water management in the Tucson

Basin. In addition, major policy implications of the study and future

research needs are addressed in this chapter.
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CHAPTER 2

LITERATURE REVIEW

Introduction

Planning water reuse projects generally requires thorough considera-

tion of several issues, including: (1) economic aspects, (2) health and

environmental effects, (3) public opinion, (4) laws and institutions, and

(5) quality criteria for specific uses. In this chapter, literature

pertaining to these five issues is reviewed in the order listed.

Economic Aspects of Water Reuse 

Economic evaluation of water reuse projects typically begins with

economic feasibility studies in conjunction with market analysis to make

sure there is a demand for effluent and to determine whether potential

users of effluent would be able or willing to pay cost-of-service rates

(Corssmit, 1985). Several direct and indirect benefits of water reuse

have been identified (Donovan and Bates, 1980; Corssmit, 1985; Biswas,

1988). These include:

• postponing or eliminating the development of new

supplies or the expansion of system capacity;

• reserving higher quality water for domestic and other

potable purposes;

• meeting state or regional water conservation goals;

• providing a reliable water supply during droughts;

• mitigating water pollution and other environmental

problems;
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* reducing the cost of meeting quality standards for

discharged effluent;

* reducing fertilizer costs in irrigated agriculture;

* making more water available, increasing the range of

crops that can be grown in an agricultural area; and

* increasing property values of land and structures near

receiving bodies of water that are improved as a result

of water reuse programs.

The relative importance of these benefits varies substantially among

water reuse projects. For example, water reuse in St. Petersburg, Florida

was implemented primarily as a lower-cost alternative to effluent disposal

into the ocean. By contrast, the Tucson Water utility justifies water

reuse primarily as a means of conserving local groundwater supplies,

postponing development of more expensive alternative water sources, and

postponing the expansion of potable water system capacity for meeting peak

summer demands.

Like the benefits, the costs of water reuse accrue to the providers

and users of the effluent, and the community. Guidelines for "reconnais-

sance-level" reuse cost estimates are offered by Donovan and Bates (1980)

and Dean and Lund (1981). The costs to the provider can be divided into

five components of capital and operations and maintenance (0 & M):

(1)	 The cost of the raw supply includes all expenses

necessary to acquire the effluent and convey it to the

beginning of the reuse system.
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(2) The cost of additional treatment, if required to meet

reuse standards (assuming that the costs of treatment

to meet discharge standards are allocated to the sewage

treatment plant).

(3) The cost of storage, usually either in surface facili-

ties or underground in recharge facilities.

(4) The cost of transmission and distribution to customers.

(5) The cost of water quality monitoring.

The prospective user faces potential "user-adaptation" or "penalty"

costs (Corssmit, 1985; Donovan and Bates, 1980) which can include the

costs of:

• on-site hookup to the non-potable system;

• special equipment such as fixtures resistant to corro-

sion or clogging;

• additional treatment, if required by the user;

• monitoring and adjusting water quality;

• repiping for dual systems onsite;

• nonuse of existing facilities such as wells and pumps;

• provisions to assure worker safety; and

• changes in normal practices: e.g. restricting access to

certain areas, more frequent cleaning or replacement of

equipment, or more frequent leaching of the soil to

control salinity.
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These user-adaptation costs can be a significant disincentive for

a user to switch from potable to non-potable water. To overcome this

disincentive, an effluent provider such as a public water utility may have

to provide effluent at subsidized rates.

Of significant concern to the community are the opportunity costs

associated with water reuse. Opportunity costs are defined as the value

of economic resources in their most productive alternative uses. Porter

and Fisher (1984) recommend valuation of costs and benefits based on

opportunity costs rather than market prices because prices may incorporate

subsidies or taxes, which are purely financial instruments that do not

reflect real resource values. Opportunity costs are associated not only

with the uses of the water itself, but the resources expended to facili-

tate these uses.

The community could also incur external costs associated with

effluent use (Donovan and Bates, 1980). Some quality-related concerns in

the Tucson Basin include the contamination of underlying groundwater as

a result of irrigation with effluent. The aquifer of the Tucson Basin

has been designated as a "sole-source" aquifer by the United States

Environmental Protection Agency (EPA).

There are also quantity-related external costs associated with the

use of effluent in the Tucson metropolitan area. Increasing effluent use

upstream from the wastewater treatment plants diminishes water supplies

to downstream interests who use significant quantities of the discharged

effluent for crop irrigation.
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Health and Environmental Effects 

The health risks and potential for environmental contamination

associated with treated effluent are paramount in assessing the potential

uses to which this water resource may be put (Milliken and Trumbley,

1979). Most municipal effluents that are used have undergone either

secondary or tertiary treatment, but are non-potable due to concentrations

of chemical or biological constituents. Crook (1978) pointed out that

health concerns are generally proportional to the degree of human exposure

(contact, ingestion, inhalation) to the effluent and the adequacy and

reliability of the treatment process. Health risks thus increase with the

probability of direct or indirect exposure.

Ali (1987) pointed out that potential health effects associated with

the agricultural use of effluent are of two types: (1) The risk that

contaminated products from reuse may subsequently infect humans or animals

through consumption; and (2) occupational hazards to farm workers exposed

to the effluent through irrigation.

Domestic sewage usually contains the complete range of pathogenic

organisms found in the community producing the sewage. However, effluent

treated through stabilization ponds or conventional treatment followed by

maturation ponds or sand filtration may be free or almost free from

pathogens (Feachem et al., 1983). In addition, once the pathogens are on

the crop, their survival is not long compared with that in soil (Gerba,

Wallis, and Melnick, 1975). Feachem et al. (1983) determined that the

survival time on crops at 20-30 degrees C (68-86 degrees F) for pathogens

such as interovirus ranged from less than 15 days (usual) to less than 60
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days (in some cases), and that survival rates for fecal coliform were

between less than 15 days (usual) to less than 30 days (in some cases).

Konowalchuk and Speirs (1975) monitored enteric virus survival on vegeta-

bles stored at 4 degrees C (39.2 degrees F), and found that under dry

conditions, survival rates ranged from 40 percent to less than 1 percent

after 1-2 days, and was not detectable after 4-6 days.

A recent 10-year study in California concluded that municipal

effluent was as safe as potable well water for the irrigation of raw-eaten

vegetable crops (U.S. Water News, 1987). No virus was ever found on

samples of crops spray irrigated with two types of municipal effluent, and

levels of naturally occurring bacteria on crops irrigated with both well

water and effluent were equivalent.

Occupational hazards associated with effluent use depend both on the

degree of treatment and personal hygiene practices of workers (Ali, 1987).

Hookworm and other enteric infections are very common in India, for

example, where untreated sewage is used and little personal hygiene is

practiced by workers. In the United States and Australia, however, where

secondary treatment is common and reasonable personal hygigne measures are

taken, no such occurrences have been recorded.

The contaminants associated with health risks fall into two general

categories, chemical and microbiological. Table 2.1 lists hazardous

chemical and microbiological constituents known to exist in sewage

effluent. Historically, the microbiological agents have been of greatest

concern, and most quality standards are associated with these agents. The

agents of several enteric diseases have been detected in municipal



Table 2.1. Contaminants in Sewage Effluent.

Chemical	 Microbiological

Ammonia	 Bacteria (e.g. E. cou,

Nitrate	 Salmonella, faecal strep-

Phosphates	 tococci, Vibrio cholerae,

Sulfates	 Shigella)

Chlorides	 Viruses (e.g. Polio virus,

Boron	 Echovirus, Reovirus,

Coxsackievirus)

Toxic metals (e.g. arsenic,	 Worms and eggs (e.g. Schistosoma,

selenium, zinc, lead,	 human beef tapeworm)

mercury, copper, chromium) 	 Cysts (e.g. Entamoeba histolytica)

Surface active materials

(e.g. anionic and non-

ionic detergent residues)

Phenols

Pesticides (e.g. Aldrin,

Dieldrin, THCH, etc.)

Other organic micropollutants

(numerous)

26

Source: Taylor and Denner (1987).
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effluent, including bacillary and amoebic dysenteries, cholera, typhoid

and paratyphoid fevers, Salmonella gastroenteritis, tape worm infections,

schistosomiasis, ascariasis and a number of virus diseases including

poliomyelitis (Shuval, 1977).

Other health risks are associated with inorganic chemicals found in

effluent, many of which are toxic or carcinogenic. Chemical agents such

as nitrates, sodium, heavy metals, and fluorides may pose significant

health risks. The immobilization of heavy metals in soils allows the

possible translocation through the food chain to humans (Epstein and

Chaney, 1978).

Of major concern in the Tucson Basin is the potential impact of

effluent use on ambient groundwater quality. Because effluent is cur-

rently disinfected with chlorine, the possibility exists for the chlorine

to react with organic material in the effluent to form trihalomethanes

(THMs), a known carcinogen (National Research Council, Panel on Quality

Criteria for Water Reuse, 1982).

In addition to negative environmental effects, effluent use can

have positive environmental effects. Bruvold (1985) pointed out that

environmental impacts of developing conventional water sources (those

associated with the construction of reservoirs for example) could be

avoided through water reuse projects. Pollution of aquatic environments

could also be avoided through water reuse projects.
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Laws and Institutions 

Any water reuse program must operate within a framework of regula-

tions, enabling powers, and financing constraints. Laws and institutions

define the rights to capture, provide, and use effluent, the quality

standards for the effluent to be used, and the liability aspects of

effluent provision and use. An assessment of the effects of specific laws

and institutions affecting effluent use in the Tucson Basin is presented

in Chapter 4. Therefore, only general legal and institutional considera-

tions are discussed in this section.

General Legal and Institutional Elements

Donovan and Bates (1980) discuss the importance of the following

legal and institutional elements of water reuse programs:

• State Statutes. This legislation defines what can and

cannot be done, what is to be regulated, and who is to

administer the legislation.

• Enabling Legislation. This legislation in particular

will state what a municipality can and cannot do.

• Water Rights Law. This usually defines the nature of

the rights to effluent and what constitutes a legitimate

claim upon a particular quantity of effluent.

• Franchise Rights. This will indicate whether an entity

has the exclusive authority to provide water for public

use.
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Case Law. Court decisions relating to the development

of municipal water supply present interpretive informa-

tion regarding any controversial laws, including

interpretations of legal liability.

Public Opinion

Public opinion is important in planning and policy making for

effluent use, not only because public funds are frequently used to

construct and operate provision systems, but also because the degree of

public acceptance varies considerably for different uses of effluent. A

substantial amount of research has been conducted on public attitudes

toward effluent use. Bruvold (1988) synthesized several sets of survey

research data on public opinion of various uses of effluent in the general

sense, that is, not for uses actually proposed for the respondents'

community in the near future. Bruvold's work showed a strong direct

correlation of opposition to effluent for specific uses with the degree

of human contact associated with those uses.

Bruvold (1988) also examined results from survey research using

"salient" effluent use options. Salient options were defined as those

limited to specific uses of effluent actually proposed for the respon-

dents' community in the near future. In this research, information was

presented to each respondent that covered, in lay language, the type of

treatment planned, the type of reuse envisioned, and the environmental,

health, and economic impacts of each option. Results indicated that

respondents favored reuse options that conserved water, enhanced the
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environment, protected health, and held down treatment and distribution

costs. Although each factor was important to the respondents, the results

of the study did not show anything significant about the relative impor-

tance of these factors.

Table 2.2 shows weighted mean percentages of respondents opposed to

27 uses of effluent for both the surveys using general reuse options and

those using salient reuse options. Bruvold (1988) developed two hypothe-

ses from the two sets of results. First, in the general reuse surveys,

degree of human contact will be the more important determinant of public

opinion on effluent use. Second, in the salient reuse options, the five

factors of conservation, environment, health, treatment, and distribution

will be the more important determinant of public opinion data. One of the

important implications of these hypotheses is that it contradicts the

commonly held notion that degree of human contact provides clear guide-

lines for evaluating public acceptance of effluent use options, partic-

ularly the more innovative options.

These results suggest that public opinion surveys regarding planned

uses of effluent in the community should be undertaken to help insure the

success of the project. Prudent planning requires that the intended uses

of the effluent have firm public support before large public expenditures

are made on infrastructure.

Quality Criteria for Specific Uses 

Water quality criteria have been established in several countries

and states for several use categories. Most criteria are designed to
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Table 2.2. Weighted Mean Percent Opposed to Uses of Effluent.

Degree of	 General	 Salient
Type of Reuse
	

Contact	 Options	 Options
Surveys	 Surveys

Food preparation
in restaurants	 Very high	 56%

Drinking water	 Very high	 54	 64%
Cooking in the home	 Very high	 48
Preparation of

canned vegetables	 Very high	 46
Bathing in the home	 High	 33
Pumping down special
wells	 High	 27	 41

Home Laundry	 High	 23
Swimming	 High	 21	 66
Commercial laundry	 High	 19
Spreading on sandy

areas	 High	 16	 65
Irrigation of dairy
pasture	 Moderate	 14

Irrigation of
vegetable crops	 Moderate	 13	 40

Vineyard irrigation	 Moderate	 13
Orchard irrigation	 Moderate	 10	 66
Pleasure boating	 Low	 10	 24
Hay or alfalfa

irrigation	 Low	 8	 40
Commercial air

conditioning	 Low	 7
Golf course hazard lakes	 Low	 6
Electronic plant
process water	 Low	 5	 34

Home toilet flushing	 Low	 4
Residential lawn

irrigation	 Low	 4
Irrigation of

residential parks	 Low	 3	 26
Golf course irrigation	 Low	 3
Irrigation of freeway

greenbelts	 Low	 2
Road Construction	 Low	 2
Stream or river

discharge	 Low	 50
Bay or ocean

discharge	 Low	 71

Source: Bruvold (1988)
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protect public health and the environment, and are established either

through recommendations or legally enforceable standards. Certain use

categories, however, such as industry and irrigated agriculture have water

quality criteria for other reasons, including protection of worker health,

protection of equipment or soil, efficiency in production, and product

quality control. A review of the literature on user quality criteria in

relation to the suitability of effluent for various use categories

follows.

Domestic Uses

The technology for treating wastewater to meet drinking water

standards is currently available, and water-short cities such as Denver,

Colorado are developing facilities for treating effluent for domestic

uses. In Tucson, however, the direct use of effluent for domestic

purposes is considered a long-range planning concept, and the treatment

of effluent to drinking water standards is not anticipated for several

decades (CH2M Hill, 1989).

Because the chances of human exposure to contaminants generally

increase with degree of human contact, the use of treated effluent for

domestic purposes poses a much greater risk of disease and other health

problems than the use of effluent for irrigation and other uses. To

protect public health, all public and privately owned water systems in the

United States that have 15 or more service connections or that serve more

than 25 people are regulated by the Environmental Protection Agency (EPA)

as mandated by the Safe Drinking Water Act. The EPA issues National
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Primary Drinking Water Regulations (NPDWRs) intended to optimize public

health protection without unnecessary economic burdens on the communities

supplying the water. Water quality standards are dynamic in that as more

health data become available regarding constituents found in drinking

water, the regulated levels are changed.

The EPA's drinking water program is shaped by a two-step stan-

dard-setting process. Initial recommended maximum contamination limits

(RMCLs) are restrictions on levels of contamination in drinking water that

are considered desirable, but not proposed as enforceable standards.

Primary Maximum Contamination Levels (MCLs), on the other hand, are

enforceable standards based on such factors as health effects, treatment

technology, and cost. MCLs are set as close as feasible to RMCLs. A

table of current (1988) NPDWRs is provided in Appendix A. Although

tertiary treated effluent meets most of the quality standards for drinking

water, the most problematic standards facing the use of effluent for

domestic purposes are those for coliforms and turbidity.

Industrial Uses

Industry represents a significant portion of the potential demand

for effluent. This sector typically uses far more water than residential

and commercial sectors, can often tolerate effluent, and is often located

in or near urban areas that generate large quantities of effluent.

Industrial uses that have used effluent successfully include cooling,

boiler feed, processing, materials transportation, washing, construction,

and landscaping. Water quality requirements vary not only from industry
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to industry, but also within a single industry. Although most industrial

uses do not require potable water, if effluent is to be attractive to a

given industry, it should be provided at a consistent quality level.

Otherwise, the industry is subjected to continual quality monitoring,

adaptation to changing quality conditions, and possible interruptions in

production, which could render the use of effluent economically infeas-

ible. Designing and constructing new industrial facilities for effluent

use is generally more economically feasible than retrofitting existing

facilities. Because of the variation in quality requirements, Law (1986)

suggested that the supplier deliver an effluent of such a quality that it

could be used for many non-potable industrial purposes, and those indus-

tries requiring a higher quality water would further upgrade the quality

of the water used on their premises.

Heavy industries of the Tucson Basin, including mining, sand and

gravel products, and electric power generation currently use large quanti-

ties of self-supplied groundwater. All of these industries routinely

recycle water several times for conservation reasons, and are thus already

using impaired-quality water. Effluent could be suitable for many

industrial purposes, particularly if it were recycled fewer times.

Because water quality standards for specific constituents have not been

established for many industrial uses, quality "requirements" are implied

by known detrimental effects on specific processes. The economic impact

of using lower quality water depends largely on the degree of supplemental

treatment required.
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Mining. The mining industry of the Tucson Basin uses a froth

flotation process to recover copper and molybdenum from crushed ore.

Considerable research has been done on the technical and economic feasi-

bility of using effluent for this process, much of which is influenced by

the detrimental effects of using effluent on mineral recovery, and the

treatments required to mitigate these effects (Fisher and Rudy, 1976; Chu,

1983; Amy et al., 1984).

Fisher and Rudy (1976) detected a small decrease in copper recovery

and a larger decrease in molybdenum recovery when secondary treated sewage

effluent was used in place of demineralized water. In the simple reagent

system used in this study, effluent caused a reduction in recovery on the

order of 2.4 and 16.2 percentage units respectively for copper and

molybdenum. These authors postulated that the humic acid in the effluent

was the most deleterious constituent causing the losses in metal recovery.

They found that the detrimental effects of the effluent could be reduced

significantly, either by dilution with demineralized water or tertiary

treatment by activated carbon.

Amy et al. (1984) compared mineral recovery efficiencies of secon-

dary effluent, tertiary effluent, groundwater, CAP water, and mixtures of

secondary effluent with groundwater or CAP water. Table 2.3 illustrates

the relative efficiencies as well as the concentration of nonvolatile

total organic carbon (NVTOC), an indicator of the organic content of a

water or effluent. The abbreviations CAC, IE, and FF stand for three

different tertiary treatment processes for removing detrimental organic
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Table 2.3.	 Copper and Molybdenum Recovery Using Various
Waters

Effluents and

NVTOC % Cu % Mo

Effluent/Water (mg/1) Recovery Recovery

Groundwater (GW) 1.17 91.9 88.6

Colorado River (CAP) 3.32 91.7 88.1

Secondary (II) Effluent 8.80 88.7 81.6

GW (50%) + II Effl.	 (50%) 4.99 89.6 87.3

CAP (50%) + II Effl.	 (50%) 6.06 90.5 81.8

GAC Effluent 1.83 92.1 88.6

IE Effluent 2.41 91.4 87.1

FF Effluent 4.80 92.2 86.3

Source: Amy et al.	 (1984)
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constituents.	 These processes are, respectively, granular activated

carbon, ion exchange, and foam fractionation.

The results of Amy et al. (1984) showed the percent of the Cu or Mo

originally present in the crushed ore which was recovered in the "floated

concentrate." The inverse correlation between mineral recovery and NVTOC

concentration indicates that the detrimental effects of the organic

constituents in secondary effluent can be mitigated to varying degrees by

dilution, or more effectively by tertiary treatment. The authors pointed

out that although the percentage differences are moderate (ranges of 92.2

to 88.7% for Cu and 88.6 to 81.6% for Mo), the magnitude of these incre-

mental differences in mineral recovery is significant with respect to the

economics of copper and molybdenum mining.

The costs of additional treatment required to mitigate the impacts

of secondary effluent on mineral recovery constitute one of the principal

obstacles to using effluent in the mining industry of the Tucson Basin.

The other principal obstacle is the potential cost of transporting the

effluent from the treatment plant to the mines located between 20 and 30

miles south of Tucson. The distance and lift involved are one of the main

obstacles to cost-effective effluent use in the mining industry (RCA

Consulting Engineers, 1979).

Sand and Gravel Industries. Most of the water used in sand and

gravel operations is for washing and sieving aggregates. This accounts

for about 80 percent of the total water in this industry. The remaining

water is used (in varying proportions among individual plants) for

pollution control, cement mixing, truck washing, landscape irrigation,



38

evaporative cooling, and domestic uses. Although quality requirements for

washing and sieving are generally very low, there are health and safety

concerns about using secondary effluent (Tanner, 1987). Employees in the

product-washing operation are frequently exposed to mist from the washing

equipment, and thus could inhale harmful constituents in the effluent.

The best documented water quality requirements or recommendations

for sand and gravel operations are for cement mixing because certain

constituents are known to affect strength and durability. The American

Concrete Institute (AGI) (1981) noted that potable water is the criterion

usually specified. The AGI stated that mixing water "shall be clean and

free from injurious amounts of oils, acids, alkalis, salts, organic

materials, or other substances that may be deleterious to concrete or

reinforcement."

For water of doubtful quality, AGI recommends laboratory testing of

the water, and, if time permits, testing of specimens of concrete or

mortar made with the water for comparative strength and durability with

respect to control specimens made with water known to be satisfactory.

The Structural Design Guide to the AGI Building Code recommends that non-

potable water is to be permitted only after specified comparative cube

tests show that it will produce at least 90 percent of the strength

achieved with potable water (Rice and Hoffman, 1972).

Tay and Yip (1987) performed comparative cube tests to study the

effect of effluent on concrete strength. Several batches of concrete were

investigated using different proportions (0%, 25%, 50%, and 100%) of

effluent. The authors concluded that effluent could be used as mixing
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water in concrete without any harmful effects. Compressive strengths were

actually higher with the effluent specimens. Specimens made with 100

percent effluent had a 17 percent higher 28-day strength than specimens

made with potable water.

Tolerable limits for specific constituents in concrete mixing water

are summarized in Table 2.4. Of the constituents listed in this table,

only chloride is specifically addressed by AGI. Chloride in concrete has

been found detrimental to prestressed reinforcement (stress corrosion) and

aluminum embedments (galvanic corrosion). For these types of concrete,

the AGI Building Code limits the accidental chloride ion content of mixing

water and of admixtures (Rice and Hoffman, 1972). In applying the limit

to mixing water, it is intended that free water on the aggregates be

included. The maximum allowable total chloride content from all sources,

including any chloride contributed by the aggregates, is about 500

milligrams per liter (mg/1).

For corrosion protection, AGI recommends that maximum water soluble

chloride ion concentrations in hardened concrete at an age of 28 days

shall not exceed the limits listed in Table 2.5. This includes chloride

ion contributed from the ingredients, including water, aggregates,

cementious materials, and admixtures.

Polluck and Kay (1983) made the following special recommendations

for mixing water in hot climates. Chloride should be kept below 360 mg/1

(as chloride ion) and sulfate below 600 mg/l. Records indicate that

concentrations of these constituents in secondary effluent discharged from

wastewater treatment plants in the Tucson Basin are consistently below 100



Table 2.4. Tolerable Limits for Constituents in Concrete Mixing Water

Constituent Tolerable
Limit*

pH 3.0

Suspended solids 2,000

Total solids 4,000

Total alkalinity (CaCO3) 1,000

Carbonate 1,000

Bicarbonate 400

Sulfate (as SO 4') 1,000

(as SO,) 600

Chloride 500

(as chloride ion) 360

Calcium Combined

Sodium Total

Magnesium <2,000

Potassium

Copper 500

Lead 500

Zinc 500

Manganese 500

Source: Tay and Yip (1987)

* All limits except for pH units expressed in milligrams per liter.

40
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Table 2.5. Maximum Chloride Ion Content for Corrosion Protection.

Maximum water soluble chloride
Type of Member
	

ion (Cl-) in concrete, percent
by weight of cement

Prestressed concrete
	

0.06

Reinforced concrete exposed
to chloride in service
	

0.15

Reinforced concrete that will
be dry or protected from
moisture in service
	

1.00

Other reinforced concrete
construction
	

0.30

Source: American Concrete Institute (1981)
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mg/1 (Pima County Wastewater Management Department, 1987; CH2M Hill/Rubel

and Hager, 1983). Curing water should be to similar standards as the

mixing water because evaporation may cause potentially hazardous concen-

trations of salts to build up near the reinforcement bars. Furthermore,

alkali metal salts in the water may contribute to alkali-aggregate

reaction if reactive aggregates are used.

In summary, the quality of secondary effluent is suitable for many

of the water uses in the sand and gravel industry. Because there is

little documented evidence that the substitution of effluent affects

product quality, the most legitimate concerns regarding effluent use in

this industry pertain to worker safety.

Electric Power Generation. Most of the water used by electric power

generating stations is for cooling tower makeup. In the cooling process,

makeup water is used to replace blowdown water, the cooling water that is

bled off and disposed of to maintain proper salinity levels in the cooling

water. Cycles of concentration is the ratio of the concentration of

dissolved solids in the makeup water to the concentration of dissolved

solids in the blowdown water. Although higher cycles of concentration in

the cooling tower systems generally result in lower water use per kilowatt

hour of electricity generated, they also mean that the salinity of the

cooling water is higher. To operate efficiently, power plant operators

must thus maintain a balance between water consumption and the quality of

the water recirculating through the system. Water quality requirements

are related to three major problems encountered in circulating water

cooling systems; scaling, corrosion and biofouling.
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Effluent is used for cooling tower makeup in several power plants

in the United States (Gray, McGulgan, and Rowland, 1973; Donovan and

Bates, 1980; Goldstein, Wei, and Hicks, 1979). Donovan and Bates (1980)

recommend that the cooling water must not:

• form scale on heat exchange surfaces;

• be corrosive to metal in the cooling system;

• supply nutrients promoting the growth of slime-forming

organisms;

• foam excessively; and

• cause the wood in cooling towers to deteriorate.

Another concern is that drift from a cooling tower circulating

impaired-quality water might cause the spread of infection (Goldstein,

Wei, and Hicks, 1979). Although pathogenic organisms are partly destroyed

by warm temperature, chlorination, and sunlight, there is no guarantee

that all of these organisms will be destroyed.

Water quality criteria for cooling purposes are listed in Table 2.6.

This table, from Donovan and Bates (1980), contains limits recommended by

the National Academy of Sciences (1973) (first column limits) and

Goldstein, Wei, and Hicks, (1979) (second column limits and comments).

Additional treatment is often required to mitigate problems caused

by constituents in impaired-quality waters. Treatment requirements vary,

depending on the construction materials used in the cooling tower and the

type of treatment given to the effluent. In general, the most common

additional treatments include lime treatment to soften the water, retard
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Table 2.6.	 Recommended	 Cooling	 Water	 Criteria
Recirculating Systems.*

for	 Make-up	 Water	 to

Recommended
Parameter	 Limit'

Recommended
Limit' Comments'

Cl 500 100-500
TDS 500 500-1,650
Hardness (CaCO 3 ) 650 50-130
Alkalinity (CaCO 3 ) 350 20
pH ** 6.9-9.0 Preferably 6.8-7.2
COD 75 75 Preferablybelow 10
TSS 100 25-100 Preferablybelow 10
Turbidity 50 Preferably below 10
BOD 25 Preferably below 5
Organics (methylene
blue active substances)

1 2 2 is good

NH4 ** 4 Preferably below 1
PO, --- 1 1 is good
SiO, 50
Al 0.1 0.1
Fe 0.5 0.5
Mn 0.5 0.5
Ca 50 50
Mg ** 0.5/**
HCO3 24 24
SO 4 200 200

All limits except for pH units expressed in mg/l.
Accepted as received
Criteria from National Academy of Sciences (1973)
Criteria from Goldstein, Wei, and Hicks (1979)

Source: Donovan and Bates (1980)
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foaming, and remove phosphorous, some of the metals, and ions and organic

compounds; filtration; and disinfection to control slime growth and remove

bacteria and viruses that are dispersed in the cooling tower.

In summary, effluent is used for cooling in several electric power

plants in the U.S., but some plant owners are resistant to using effluent

because of concerns over worker safety and the potential for scaling,

corrosion, and biofouling problems. Because of the construction materials

used in many conventional power plants, various post-secondary treatments

would be required to meet plant-specific quality criteria for cooling

purposes.

Crop Irrigation

In many arid regions, crop irrigation is the largest water user, and

effluent is an attractive substitute for potable water. Small and

medium-sized communities tend to have the greatest potential for agricul-

tural use of effluent because available cropland is usually nearby,

thereby reducing the cost of transporting the effluent. Many of the

constituents present in effluent are also present in other sources of

irrigation water, including water in irrigation canals passing through

farmlands. Although no agency has established with certainty what

constituents are hazardous or toxic at what levels, the EPA lists the

following fundamental criteria for shaping the quality requirements for

use of effluent in crop irrigation (Donovan and Bates, 1980):
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(1) For farm worker and public health protection, the

effluent must pose no bacteriological or virological

hazard.

(2) Salinity (total dissolved solids or TDS) must be low

enough to maintain favorable osmotic pressures for

plants to take up water.

(3) Certain ions making up TDS, such as boron, chlorides,

and sodium can be harmful to crops, and sodium can be

harmful to soils.

(4) Trace levels of certain metals and synthetic organics

can affect crop growth.

(5) Other heavy metals, such as molybdenum and, possibly

cadmium, can be concentrated by plants to levels high

enough to be toxic to animals eating the plant (which

itself might be unaffected by the substance).

(6) Suspended solids, chemical precipitates and algae growth

can clog the spray nozzles and drip applicators of

irrigation units.

Guidelines for evaluating irrigation water quality have been

developed to prevent detrimental effects on human health, plants, and

soils (Ali, 1987; Donovan and Bates, 1980; Westcot and Ayers, 1985).

Table 2.7 lists recommended EPA limits for pollutants in irrigation water.

The "long term use" recommendations are set conservatively, to include

sandy soils that have low capacity to react with (and so to sequester or
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remove) the element in question. These limits are below concentrations

that produce toxicity when the most sensitive plants are grown in nutrient

solutions or sand cultures to which the pollutant has been added. The

criteria for "short term use" (up to 20 years) apply to fine-textured

neutral and alkaline soils with high capacities to remove the element in

question.

Recognizing that general guidelines cannot cover all local situa-

tions, Westcot and Ayers (1985) developed management-oriented guidelines

for evaluating irrigation water quality (Table 2.8). The levels of

"restriction on use" reflect the management skill needed when using

impaired quality water and are somewhat arbitrary. Changes of 10 to 20

percent above or below the guideline values may have little significance

when considered in light of other factors affecting yields. No restric-

tion on use assumes full production capability, whereas severe restric-

tions mean that the water user is likely to experience soil and cropping

problems or reduced yields attributable to water quality.

Several parameters are particularly important to irrigation water

quality. Considerable research has been done on the health hazards of

irrigating with effluent as well as the detrimental effects to plants and

soils of salinity, specific ions, heavy metals, and nutrients.

Salinity. All waters contain measurable amounts of dissolved salts.

Because natural salt concentrations in both groundwater and surface water

supplies vary greatly across locations, concentrations in effluents vary

as well. Salts affect the osmotic state of soil water, and high concen-

trations can damage plants. Total dissolved solids (TDS) and electrical
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conductivity (EC) are two common measures of salinity. Salt is contin-

ually added to the soil by irrigation, and the rate of accumulation

depends on both the salt concentration in the irrigation water and the

rate at which salt is removed by leaching. Detrimental effects of

salinity can be aggravated by poor soil drainage characteristics, high

evapotranspiration rates, and the type of crop being irrigated.

The only practical way to mitigate a salinity problem is by applying

more irrigation water than can be used by the crop (leaching), thus

establishing a net downward flux of water and salt through the root zone

(Westcot and Ayers, 1985). The leaching fraction is the portion of the

applied water that moves below the root zone to maintain salt concentra-

tion within an acceptable range. The guidelines in Table 2.8 assume

adequate subsurface drainage and an average leaching fraction of 0.15.

The above discussion assumes that soil drainage is adequate and that

leaching takes place. Without adequate drainage, however, shallow water

tables (within 3 to 6 feet of the land surface) can result and become an

additional source of salts.

Specific Ions. In addition to salts, boron, chlorides, and sodium

ions can be toxic to certain plants. High concentrations of any of these

ions may cause wilting, leaf drop, and reduced crop yield, even if TDS is

below levels considered harmful. These ions are frequently found in

municipal effluent. The source of boron is usually household detergents

or discharges from industrial plants. Chloride and sodium also increase

with domestic usage, particularly where water softeners are used.
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The sensitivity of crops to these ions varies and information on

the relative tolerances of specific crops to sodium and chloride are given

in Table 2.9. For sensitive crops, remedial measures for toxicity are

generally limited to changing the crop or the water supply (Westcot and

Ayers, 1985). Toxicity is, however, influenced by irrigation methods and

weather. For example, sprinkler irrigation during windy periods or

periods of high temperature and low humidity increases the likelihood of

sodium or chloride toxicity.

In addition to their toxic effects on plants, sodium salts in

irrigation water may affect soil structure and reduce the rate at which

water moves into the soil as well as reduce soil aeration (Westcot and

Ayers, 1985). If the ratio of sodium to other cations, such as calcium

and magnesium, becomes too high, sodium tends to replace the other cations

on the exchange sites of the clay particles (Goldammer and Wilson, 1985).

Reduced soil permeability results, which may eventually make the land

unsuitable for efficient irrigation because it may become impossible to

supply the plants with adequate water. The sodium adsorption ratio (SAR)

determines the sodium hazard, and the permeability guidelines in Table 2.8

take into account the potential effect of both salinity and sodium on soil

permeability. At a given SAR, the infiltration rate is directly propor-

tional to salinity. High concentrations of bicarbonate and carbonate ions

can result in precipitation of calcium carbonates, making more exchange

sites for sodium. The residual sodium carbonate ratio determines the

carbonate and bicarbonate hazards.



56

Table 2.9. Relative Tolerance of Selected Crops to Foliar Injury from
Saline Water Applied by Sprinklers.a

Na or Cl Concentrations (meq/1) ° Causing Foliar Injury'

<5	 5-10	 10-20	 >20

Almond	 Grape	 Alfalfa	 Cauliflower

Apricot	 Pepper	 Barley	 Cotton

Citrus	 Potato	 Corn	 Sugarbeet

Plum	 Tomato	 Cucumber	 Sunflower

Safflower

Sesame

Sorghum

a	 Susceptibility based on direct adsorption of salts through the
leaves.

b
	

The concentration of Na or Cl in meq/1 can be determined from mg/1
by dividing mg/1 by the equivalent weight for Na (23) or Cl (35.5).
(meq/1 = mg/l/equivalent weight).

C
	

Foliar injury is influenced by cultural and environmental condi-
tions. These data are presented only as general guidelines for
daytime sprinkler irrigation.

Source: Westcot and Ayers (1985)
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Trace Elements. Certain trace elements in irrigation water can be

detrimental to crops. The effects of these elements vary with pH and

structure of the soil as well as crop type. Although trace elements in

very low concentrations may be essential for plant growth, they can become

toxic at high levels. Among the elements potentially toxic to plants are

arsenic, cadmium, copper, and nickel, as noted in Table 2.7.

Nutrients. Nutrients in municipal effluents can have both benefi-

cial and detrimental effects. They are beneficial to plants as ferti-

lizers, but excessive amounts cause excessive vegetative growth, delayed

or uneven maturity, or reduced crop quality. Of significant concern are

the effects of excessive nitrogen on plants and soils (Westcot and Ayers,

1985).

The total nitrogen content of secondary treated municipal effluent

ranges from 20 to 60 mg/1, but the nitrogen concentration as well as the

form of nitrogen depends on the degree and type of treatment. The

nitrogen of effluent is in three readily-available forms: organic nitro-

gen, ammonium nitrogen, and nitrate nitrogen. Of these, ammonium is the

principal form, ordinarily in concentrations ranging from 5 to 40 mg/1

(Broadbent and Reisnauer, 1985). The organic fraction is readily conver-

tible to ammonium by microorganisms, and usually represents less than half

of the total nitrogen present. Nitrate concentrations range from 0 to

more than 30 mg/l. Guidelines given in Table 2.7 are for total nitrogen,

regardless of the form.

The nitrogen in effluent used for irrigation is essentially equal

to fertilizer nitrogen but is not easily regulated. Applying nitrogen
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with the irrigation water in this manner is beneficial in the early stages

of growth but much less so towards maturity. Excessive nitrogen stimu-

lates excessive vegetative growth, and may delay maturity or reduce crop

quality.

Miscellaneous Problems. Several other problems related to irrigat-

ing with effluent are noted by Westcot and Ayers (1985). These include

problems of abnormal pH, corrosion of pipelines and equipment, irrigation

water system clogging, and high residual chlorine. Water pH per se is

seldom a direct problem, but pH outside the normal range (6.5-8.5) is a

good indicator of an abnormal water or one containing a toxic ion. Water

with abnormal pH should therefore be evaluated and, if necessary, treated.

Corrosion of metal or concrete pipelines, wells and pumps, and other

equipment may result from low pH, from high or free carbon dioxide, or

from a secondary effect of a drop in dissolved oxygen caused by higher

than normal organic loading of the effluent. The dissolved oxygen problem

results in the formation of hydrogen sulfide gas, which is common where

primary effluent is transported over a long distance in a closed pipeline

or where there is no way of draining the effluent from the distribution

line following irrigation. Corrosion is seldom a problem when well

stabilized secondary effluent is used.

The use of effluent is also known to cause clogging of sprinkler and

drip irrigation systems. Growths (slimes, bacteria, etc.) and heavy

concentrations of algae and suspended solids can clog the sprinkler head,

emitter orifice, or supply line. Drip irrigation systems, which avoid

many of the problems of worker safety and drift control, are also most
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susceptible to clogging problems. Abnormally high suspended solids and

nutrient levels in effluent may require filtration just before use, which

makes management of drip irrigation systems more difficult.

Excessive residual chlorine in municipal effluent can damage plants

when sprinkled on plant foliage. Although no definitive maximum levels

are available for residual chlorine, the guidelines Table 2.7 serve as a

warning of potential problems. A residual chlorine less than 1 mg/1

should not affect plant foliage, but free chlorine (C1,2 ) in excess of 5

mg/1, can severely damage plants (Westcot and Ayers, 1985). Because free

chlorine is highly reactive and unstable in water, a high chlorine

residual rapidly dissipates if the effluent is stored in an open pond for

more than a few hours. Intermediate open storage facilities for effluent

are, therefore, one way to avoid this problem.

In summary, secondary effluent is suitable for the irrigation of

many crops when appropriate precautions and management practices are

taken. To avoid potential problems the irrigator must be familiar with

means of avoiding potential damages to irrigation equipment, damages to

the physical and chemical properties of the soil, degradation of the

environment, and health risks to farm workers and the general public.

Aquifer Recharge

Recharging aquifers with effluent is currently practiced in several

areas of the U.S. where heavy groundwater withdrawals have caused serious

water supply problems. Recharge is an attractive use of effluent for

several reasons. The effluent disappears from sight and usually becomes
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diluted by other sources of water, and, if a long time elapses before the

recharged water is extracted, most, if not all microbial contaminants will

have died naturally (Biswas, 1988). Recharging depleted aquifers can

prevent ground subsidence and, in coastal areas, saltwater intrusion into

freshwater aquifers (Donovan and Bates, 1980). Artificial recharge can

raise the water table and reduce pumping costs, and eliminate evaporation

losses that would be incurred in open storage facilities.

Artificial recharge can be accomplished by two methods - surface

spreading and injection. Surface spreading involves the application of

water to spreading basins, where it percolates through the soil to the

underlying aquifer. Effluent applied to spreading basins will be filtered

and biologically oxidized, and many ions will be adsorbed or precipitated

on the soil particles. The degree of additional treatment provided by

this method depends on such properties as soil leaching characteristics

and pH. This treatment can be equivalent to, or superior to, conventional

biological treatment followed by filtration and disinfection. Effluent

can also be pumped directly into aquifers via injection wells, but this

approach is far more expensive than surface spreading because it requires

tertiary pre-treatment to reduce the risks of contaminating and clogging

the aquifer (Montgomery, 1988).

In the Tucson Basin, recharge of effluent with spreading basins is

currently practiced as a means of storing effluent in the low-demand

winter months until it is most needed in the high-demand summer months.

Recharge for long-term storage and recovery for the eventual potable use

is part of the long-range water plan for the City of Tucson (CH2M-Hill,



61

1989).	 Institutional considerations for the artificial recharge of

effluent are discussed in Chapter 4.

Summary

This chapter discussed several of the major issues that commonly

arise in planning for the direct use and recharge of effluent. If

effluent use programs are to be successful, they must address several

concerns, including the potential benefits and costs, health and environ-

mental effects, public opinion, and specific quality requirements for all

potential users.
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CHAPTER 3

THE TUCSON BASIN STUDY AREA, WATER SUPPLIES,
AND WATER USES

Geography and Hydrogeology of the Tucson Basin

Physiography

The Tucson Basin (Figure 3.1) is a north-south trending alluvial

valley located in the Sonoran Desert section of the Basin and Range

physiographic province. For purposes of this study, it comprises the

Santa Cruz River valley in eastern Pima County, from the Santa Cruz County

line north to Rillito Narrows, covering an area of nearly 1000 square

miles (1610 km). Physical boundaries to the north and east include the

Tortolita, Santa Catalina, Tanque Verde, Rincon, Empire, and Santa Rita

mountains. To the west, the basin is bounded by the Tucson, Black, and

Sierrita mountains. The basin is about 50 miles (80 km) long, with a

width ranging from about 20 miles (32 km) in the south and central parts

to about 4 miles (6.4 km) at the northwest outlet (Davidson, 1973). The

general slope is northwestward, from an elevation of about 3500 feet (1070

m) at the southern edge to about 2000 feet (610 m) at the northwestern

edge. The principal drainage feature is the Santa Cruz River, which

contains both intermittent natural flow and perennial effluent flow from

wastewater treatment facilities.

Climate

The climate of the Tucson Basin is typical of the Sonoran Desert.

Temperatures range from below freezing in the winter to over 100 degrees

F in the summer. Potential evapotranspiration is extremely high, and
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average evaporation is about six times greater than average precipitation

(Yu, 1977). Cyclonic winter storms and convective summer thunderstorms

bring approximately equal amounts of precipitation to the area annually.

Average annual precipitation is about 11 inches (280 mm) in the basin,

increasing up to about 30 inches (760 mm) in the surrounding mountains.

Hydrogeology

Four principal rock types found in the basin and surrounding

mountains can be compared with respect to their water-bearing characteris-

tics. In the mountains, foothills, and shallow bedrock areas, the rock

types include: (1) essentially non-water-bearing materials, primarily

crystalline rocks with some indurated sedimentary and volcanic rocks; (2)

locally water-bearing Paleozoic limestone; (3) locally water-bearing

volcanic rocks; and (4) generally water-bearing sedimentary rocks derived

from erosion of the mountain blocks (Davidson, 1973).

Three principal water-bearing units in the sedimentary rocks form

a single aquifer (CH2M Hill et al., 1987). In descending order, these

units are the recent alluvium, the Fort Lowell Formation, and the Tinaja

Beds.

The recent alluvium consists mainly of sands, silts, and gravels

deposited by current stream channels, alluvial fans, and sheet flows.

With a small areal extent and a maximum depth of about 100 feet, potential

volume of groundwater storage in the alluvium is small. Except in a few

areas along Tanque Verde Creek and the Rillito River, the groundwater

level is typically below the base of this unit.
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The Fort Lowell Formation crops out over the entire valley floor

area and consists of unconsolidated to weakly lithified interbedded clayey

silts, sandy silts, sands, and gravels. Thickness ranges from a few feet

to 400 feet, with an average of about 350 feet in the Tucson Basin.

The Tinaja beds occur mainly in the subsurface below the Fort Lowell

Formation and are classified into the upper, lower, and middle units.

The upper units consist of unconsolidated to poorly indurated clayey silt,

sandy silt, sand, and gravel. Average thickness of the upper unit in the

Tucson Basin is about 700 feet. The middle unit consists of moderately

indurated gypsiferous and anhydritic silt and clay, with a maximum

thickness of more than 2000 feet. The lower unit consists of clayey silt,

mudstone, gravel, and moderately lithified conglomerate.

The Fort Lowell Formation and the upper Tinaja beds together

comprise the principal aquifer in the Tucson Basin that yields the large

amounts of water to wells. Not only are depths to water relatively

shallow in these units, but permeability and water quality are relatively

high. The average saturated thickness of the Fort Lowell Formation is

about 100 feet, and the average saturated thickness of the upper Tinaja

beds is about 650 feet. Many years of intensive pumping have dewatered

the Fort Lowell Formation in some areas of the basin.

The hydrogeologic units are recharged naturally along the mountain

fronts and in the stream beds and washes. Incidental recharge of the

units results from the discharge of municipal effluent into the Santa Cruz

River and from industrial and agricultural return flows. Groundwater

movement is generally toward the north and northwest.
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Groundwater Resources 

Quantity

The aquifer of the Tucson Basin extends 1,200 feet below the land

surface and has an estimated total storage volume of 47 million acre-feet

(Bureau of Reclamation, 1984). Because both water yield and water quality

decline with depth, recoverable water is assumed to be only in the upper

700 feet of the aquifer (Griffin, 1980). To this depth, there is an

estimated 10 million acre-feet of recoverable water.

Quality

Several types of groundwater are found in the Tucson Basin (CH2M

Hill et al., 1987). The most common types are calcium-bicarbonate and

calcium-sodium bicarbonate. A calcium sulfate type occurs in an area

northwest of Vail and an area west of the Santa Cruz River near the

Sierrita Mountains.

Most of the groundwater pumped for municipal uses meets all

applicable federal and state drinking water standards, and little or no

treatment is required. Chlorine disinfection is used to control bacterial

growth in a small percentage of the wells and in storage reservoirs and

new distribution mains. In most areas of the basin, total dissolved

solids (TDS) levels are below the Environmental Protection Agency (EPA)

Secondary (nonenforceable) Maximum Contaminant Level (SMCL) of 500 mg/1,

sulfate levels are below the SMCL of 250 mg/1, and nitrate levels are

below the EPA Primary (enforceable) MCL of 10 mg/l.
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In certain locations, however, groundwater exceeding EPA drinking

water standards has been found, and withdrawals from public supply wells

have been discontinued in order to protect public health. In the vicinity

of the Santa Cruz River both south and northeast of Tucson, TDS levels are

as high as 2500 mg/1, sulfate levels are as high as 1300 mg/1 and nitrate

levels are as high as 90 mg/l. The high TDS levels may have resulted both

from years of natural salt deposits when the river flowed and from recent

irrigation return flows and sewage effluent discharges (Folk-Williams,

Fry, and Hilgendorf, 1985). Sulfate levels are highest in the Green

Valley area, near areas of mine tailings and natural mineralization (ADWR,

1988). Nitrate contamination tends to occur near agricultural areas along

the river.

Concentrations of certain metals, including silver, cadmium,

chromium, mercury, lead, and selenium exceed EPA Primary MCLs in a few

isolated areas of the basin. Areas where high levels of these metals

occur are near landfills, industrial waste disposal sites, airports,

instrument plating facilities, and mining areas (ADWR, 1988). High

concentrations of chromium, selenium, lead, and arsenic occur in the

vicinity of the Tucson Airport and the Hughes Aircraft Plant. These sites

are under investigation either as part of the EPA superfund process, or

under other Federal programs designed to correct groundwater pollution.

A few wells along the Santa Cruz River in the northern part of the

sub-basin also exceed allowable limits for metals. These wells may be

contaminated from landfills and effluent discharge.
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The most publicized of the pollutants found in Tucson Basin

groundwater are volatile organic chemicals (VOCs). VOCs that have been

detected include chloroform, 1,1-dichloroethane, 1,2-dichloroethane,

1,1-dichloroethylene, 1,2-dichloroethylene, methylene chloride, tetra-

chloroethylene, 1,1,1-trichloroethane, and trichloroethylene (TCE) (ADWR,

1988). In 1981, high concentrations of TCE, a known carcinogen, were

discovered in five private wells in the Tucson area. A six-mile long TCE

plume is now known to exist in the aquifer beneath Tucson. The plume

contains TCE concentrations 920 times the EPA standard and is thought to

originate from a Hughes Aircraft dumping site where the degreasing

chemical was disposed of for 25 years (Folk-Williams, Fry, and Hilgendorf,

1985). Both private and city-owned wells in the vicinity have been shut

down.

Studies indicate that the TCE plume is moving north as groundwater

pumping continues. At issue is who is responsible for the cleanup and how

it should proceed. Although both Hughes and the U.S. Air Force have

denied responsibility, Hughes is involved in cleaning up the TCE

contaminated groundwater with an air stripping facility near the Hughes

site.

Groundwater Use 

Groundwater-use trends in the basin reflect population growth and

the structure of the economy. The 1988 population of the Tucson Basin was

about 600,000, with 412,590 people residing within the Tucson city limits.

The expected population of the Tucson Water service area for the year
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2025, the year in which safe-yield is mandated by the ADWR, is 1,456,847

(Tucson Water, 1988a). Other population centers in the Tucson area

include South Tucson with a population of 6,770, Davis Monthan Air Force

Base with 6,279 and the Green Valley/Continental area south of Tucson with

8,296 (Valley National Bank of Arizona, 1988).

The economy of the Tucson Basin is based on manufacturing, mining,

construction, trade, tourism, sales, services, governmental functions,

education and agriculture. Non-agricultural employment in Pima County is

projected to grow from 37 percent of the total population in 1985 to 41

percent in the year 2000, when about 60 percent of all new jobs are

expected to be in trade and services (ADWR, 1988). Employment in

manufacturing, mining, construction, and government is also projected to

increase, but at rates lower than the average employment growth rate.

Employment in the agricultural sector is expected to decline as farmland

becomes converted to urban uses.

Groundwater users in the basin can be divided into three general

sectors: municipal, industrial, and agricultural. Table 3.1 shows 1987

pumpage estimates by sector for the Tucson Basin. Because the Tucson

Basin comprises only a portion of the total land area of the Upper Santa

Cruz Sub-basin, estimates and projections were extracted from aggregate

data compiled by the ADWR for the entire Tucson Active Management Area

(TAMA). Of the total pumpage, about 60 percent served the municipal

sector, about 20 percent served the industrial sector, and about 16

percent served the agricultural sector.
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Table 3.1. Groundwater Use in the Tucson Basin, 1987

Sector Groundwater Use
(acre-feet)

Percent

Municipal 123,566 61.7

Industrial 42,787 21.4

Agricultural 31,351 15.7

Other 2,500 1.2

Total 200,204 100.0
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Agricultural Use

Most of the agricultural water use is for crop irrigation. Nearly

two-thirds of the total irrigated acreage of the basin is in the

Continental Farms area to the south of Tucson where about 6000 acres are

irrigated. Pecans are the principal crop in this area. About 3,000 more

acres are irrigated in several farming operations surrounding Tucson.

Upland and American-Pima cotton and wheat are the principal crops grown

on these farms.

To the north and west of the Tucson Basin is the Avra Valley

sub-basin where large tracts of farmland are irrigated. However, outside

of the Tucson Basin, these tracts are noteworthy because they have been

studied as potential candidates for groundwater-effluent exchanges with

the City of Tucson (Cluff, DeCook and Matlock, 1971; Wilson, Goldammer,

and Wade, 1988). Groundwater is currently used to irrigate about 12,000

irrigation acres in the Cortaro-Marana Irrigation District (CMID). The

total water allotment is about 54,000 acre-feet for the ADWR's First

Management Period (FMP): 1984-1990, and about 47,000 acre-feet for the

Second Management Period (SMP): 1990-2000. Total 1987 use for the CMID

was estimated at about 33,000 acre-feet. Besides groundwater, farms in

the CMID also receive small quantities of effluent and recovered

stormwater runoff through the irrigation system. In addition to the

CMID's irrigation use, about 16,000 more acres in the Avra Valley are

currently irrigated with groundwater. The total allotment for these acres

is about 75,500 acre-feet for the FMP and about 61,500 acre-feet for the
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SMP. Total 1987 use for these acres was about 28,000 acre-feet (Caporaso,

1989).

Principal crops grown in the Avra Valley include Upland and

American-Pima cotton, spring and fall lettuce, alfalfa, milo, hay, and

wheat. Agricultural water use in Avra Valley is projected to decrease due

to agricultural land sold for development, land speculation, or water

rights.

Industrial Use

Industrial water use accounted for about 21 percent of the total

pumpage in the Tucson Basin in 1987. The Arizona Groundwater Code defines

an industrial use of water as "a non-irrigation use of water not supplied

by a city, town, or private water company, including animal industry use

and expanded animal industry use" (A.R.S. Ann. 45-561.2). Most of the

water pumped by industries is used for landscape watering, materials

processing and cooling. Table 3.2 summarizes the approximate groundwater

usage in 1987 by specific industries regulated by the ADWR. The figures

in the table represent only those industrial facilities that are supplied

by their own wells. The "other industrial" category comprises a diverse

collection of miscellaneous industries.

Total industrial water usage and its distribution among sectors

tends to vary considerably from year to year as changing economic

conditions affect industrial activity. Perhaps the most extreme example

of this effect is copper prices, changes in which may result in fluctua-

tions in mining water use of several thousand acre-feet from year to year.
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Table 3.2. Industrial Groundwater Use in the Tucson Basin, 1987

Industrial Use	 Groundwater Use	 Percent of
Category	 (acre-feet)	 Total

Turf	 4,612	 10.8

Metal Mining	 26,500	 61.9

Sand & Gravel	 4,320	 10.1

Electric Power	 1,678	 3.9

Dairies and Feedlots	 321	 0.8

Other Industrial	 5,356	 12.5

Total	 42,787	 100.0
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For the entire Tucson AMA, the ADWR anticipates an increase in total

annual industrial water usage from 74,000 to 84,000 acre-feet over the

period from 1990 to 2025.

Municipal Use

About 70 percent of the groundwater for municipal uses in the Tucson

Basin is pumped and provided by the city water utility (Tucson Water),

with the remaining municipal water supplied by many smaller providers.

Tucson Water withdraws groundwater from many different well fields in the

basin. In 1987 the utility pumped from over 230 wells, ranging in depth

from 50 to 700 feet. The three most cost-efficient well fields, the Santa

Cruz, Southside, and Central, together satisfy about 90 percent of

Tucson's total water demands. The Southern Avra Valley well field is a

more costly source used only to meet peak summer demands. The Northern

Avra Valley well field lies outside of the Tucson Water service area and

provides water to users west of Marana.

Though substantial reductions in total municipal groundwater pumpage

are projected after the anticipated arrival of CAP water in 1991,

additional well field development is planned for the Central Avra Valley

and in the Three Points area. Tucson Water plans to develop the Central

Avra Valley well field by the year 2015 to supplement imported water

supplies from the Southern Avra Valley well field. The Three Points well

field is to be developed by the year 2035 as an isolated supply to serve

users in the extreme southwest portion of the Tucson Water service area.



75

Changes in Depth to Groundwater

Water levels in the Tucson Basin vary substantially both with

elevation and proximity to recharge areas. The depth to water in most

Tucson Water wells ranges between about 50 and 300 feet with an average

of about 200 feet. The shallowest water levels occur along Tanque Verde

Creek while the deepest water levels are found along the foothills in the

northwest side and the bajadas in the south and east sides of the basin

(Tucson Water, 1988b).

In 1980, pumpage in the Tucson metropolitan area was estimated at

four times the rate of recharge when the utility pumped 76,489 acre-feet

(Folk-Williams, Fry, and Hilgendorf, 1985). Groundwater levels below the

City's well fields have dropped 50 to 125 feet in each of the two periods

from 1947 to 1970 and from 1970 to 1984. Between 1982 and 1986, water

level declines of up to 20 feet have been measured in some Tucson wells

as a result of increased pumping (ADWR, 1988).

In some parts of the basin, such as the Canada Del Oro drainage and

along the Santa Cruz River to the north of Tucson, water levels have

risen. These rises are attributed to heavy recharge during periods of

above normal rainfall and incidental recharge of effluent in the Santa

Cruz River channel (ADWR, 1988).

Effluent Resources and Use 

Quantity

The volume of treated municipal wastewater in the Basin continues

to increase as population grows and new customers are added to Pima County
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sewer systems. Over 90 percent of the wastewater generated in the Basin

is treated by the Randolph, Roger Road, and Ina Road wastewater treatment

facilities. In fiscal year 1986-87, the three facilities treated a total

of 55,910 acre-feet of wastewater (Pima County Wastewater Management

Department, 1987). Tucson Water is planning for substantial increases in

the supply of effluent in the future. Figure 3.2 shows effluent supply

projections to the year 2025. Based on population projections and

Tucson's proportional allotment, these projections indicate that over

90,000 acre-feet of effluent will be available to Tucson Water in 2025

(Tucson Water, 1988a).

Treatment and Quality

In order to comply with regulations of the National Pollutant

Discharge Elimination System (NPDES), Pima County's aforementioned

wastewater treatment facilities are equipped for secondary treatment. The

Roger Road plant has a design capacity of 30 million gallons per day (mgd)

average dry weather flow (ADWF), with provisions to accommodate expansion.

The treatment process capabilities include screening, grit removal,

primary sedimentation, biofiltration, secondary clarification, and

chlorination. Existing aeration basins can be operated in parallel or in

series (either preceding or following) with the biotowers. This

flexibility allows for provision of supplemental air to the biomass.

Sludge handling facilities include gravity and flotation thickeners,

anaerobic digesters, and sludge drying beds.
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The Ina Road Facility was opened during July 1977 with a design

capacity of 25 mgd average dry weather flow (ADWF). No expansion of the

Ina Road Plant is currently planned. The facility serves the area north

of Rillito Creek and Pantano Wash. The treatment processes consist of

pumping, screening, grit removal, primary and secondary clarification,

pure oxygen activated sludge, and chlorination. Oxygen is generated on

site by means of the pressure swing adsorption (PSA) process. Some of the

sludge is trucked to farms in the CMID, with the remainder disposed of in

an adjacent sanitary landfill.

The Randolph Park Water Reclamation Plant was constructed in 1975

to provide disinfected secondary effluent for irrigating the Randolph

South golf course and to provide relief from overloaded downstream trunk

sewers. The plant is a conventional activated sludge type with a design

capacity of 1.5 mgd. Specific treatment processes include screening,

primary and secondary clarification, and chlorination. Nearly all

effluent produced is used on the south course, with overflows diverted

either to the north course storage pond or the main sewer system. All

sludge is returned to the main system line to the Roger Road Plant.

Effluent discharged from the Roger Road, Ina Road, and Randolph

facilities consistently meets most of the EPA Primary MCLs for drinking

water. Contaminants of significant concern include volatile organic

compounds, microbiological contaminants, and turbidity.

In addition to the county treatment facilities, Tucson Water

operates a reclaimed water treatment facility located adjacent to the

Roger Road Plant from which it receives secondary effluent. Treatment
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processes include dual media (coal and sand) filtration, flocculation

(with aluminum and polymer flocculents), and chlorine disinfection.

Reclaimed water provided by Tucson Water undergoes tertiary treatment to

meet quality standards for facilities with unrestricted public access.

Reclaimed water usually meets all drinking water quality standards except

for fecal coliform and turbidity. Table 3.3 compares levels of some of

the contaminants tested for in reclaimed water with Primary MCLs.

In 1988, Tucson's reclaimed water system had a treatment and

conveyance capacity of about 9,000 acre-feet per year, and capacity

expansion to 28,000 acre-feet was underway. Additional tertiary treatment

facilities have been proposed for the Ina Road Plant and for regional

plants on Tucson's east side.

Effluent Use

The Tucson area has a long history of wastewater use (Yu, 1977).

The first sewer was installed in 1900, and grain crops were irrigated with

raw sewage. In 1917, an outfall line was installed along the Southern

Pacific Railroad track from St. Mary's Road north to Sunshine Lane and

west along the Santa Cruz River. The raw sewage was used to irrigate the

City Sewer Farm. By 1926, 250 acres of the 670-acre farm were being

irrigated with two million gallons per day (mgd) of raw sewage. The City

constructed a primary sewage treatment plant in 1928 to improve the

quality of irrigation water for the farm. In 1942, the primary treatment

plant was enlarged and improved.
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Table 3.3. Comparison of Monitored Contaminants in Reclaimed Water with
EPA Primary Maximum Contaminant Levels (1986-1988)*

EPA Maximum	 Reclaimed Water
Contaminant
	

Contaminant
Level	 Average	 Range

Inorganic Chemicals

Arsenic 0.05 <0.0100
Barium 1 <0.5000
Cadmium 0.01 <0.0050
Flouride 4 0.6280 0.3-3.0
Lead 0.05 <0.0284 <0.02-0.18
Mercury 0.002 <0.0010
Nitrate (as N) 10 8.37 2.8-26.0
Selenium 0.01 <0.0055 <0.005-<0.01
Silver 0.05 <0.02

Microbials

Coliform Bacteria
(per 100 ml)

1 0.167 0.0-1.0

Turbidity (ntu) 1-5 >3.76 0.13-7.6

Organic Chemicals

Total Trihalomethanes 0.10 <25.1 <6.91-231
Chlorinated Hydrocarbons

Endrin 0.0002 <0.0500 - -

Lindane 0.004 <0.0500 - -

Toxaphene 0.005 <0.2000
Chlorophenoxys

2,4-D 0.1 <1.000
2,4,5-TP Silvex 0.01 <0.100 - -

* In mg/1 unless otherwise indicated.

Sources: Sayre (1988) and Tucson Water (1988c)



81

Substantial increases in wastewater treatment and reuse followed the

completion of the City's Roger Road Wastewater Treatment Facility (12

million gallons per day initial capacity) in 1951 (Tinney, 1987). Between

1953 and 1955, an estimated 2,310 to over 3,200 acre-feet per year of

treated effluent were used for irrigating the Sewer Farm. The effluent

was priced at $4.00 per acre-foot, delivered to the highest site of the

farm. In 1955, the City entered into a 20-year lease with another 2,100

acre farm for all uncommitted wastewater. The contracted price was $1.00

per acre-foot, plus conveyance expenses. Pima County Sanitary District

One purchased the storage and conveyance systems in 1963. They maintained

preexisting contracts and acquired the right to purchase and resell any

effluent in excess of 13 million gallons per day. Use of the conveyance

system was discontinued in 1970 when nitrate levels up to about 100 mg/1

were detected in the Cortaro Farms area. In 1977, the Cortaro-Marana

Irrigation District (CMID) contracted for up to 6,000 acre-feet per year

of wastewater from the county for $2.65 per acre-foot (Bookman-Edmonston

Engineering, 1978). Currently, the CMID contracts with Pima County for

secondary effluent with the rate renegotiated each year. In 1988, the

CMID paid $10.00 per acre-foot, but gradual rate increases are anticipated

(Condit, 1988). During fiscal year 1986-1987, about 2,900 acre-feet were

delivered to CMID.

In 1984, construction began on Tucson Water's reclaimed water

system. This system is designed to treat secondary effluent from the Pima

County plants to a quality that complies with State reuse rules for open

access turf facilities. The City is constructing an extensive distribu-
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tion system to serve effluent to turf areas and other potential users

within the Tucson Water service area. In 1988, Tucson Water provided

about 4,100 acre-feet of effluent to public and private golf courses and

parks. Tucson Water is gradually expanding the treatment, storage, and

conveyance capacity of the reclaimed water system to satisfy projected

demand for non-potable water. Tucson Water projects the annual demand for

effluent to be about 50,000 acre-feet by 2025 (Tucson Water, 1988a).

Because the City of Tucson anticipates having rights to more effluent than

it can serve for direct use, studies are underway to assess the feasi-

bility of artificial recharge of their surplus effluent.

Summary

As native groundwater supplies become increasingly scarce and

restrictions on groundwater use become more stringent, the growing

populace of the arid Tucson Basin must rely on alternative water sources.

Plans for the increased use of two alternative sources, CAP water and

effluent are well underway. Because each of these sources are lower in

quality than the native groundwater, significant increases in the costs

of providing water are anticipated.

The balancing of the Tucson Basin's water budget is largely in the

hands of the ADWR and the City of Tucson. If safe-yield is to be achieved

by the year 2025, the ADWR's management plans will require substantial

reductions in groundwater use plIJ!s increased supply augmentation and

reuse. As the population of the Tucson Basin grows, effluent is expected
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to play an increasingly important role in the reduction of groundwater

overdraft.
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CHAPTER 4

INSTITUTIONAL ASSESSMENT

The institutional factors affect effluent use by defining the scope

of what providers and users of effluent may do, and how they may do it.

As Randall (1981) points out, "resource-related decisions, whether

initiated by private individuals and groups or by public decision-making

bodies, are made within a complex institutional structure that assigns

legal rights and liabilities and thus establishes the structure of

incentives. Effluent use programs must take place within the institu-

tional structure and the associated set of existing or potential legal

rules and regulations. These are comprised chiefly of federal, state, and

local regulations, statutory requirements and formal policies. This

chapter is an assessment of the complex array of institutional factors

that affect, or could affect effluent use in the Tucson Basin.

Federal Water-Quality Protection Regulations 

Municipal effluent became a resource when quality improvements

mandated by the Federal Water Pollution Control Act of 1972 (FWPCA)

broadened the scope of potential uses. Essentially, the FWPCA requires

secondary treatment of municipal wastewater discharged by wastewater

treatment plants. Secondary treatment oxidizes organic matter in

wastewater through bacterial action through "activated sludge" Or

equivalent processes. This treatment reduces the biological and chemical

oxygen demand of wastewater to levels required by federal and state

agencies.
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Effluent discharges into public waterways are regulated by the

National Pollutant Discharge Elimination System (NPDES). The Arizona

Department of Environmental Quality (ADEQ) works in conjunction with the

United States Environmental Protection Agency (EPA) in writing and

administering the NPDES permits. Final NPDES permits are issued by the

EPA for discharge into any waters of the United States from any point

source. EPA regulations cover all waters over which the broadest

constitutional interpretation would allow the federal government to

exercise jurisdiction. In Arizona, regulated waters include lakes,

streams, dry riverbeds, washes, and playas. The NPDES imposes limitations

on effluent quality for discharge, requires the disclosure of the amounts

and nature of the discharges, authorizes the specification of limits on

such discharges, and monitors and enforces compliance with these limits.

The water-quality standards are intended to protect public health, aquatic

life, and wildlife.

In 1988, the EPA issued stricter limitations on the quality of

effluent discharged by Pima County's Ina Road Water Pollution Control

Facility into the Santa Cruz River (U.S. Environmental Protection Agency,

1988). New limitations were placed on the concentrations of several

constituents, but the greatest controversy stems from substantial

reductions in allowable concentrations of chlorine and phenolic chemicals.

For the effluent discharged by the Ina Road plant, the EPA wants residual

chlorine reduced to 0.05 mg/l. Historically, the Ina Road plant has

discharged effluent with up to 5 mg/1 of residual chlorine, 100 times the

proposed limit.
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Because the EPA has given Pima County only two years to comply with

the new limits, new interest in the effluent issue has been generated.

Many local government officials have questioned the EPA's rationale for

the new limits and have expressed concern about the additional cost of

complying with the new limits. Although both the City of Phoenix and Pima

County are actively resisting the new limits, if these limits cannot be

compromised, new incentives for direct effluent use may be created in the

Tucson Basin. That is, the costs of using effluent directly could become

lower than the costs of discharging it. On the other hand, if discharging

is still less costly than reuse, the discharged effluent could become a

more valuable water resource because of its improved quality.

Federal Water Rights Legislation

Federal water rights legislation could affect effluent use in the

Tucson area because it places a substantial quantity of effluent under the

jurisdiction of the federal government. In 1982, the Southern Arizona

Water Rights Settlement Act (SAWRSA) was passed to resolve Indian water

claims in the Tucson area. As part of the settlement, 30,600 acre-feet

of effluent produced in Tucson was allocated to the Tohono O'odham Indian

Tribe. The Secretary of the Interior, as a trustee for the tribe, may

sell or exchange this water for other water on the tribe's behalf. It is

very unlikely that the effluent will ever be used directly by the tribe

because of a provisiorf in the Act that precludes any federal funding for

a separate effluent conveyance system (Laney, 1984). After the SAWRSA

obligations are satisfied, the rights to the remaining effluent are



87

allocated to the City of Tucson and Pima County by an intergovernmental

agreement (described later in this chapter).

The Arizona Public Service Co. v.
John F. Long Court Decision

Disputes over rights to effluent in Arizona are one important source

of uncertainty regarding the future use and regulation of effluent. The

uncertainty pertains to the question of what category of water effluent

falls under: surface water, groundwater, or a separate and distinct

category of water. The question was recently addressed by the Arizona

Supreme Court in a case known as Arizona Public Service Co. v. John F. 

Long (160 Ariz. 429, 773 P.2d 988, 1989).

Historically, the question of ownership of effluent from the sewage

treatment system serving the cities of Phoenix, Mesa, Glendale, Tempe,

Scottsdale, and Youngtown has been a source of extensive legal dispute

since 1982 (Folk-Williams, Fry, and Hilgendorf, 1985). Several lawsuits

have been filed over a 1973 option agreement with the four cities for

effluent purchase by the Arizona Public Service Company (APS) and the Salt

River Agricultural Improvement and Power District (SRAIPD). Under the

agreement, the Palo Verde Nuclear Generating Station, which uses the

effluent for cooling purposes, is allowed to purchase up to 140,000

acre-feet per year at $30 per acre-foot. The cities currently treat about

156,000 acre-feet of wastewater per year.

Three main parties protested the agreement: the Salt River

Pima-Maricopa Indian Community, A Tumbling T Ranches, which owns

agricultural land southwest of Phoenix, and developer John F. Long, a
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vocal proponent of water conservation. For various reasons, the Indian

Communities and A Tumbling T claimed that the Palo Verde contract violates

their rights to this effluent. Long filed a series of lawsuits in recent

years in a campaign to break the contract. Long's campaign was based on

the premise that effluent, though not potable, is water that can be used

for other uses such as irrigation, and without the effluent, ranchers and

farmers will have to use more-expensive groundwater, thereby increasing

their water costs. The sale of effluent to Palo Verde raises complaints

that Arizona water customers are subsidizing other states served by Palo

Verde, and that cities denied access to effluent must buy potable water

for irrigation at costs of up to $1,000 per acre-foot (U.S. Water News,

1988).

A lawsuit filed in Maricopa County Superior Court challenged the

validity of the contract under state water law. The court granted summary

judgment in favor of the defendants--the cities, APS, and the Salt River

Project. Long appealed this lower court judgment in the State Supreme

Court. APS claimed that effluent is neither surface water nor ground-

water, but a special category of water not subject to state regulations.

APS maintained that the Legislature created this separate category of

water when it referred specifically to effluent in various pieces of

legislation. Long argued that the GMA rules regarding the initial

withdrawal of groundwater also apply to effluent. Because the GMA

specifies that in an AMA, groundwater must be used in the service area

from which it was withdrawn, by Long's argument effluent cannot be

transported and sold outside the service area from which it was pumped.
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The ADWR supported Long's position and, until the court decision,

operated under the assumption that effluent was a water resource, and that

the GMA provided the agency with the authority to regulate effluent

generated by the use of groundwater. Regarding effluent generated by the

use of surface water, the ADWR's operating position was that the sales are

subject to the ADWR's approval.

On April 17, 1989, the Arizona Supreme Court ruled 4-1 that effluent

is not subject to laws regulating groundwater or surface water and,

therefore, a holder of effluent rights can put the effluent to any use

that it sees fit. This decision could have far reaching implications for

future opportunities for effluent use in Arizona as well as the ADWR's

general authority to regulate effluent use. The decision was based in

part on the the absence of specific laws on effluent. As stated in the

Supreme Court Opinion (Supreme Court of Arizona No. CV-86-0634-T, 1989):

We concede that given the importance of water management in
Arizona, one would expect that the Legislature would not adopt
a comprehensive code covering management of water resources
without also regulating the use of effluent. . . But because
the Legislature has not adopted laws on effluent, sale of such
water cannot be regulated.

The decision allows the cities to continue to sell effluent to Palo

Verde and undermines the ADWR's presumed authority over effluent. A

ruling in favor of Long would have limited the cities' options for

marketing effluent. Although the impacts of this decision will be felt

in both Phoenix and Tucson, because of the Palo Verde contract, and the

range of opportunities for marketing effluent in the Phoenix area,
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potential impacts on water users in the Phoenix area are far greater. The

relatively high price of effluent served by Tucson water diffuses much of

the concern about "wasteful" uses of effluent in this area.

Another concern regarding the decision is that it could affect water

costs of farmers and ranchers along the Gila, Salt, and Santa Cruz Rivers.

Some of the discharged effluent is appropriated as surface water and used

by farmers and ranchers downstream. The court said that once the cities

dump effluent into a stream and the effluent is used by downstream users,

the cities are not obligated to continue such dumping ad infinitum. Thus,

if the municipalities decide to sell more effluent and discharge less, the

farmers and ranchers may be forced to use more costly groundwater or CAP

water.

In Tucson, the ADWR is concerned primarily about the loss of

regulatory authority and its potential impact on groundwater management.

The ruling implies that irrigators who switch to using only effluent will

not have to report their water use, as groundwater users must. This could

hinder comprehensive water management programs designed to control

groundwater overdraft.

Although the court decision is consistent with several components

of the management plans for the Phoenix and Tucson AMAs, it has nonethe-

less provided motivation for legislation regarding effluent regulation.

At the present time, however, the ADWR has not yet formulated specific

legislative options. Changes in the Groundwater Code would be required

to formalize the ADWR's once-presumed regulatory authority over effluent.
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State Rules for Water Reuse 

For surface irrigation, artificial recharge of aquifers, and other

potential uses of effluent, NPDES permit requirements are not applicable.

Regulation of the quality of effluent as well as practices for the use and

recharge of effluent is the responsibility of the state. The 1986

Environmental Quality Act (EQA) created the Arizona Department of

Environmental Quality (ADEQ). The Director of the ADEQ is required to

"promote and coordinate the protection and enhancement of the quality of

water resources consistent with the environmental policy of the State."

(Ariz. Rev. Stat. Ann. 49-104.A.8). Part of the ADEQ's responsibility is

to develop and administer rules and quality standards for the direct use

and artificial recharge of effluent.

The ADEQ regulates the reuse and recharge of effluent through reuse

rules and related permits. The agency is currently drafting new waste-

water reuse rules in conjunction with a new set of rules for aquifer

protection. Until the new rules are implemented, however, rules formerly

administered by the Arizona Department of Health Services (Ariz. Admin.

Code. R.18-9-7) apply to all users of treated wastewater. The reuse rules

are the central, component of the permit application procedure. They

consist of general requirements for each reuse category, specific

water-quality standards, and permit monitoring requirements.

Although the Legislature did not include a specific grant of

authority for a reuse permit program in the general powers and duties of

the Director, Chapter 2 of the Arizona Revised Statutes refers to

"facilities which are defined and required to obtain a permit to use
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reclaimed wastewater" (A.R.S. 49-250.8.8). This reference implies that

a permit program is contemplated by the Legislature as one of the

Director's functions related to Water Quality Control (Pawlowski, 1989).

For the interim period, the ADEQ is operating under the assumption that

it has the general statutory authority to adopt reasonably necessary rules

establishing a reuse permit program.

A reuse permit is currently required for any type of effluent use.

The permit application process requires any reuse facility to specify the

quality of the effluent to be used and the intended uses. The current

reuse rules prescribe water quality criteria for specific reuse cate-

gories, including surface irrigation of crops, livestock watering,

landscape irrigation, artificial wetlands, industrial reuse, and uses

where full body and incidental human contact may occur. Although the

current reuse rules apply both to reuse application sites and wastewater

treatment plants, for regulatory purposes, the ADEQ hopes to exclude

wastewater treatment plants from the definition of a reuse facility

(Pawlowski, 1989). Table 4.1 lists general reuse categories and their

associated water quality standards. The rules currently prohibit the use

of effluent for direct human consumption. Irrigation of crops which may

be eaten raw by humans is limited not only by strict quality standards but

also because irrigation with effluent renders these crops adulterated

foods which are prohibited by law from being produced, sold, or delivered

(A.R.S. 36-904.A.5).

Enforcement of water quality standards and monitoring requirements

is currently done through performance-based standards which require
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Table 4.1. Effluent Reuse Categories and Associated Water Quality
Standards.

Fecal Coliform	 Turbidity Enteric Virus
(c fu) 	(ntu)	 (pfu)

Use Mean
Single
Sample

Raw Edible Crop 2.2 25 2 1/40 1
Irrigation

1000 4000Orchard; Fiber, - -

Seed, & Forage;
Pasture Irrigation

Open Access Land-
scape Irrigation

25 75 5 125/40 1

Restricted Access 200 1000 -
Landscape Irrigation

Full Body Contact 200 800 1 1/40 1

Incidental Human 1000 4000 5 125/40 1
Contact

ntu = nephelometric turbidity units
cfu = colony forming units
pfu = plaque forming units (most probable numbers)

Source: Goldhammer and Wilson (1985)
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monitoring of performance at the end of the treatment process. Secondary

treatment is generally the minimum treatment required to meet the minimum

standards. To meet minimum quality standards for water reuse in Arizona,

secondary effluent must contain no more than 30 milligrams per liter of

five-day biochemical oxygen demand, 30 milligrams per liter of suspended

solids, a pH between 6.0 and 9.0, and a fecal coliform standard based on

the uses of effluent.

The reuse rules require compliance with Arizona's surface water

quality standards for trace substances, organic chemicals, toxic substan-

ces and radiochemicals where the effluent is to be used for agricultural

irrigation, livestock watering, and recreational purposes. The permit

holder is not required to monitor for these substances unless the ADEQ

believes they may be present in the effluent.

The rules also require storage and runoff containment of the

effluent. The provision of at least five days storage is required when

no means of reuse, discharge, or disposal of reclaimed wastewater are

available other than surface irrigation. This storage must be provided

to prevent irrigation when the soil is saturated or when the reclaimed

wastewater does not meet the minimum quality standards for a specific use.

To contain the reclaimed wastewater during precipitation events, an

irrigation site must be designed to contain the runoff from a 10-year,

24-hour event unless the reclaimed wastewater meets the standards and

conditions of a valid NPDES permit for that particular site.

The permit monitoring requirements apply to effluent flow to a point

in the wastewater reclamation system just prior to release for reuse.
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Meeting these requirements is the responsibility of the provider of the

effluent, not the user.

Irrigators, however, must comply with certain practices for certain

crop types. For orchard crops and crops not subject to rotation "irriga-

tion shall be by a method which minimizes contact of the reclaimed water

with the fruit or foliage." This implies that sprinkler irrigation may

not be allowed for some crops. Maintenance of pastures is required to

prevent incidental ponding or standing water except where local farming

conditions and the use of accepted irrigation cropping patterns render

this problem unavoidable.

Standards for irrigation of landscaped areas are more stringent for

"open access" landscaped areas than they are for "restricted access."

Restricted access means that "the access to the reuse site by the general

public is controlled." A golf course with a fence around it and a

lockable gate is an example of a restricted-access site, and a city park

is an example of an open-access site. Because of the different standards,

if the restricted-access golf courses can obtain secondary treated

effluent they could have considerably lower irrigation costs because they

would not have to purchase the more costly tertiary-treated effluent.

Development of a more comprehensive set of reuse rules involves the

incorporation of new reuse categories, including reuse for potable

purposes, which several Arizona communities consider inevitable. The ADEQ

must decide whether effluent standards should be based on treatment

processes, product quality, or a combination of both. Process-based

standards would specify minimum treatment processes applied before reuse,
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with little or no performance monitoring. By contrast, product-quality

(performance) standards would specify the quality of the effluent to be

reused regardless of the treatment processes. A major disadvantage of the

performance approach is the expense of monitoring, as it can require

frequent sampling of literally hundreds of substances. In addition,

because it requires monitoring of minute quantities of many of the

substances, monitoring results may not always be reliable. For these

reasons, the ADEQ is considering the adoption of California's "unit

treatment process approach" which sets standards for unit treatment

processes, sampling and analysis, operations, and treatment reliability.

The required degree of effluent treatment is proportional to the degree

of potential human exposure to the effluent. Many requirements for

treatment plant design, alarms, and operation and maintenance are

incorporated. Some water quality standards and monitoring requirements

are required at the point of entry into the effluent distribution system

to assure that the unit treatment processes are operating properly.

Water quality requirements for recharge water depend on the water

quality criteria for the aquifer of destination. If effluent is to be

recharged, rather than used directly, a different permit is required.

Under Arizona's EQA, recharge is considered a discharging activity for

which an aquifer protection permit is required. The permit is not a

right, but a license, subject to certain restrictions.

The EQA classifies all aquifers in the state for drinking water

uses. Arizona's Aquifer Water Quality Standards are the primary drinking

water maximum contaminant levels (MCLs) adopted by the EPA. The Arizona
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standards currently consist of the existing MCLs. Additional MCLs that

the EPA plans to adopt over the next several years are likely to be

adopted by Arizona as Aquifer Water Quality Standards. Any additional

standards that the Director wishes to adopt will require health impact

justification, pursuant to A.R.S. 49-223.

Any person seeking to recharge an aquifer with secondary or tertiary

treated wastewater must submit a Notice of Disposal and permit application

containing detailed information about the disposal activity and the site

to the ADEQ. A permit is issued, subject to the Director's approval of

the design of the facility, hydrogeologic characteristics of the discharge

impact area (including the vadose zone), current and reasonably foresee-

able uses of groundwater in the discharge impact area, ambient groundwater

quality, and the characteristics of the wastes and pollutants disposed by

the facility.

Alternatively, a person may initiate a Petition for Changes in

Classification to other uses provided that criteria specified in the

statutes are met. The Tucson water utility is currently attempting to

demonstrate that recharging treated wastewater will not degrade the

quality of the underlying aquifer (CH2M Hill et al., 1987). This proof

is required by the ADEQ before a permit can be approved.

Provisions of Groundwater Management Legislation

Specific provisions of the 1980 Groundwater Management Act (GMA),

subsequent legislation related to the GMA, and management plans affect the

structure of incentives for the use and recharge of effluent. Since the
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completion of the First Management Plan for the Tucson AMA in 1984, the

ADWR has introduced several new requirements and incentives for municipal

water providers and turf irrigators to use effluent.

The ADWR's municipal conservation programs are designed to save

groundwater through the reduction in per capita use rates and, by not

counting most uses of effluent in annual gallons per capita per day (GPCD)

calculations, the ADWR has given water providers a strong incentive to use

more effluent. The ADWR's recently-published Draft Management Plan for

the Second Management Period (1990-2000) stipulates that effluent shall

not included in determining a large provider's GPCD rate unless it has

been stored pursuant to an underground storage and recovery permit and

recovered outside the area of hydrologic impact (ADWR, 1988). Large

municipal providers are thus able to reduce substantially their total GPCD

rate and comply more easily with conservation requirements by serving

customers with large volumes of effluent.

Turf-watering by self-supplied users is considered an industrial use

because of the Groundwater Code's definitions of "irrigation" and

"industrial" uses. "Irrigation" as defined in the Groundwater Code

includes only water used to produce crops for sale or consumption.

Turf-watering is categorized as an industrial use because it is "a

non-irrigation use of water not supplied by a city, town or private water

company" (ADWR, 1988). The turf conservation program is based on a

maximum annual water allotment for each facility.

More stringent requirements for effluent use on turf facilities will

go into effect in 1995. All turf facilities built after 1990 that have
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more than 10 acres to water will be required to use effluent for 50

percent of their total water needs. Violations could result in fines of

up to $10,000 per day.

By the year 1995, the ADWR will require all new turf-related

facilities to use effluent for 50 percent of their water. The Director

of the ADWR may allow individual facilities to use a larger percentage of

non-effluent sources or to comply with the requirement at a later date due

to constraints related to public health, water quality, cost, effluent

availability, or incompatibility with the TAMA's overall management

strategy.

The ADWR has also introduced a two-tiered incentive structure for

effluent use based on the percent of effluent that constitutes overall

water use. Under this structure, effluent constituting between 50 and 89

percent of overall water use is counted as 0.95 acre-foot of water, and

effluent constituting 90 percent or more of overall water use is counted

as 0.9 acre-foot of water. In addition to the incentive, effluent users

may apply to the ADWR for an administrative review of their allotment to

allow for leaching of salts below the root zone or to compensate for other

technical difficulties associated with the use of effluent.

The Recharge Legislation. The Artificial Recharge and Underground

Storage and Recovery Act (RUSRA) of 1986 created new incentives for the

recharge of effluent. The RUSRA is designed to assure rechargers of their

rights to recover the water they store underground. Of particular

significance to effluent recharge is a provision that effluent recharged

and recovered within the same area of hydrologic impact maintains its
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legal status as effluent, with any subsequent use not counted against GPCD

calculations. Since the recharged effluent could become commingled with

ambient groundwater, there is some concern about the conservation and

equity implications of this provision. A higher-quality mixture of

groundwater and effluent could be recovered, but it would not be counted

in GPCD calculations.

The Lakes Bill. Recent legislation encourages the use of effluent

for purposes of filling artificial lakes. A.R.S. 45-131, also known as

the "Lakes Bill" was designed to close the loopholes in Arizona water law

that allowed the filling of artificial lakes with potable water. The

First Management Plan stated that artificial lakes built after January 1,

1987 could not be filled with groundwater supplied by municipal providers.

This provision, however, did not prevent developers from using potable

groundwater and surface water to fill artificial lakes. Before the Lakes

Bill, both Type 1 and Type 2 groundwater rights could be purchased and

used to fill artificial lakes. Surface water from Salt River Project

could also be used for this purpose.

The Lakes Bill restricted the use of groundwater and surface water

to fill artificial lakes. The Bill states that groundwater can be used

only if treated effluent is to be phased in within five years. Surcharges

are imposed for groundwater use in lakes, with a surcharge amount that

doubles each year. After considerable debate, the State Legislature

decided that surface water in decorative lakes is not a beneficial use

pursuant to the doctrine of prior appropriation.
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Local Institutional Factors 

Local institutional factors include ordinances, intergovernmental

agreements, contracts, and formal policies established by county and city

governments, irrigation districts, Indian tribes, and other local

entities. In the Phoenix and Tucson metropolitan areas, several institu-

tions have been developed that allocate effluent, establish use agree-

ments, or require the use of effluent. The following section describes

specific institutions and their salient provisions.

Several Arizona cities have adopted specific city ordinances and

policies requiring effluent use, particularly on new turf-related

facilities and artificial lakes. Until effluent can be provided at a

lower cost than conventional water supplies, these institutions are deemed

necessary to help ensure increased effluent usage. The cities of Phoenix,

Scottsdale, Tempe, Glendale, Mesa, and Tucson all require the use of

effluent on new turf facilities. Only the City of Mesa, however, has an

ordinance allowing the city to replace potable water service with effluent

service on existing facilities (Mesa City Code, Ordinance No. 2119,

Section 4-12-5). Under this ordinance, the City of Mesa may supply

effluent to artificial lakes and turf-related facilities that were

originally supplied with water from the city's potable water supply or

"other water source." The city may not charge more for the effluent than

the current cost of the present water source, with credit or payment for

the value of the source exchanged within the city.

On November 21, 1988, the City of Tucson Mayor and City Council

adopted a set of Water Policies that address the use of non-potable waters
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(City of Tucson, Resolution No. 14701, 1988). The policies for effluent

and reclaimed water are listed in Appendix B. The policies are designed

to implement the following initial policy statement for the use of

non-potable water:

All water that can be reused shall be fully utilized to reduce
groundwater pumping, evaporation and evapotranspiration. The
City of Tucson shall continue to work with ADWR to provide
incentives for effluent and reclaimed water use.

Included in these policies are geographical priorities for effluent

use, pricing policies, specific minimum annual usage by customers, and

promotion of the use of effluent wherever feasible for irrigation of new

parks, cemeteries, schools, and golf courses.

For new golf courses, Pima County's Zoning Code supports the city

policies with a "Golf Course Zone." Performance standards in the Code

call for "maximum use of effluent rather than the use of potable ground-

water for irrigation" (Pima County Zoning Code, Chapter 18.59.030). This

design standard virtually ensures that all new golf courses in the county

use effluent to the maximum extent possible as soon as an effluent supply

becomes available.

An intergovernmental agreement (IGA) between the City of Tucson and

Pima County allocates effluent rights to the two parties (City of Tucson,

Resolution No. 10860, 1978). The IGA transferred ownership of the entire

City of Tucson sewer system to Pima County subject to four conditions, one

of which was "County acceptance of the City's terms on the effluent

issue." After the aforementioned allocation to the Tohono O'odham Indian
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tribe is satisfied, the IGA allocates 90 percent of the municipal effluent

to Tucson and 10 percent to Pima County.

Liability Aspects 

Effluent use carries with it the risk of claims for personal injury

or property damage due to contamination. Personal injury cases would be

most likely to arise in situations where third parties became ill due to

inhalation or ingestion of harmful constituents in the effluent. Property

damage cases might arise if an irrigator's crops were damaged by the

effluent or groundwater supplies became polluted. The risk to the

irrigator of short-term crop damage is fairly well understood and can,

therefore, be addressed in a contract between the buyer and seller. The

risk of injury to third parties is less well understood and less easily

addressed by contract (Richardson, 1985).

Arizona's reuse rules state that the wastewater treatment plant

owner or the reclaimed wastewater owner will be responsible and liable for

meeting the conditions of the wastewater reuse permit, but will not be

liable for misapplication of reclaimed wastewater by users. For example,

an irrigator who uses reclaimed water on raw edible crops, not the

provider of the effluent, would be liable. Specific liability for

effluent suitability and delivery interruptions is exemplified in the

effluent sale contract between Pima County, the Cortaro Water User's

Association and Cortaro Marana Irrigation District as follows (Pima County

et al., 1987):

Cortaro further acknowledges that County neither represents
nor guarantees that any effluent supplied under this agreement
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is potable or of a quality suitable for use by humans or for
farm irrigation. . . Cortaro assumes all risks and liabilities
in connection with non-irrigation uses. . . County shall not
be liable for any damage to Cortaro or its property resulting
from curtailment, interruption, or apportionment of supply of
effluent occasioned by necessary maintenance of County's
sewerage system, threatened or actual effluent shortage or
other causes beyond County's control.

Liability of effluent users with respect to their employees is

vaguely addressed by the federal Occupational Safety and Health Act (OSHA)

and similar worker protection legislation passed in Arizona. Neither of

these include specific standards for working with effluent. A.R.S.

23-403, the "General Duty" clause requires an employer to provide a work

environment "free from recognized hazards that are causing or likely to

cause death or serious physical harm to his employees" (Goldammer and

Wilson, 1985). An agricultural employer who irrigates with effluent is

subject to these worker safety laws, but establishing an association

between injury and exposure to harmful constituents in effluent may be

difficult due to the time lag between exposure and occurrence of the

illness.

The legal theories of negligence and strict liability in tort apply

mainly to the sale of treated wastewater (Richardson, 1985). A person is

considered negligent when he fails to take those precautions a reasonable

person would take to protect others from foreseeable risks arising from

his activities. Violation of an effluent reuse regulation designed to

protect against a particular health risk raises a presumption of negli-

gence and exposes the violator to liability for any injuries to a member

of the class intended to be protected. If any of the quality criteria or
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management rules are violated in the treatment, delivery or application

of reclaimed wastewater, negligence would be presumed.

The strict liability in tort theory views effluent as a product

manufactured for commercial use by others. Anyone injured by a defective

(either by manufacture or design) product may hold the manufacturer and

all parties engaged in putting the product on the market strictly liable

for his injury. A manufacturing defect in effluent might be found if it

failed to meet the regulatory water quality standards. A design defect

might be found if the effluent met all applicable water quality standards

but nonetheless caused damage, as by salt concentration or boron toxicity.

An important issue regarding effluent use is whether public

employees are liable for any injury resulting from the adoption, non-adop-

tion, or failure to enforce any statute or regulation. To protect public

employees from personal liability from their discretionary acts, the

Arizona state legislature adopted the following statute (A.R.S. 41-621

(G)):

A state officer, agent or employee, except as otherwise
provided by statute, is not personally liable for an injury
or damage resulting from his act or omission in a public
official capacity where the act or omission was the result of
the exercise of the discretion vested in him if the exercise
of the discretion vested in him was done in good faith without
wanton disregard of his statutory duty.

This statute could protect employees of the ADEQ from personal

liability if either the effluent quality standards for reuse or methods

of monitoring and enforcement are proven inadequate.
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Summary

A variety of laws and administrative arrangements either affect, or

could potentially affect effluent use in the Tucson Basin. Federal water

quality legislation could have significant effects on the costs of

treatment for discharge purposes, which in turn could increase the

potential benefits of direct use and recharge of effluent. Rights to

effluent in the Tucson Basin are allocated by Federal legislation in the

case of the Tohono O'odham Indian Tribe and by an intergovernmental

agreement in the case of Pima County and the City of Tucson. Oppor-

tunities for future effluent use in the Tucson Basin are thus constrained

by the goals and objectives of these principal holders of effluent rights.

Although most of the Pima County allotment is used for irrigated agricul-

ture, Tucson's effluent policies favor use in the municipal utility's

service area, possibly precluding many opportunities for agricultural and

other potential non-potable uses. Use of the Tribe's allotment is

currently constrained by the lack of a clear policy As trustee for the

Tribe, the Secretary of the Interior must take some initiative in

arranging for exchanges of effluent for other water in the basin.

The incentives for increasing the use of effluent that have been

introduced by the ADWR represent an important initial step, but their

potential effectiveness in conserving groundwater is questionable.

Exempting effluent from municipal GPCD rate calculations is an effective

incentive to get large water providers to substitute effluent, but if a

provider is already in compliance with their assigned GPCD target, the

groundwater "saved" can be used to accommodate growing demands for potable
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water. The ADWR's programs do little to encourage self-supplied ground-

water users to switch to effluent because the economic incentives offered

by these programs are inadequate.

Many of the institutional factors affecting effluent use are

characterized by fragmentation and uncertainty. Management programs

concerned with effluent quantity are not well integrated with programs

concerned with effluent quality. The ADEQ is currently attempting to

develop quality-based effluent reuse rules that adequately protect public

health and safety without destroying the economic incentives to use

effluent. The recent Arizona Supreme Court decision in Arizona Public 

Service Co. v. John F. Long has raised concerns regarding the ADWR's

authority to effectively manage multiple water sources so as to reduce

groundwater overdraft in the TAMA. Resolving the institutional uncertain-

ties that currently surround effluent is essential to enhance efficiency

in the management of the Tucson Basin's multiple water sources.
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CHAPTER 5

CONCEPTUAL ECONOMIC MODEL

As discussed earlier, water reuse is an important component of the

groundwater conservation programs that are being implemented by the ADWR.

In the context of these programs, the ADWR views treated effluent as an

underutilized resource which, if used to a far greater extent, could

decrease significantly the rate of groundwater overdraft in the basin.

Given present and projected groundwater usage, however, even if full

utilization of effluent were realized, effluent use itself would be far

from sufficient to achieve the TAMA's goal of safe-yield. Thus,

conservation and water importation programs are underway in conjunction

with reuse programs. For water reuse to result in increases in inter-

temporal economic efficiency, the present value of the net benefits of

reuse must exceed the present value of the net benefits of procuring

additional water through alternative means. In this chapter, a conceptual

economic model is developed that provides a theoretical foundation for an

empirical assessment of the intertemporal benefits and costs of planned

water reuse in the Tucson Basin.

Potential Hydrologic Impacts of Water
Importation and Water Reuse 

Incorporating water reuse into a general water-balance model of a

groundwater basin illustrates the potential effects of water reuse on the

hydrologic system. Of particular interest in this study are the effects

of water reuse on groundwater stocks because water reuse in the Tucson

Basin is motivated largely by mandated reductions in groundwater
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overdraft. Modeling the hydrologic system under the following three

water-supply schemes serves to illustrate theoretically the hydrologic

effects of reuse on the groundwater stocks: (1) the basin supplied

entirely by native groundwater, (2) the basin supplied by a combination

of native groundwater and effluent, and (3) the basin supplied by a

combination of native groundwater, effluent, and water imported from other

basins. The theoretical physical relationship between water reuse rates

and groundwater flows and stocks illustrates conceptually, the potential

resource savings (benefits) attributable to water reuse. For convenient

reference, Table 5.1 lists the variables and notation (in order of

presentation) of the discussion that follows.

Consider a hypothetical drainage basin underlain by an unconfined

aquifer, defined as a saturated permeable geologic unit in which the water

table forms the upper boundary. The surface water divides and groundwater

divides of this basin coincide, and there is no surface water in storage.

In an examination of the relationship between the water budget and the

magnitude of possible groundwater development, Bredehoeft, Papadopulos,

and Cooper (1982), presented applicable water-balance expressions for this

hypothetical groundwater system. An undeveloped groundwater system is

presumed to be in a steady state, with natural recharge equal to natural

discharge. Thus, for the system as a whole:

RN - DN = 0,	 (5.1)



Table 5.1. Notation for Water-balance Expressions.

Notation	 Variable

RN	 Mean natural recharge

DN	 Mean natural discharge

ARN	 Change in mean recharge after groundwater

withdrawal

ADN	 Change in mean discharge after groundwater

withdrawal

Q	 Groundwater withdrawal

dV/dt	 Rate of change in storage in the aquifer

Sa	 Average bas inwide drawdown

AV	 Water removed from storage

A	 Basin area

C	 Capture

U,	 Total water use

RI	 Incidental recharge

DI	 Incidental discharge

W	 Municipal wastewater

z	 Incidental recharge coefficient

x	 Incidental discharge coefficient

E	 Effluent use

U,	 Consumptive water use

RE	 Artificially recharged effluent

F	 Imported water use

RF	 Artificially recharged imported water

110



111

where RN is the mean natural recharge and DN is the mean natural

discharge.

Development of the basin involves withdrawal of groundwater which

disturbs the steady state condition and modifies the system expression to:

(RN + ARN) - (DN + ADN) - Q +
dV

 = 0,	 (5.2)

where ARN is the change in the mean recharge attributable to development,

ADN is the change in the mean discharge attributable to development, Q is

the groundwater withdrawal due to development, and dV/dt is the rate of

change in storage in the aquifer. Rearranging equations (5.1) and (5.2)

yields:

dV
A RN - ADN - Q +	 = 0.dt (5.3)

Assuming an unconfined aquifer, the expression for the average

decline in groundwater level is:

AV
t 

Sa =
Sy x Ab (5.4)

where Sa is the average basinwide drawdown,AV, is the volume of groundwater

removed from storage in time t, Sy is the specific yield of the aquifer,

and Ab is the area of the basin. Specific yield is defined as the volume
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of water that an unconfined aquifer releases from storage per unit surface

area of aquifer per unit decline in the water table. For analytical

purposes, the response of the system is assumed to occur rapidly, with

effects equally distributed throughout the basin.

The effect of reuse on the system can be explained in the context

of equations 5.3 and 5.4. Q units of groundwater are withdrawn to provide

water to all users in the basin. In the urban area, all withdrawn water

that is not consumptively used flows as wastewater to treatment plants.

If no water is reused, a portion of the wastewater becomes part of the

basin discharge as surface runoff or evapotranspiration, and the remaining

portion becomes part of the basin recharge. In the Tucson Basin, most of

this incidental recharge occurs downgradient from the City of Tucson's

well fields, implying that it is of little benefit to the city. From a

basinwide perspective, however, this is not lost water. The effect of

reuse on the system as a whole depends on several factors, including the

portion of wastewater that is used to supply consumptive uses and the

effect of reuse on the "capture." Bredehoeft, Papadopulos, and Cooper

(1982) pointed out that capture is an important factor in the relationship

between pumpage and water removed from storage. The term capture was

defined and discussed by Lohman (1972) as follows:

Water withdrawn artificially from an aquifer is derived from
a decrease in storage from the aquifer, a reduction in the
previous discharge from the aquifer, an increase in the
recharge, or a combination of these changes. The decrease in
discharge plus the increase in recharge is termed capture.
Capture may occur in the form of decreases in the groundwater
discharge into streams, lakes, and the ocean, or from
decreases in that component of evapotranspiration derived from
the saturated zone. After a new artificial withdrawal from



113

the aquifer has begun, the head in the aquifer will continue
to decline until the new withdrawal is balanced by capture.

In the arid west, recharge is typically independent of pumping in

the basin, implying that the capture is due only to a reduction in natural

discharge, ADN (Bredehoeft, Papadopulos, and Cooper, 1982). An example

of this type of capture is the reduction in water consumed by phreato-

phytes (evapotranspiration) as the water table declines. The significance

of this type of capture is that for a safe-yield condition to exist, Q

must equal ADN. To avoid confusion, the capture variable is hereafter

denoted by C. Groundwater mining in the Tucson Basin has resulted from

several years of groundwater pumping in excess of capture (Q > C).

Managing groundwater to eliminate overdraft is complicated by the

difficulty in estimating capture. Because no reliable estimates of

capture are available for the Tucson Basin, this concept is not applied

in the economic assessment. Although the following conceptual relation-

ships incorporate capture, in the empirical model, net natural recharge

is used as a surrogate for capture in estimating groundwater level decline

under alternative water-use scenarios.

Replacing groundwater pumpage with the use of effluent and imported

water are management activities aimed at curbing groundwater mining in the

Tucson Basin. The general relation between water removed from storage and

average basinwide drawdown is given by equation 5.4. Assuming a fixed

level of water use over time, the potential effects of water reuse and

importation on groundwater level decline can be evaluated by comparing

mathematical expressions of water removed from storage in three hypotheti-

cal water-supply schemes for the Tucson Basin.
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The first scheme represents the total water usage (14) in the basin

satisfied entirely by native groundwater; therefore, Q is equal to 14. No

water is reused, no water is imported, and no water is artificially

recharged. Assuming no water is removed from storage until the total

capture, C, is pumped, the net amount of water removed from storage in a

given time period can be expressed as:

AV = C - UT + RI (5.5)

where RI is the incidental recharge, the portion of the withdrawn

groundwater that is not used consumptively and is returned to the aquifer.

For an urbanized area in an arid region, RI can be thought of as the

portion of the total municipal wastewater (denoted as W) that is dis-

charged into a normally-dry stream channel. RI is return flow from

municipal water use that recharges the basin aquifer through the stream

channel. Because only a portion of W recharges the aquifer, RI can thus

be expressed as zW, with z representing a recharge coefficient denoting

the percentage of the total wastewater that recharges the aquifer.

The remaining wastewater is lost from the system as "incidental

discharge," (DI) by processes of evaporation, evapotranspiration, and

surface runoff. Incidental discharge is computed as xW, with x represent-

ing a discharge coefficient equal to (1 - z). By this argument, it

follows that W is equal to the sum of xW and zW. In terms of total

outflow from the basin, the volume of water removed from storage can be

expressed as:
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gV = U, + xW	 (5.6)

where U, is the water that is lost from the system as consumptive use.

Equation 5.5 maintains that water is removed from storage whenever

the total pumpage exceeds the capture plus the incidental recharge. A

safe-yield condition is said to exist when pumpage over a given period of

time is equal to the capture plus the incidental recharge. This condition

can be attained at any groundwater depth.

In the second water-supply scheme, the same water usage is satisfied

by a combination of native groundwater and effluent (E), with some of the

effluent used to recharge the aquifer artificially (RE). In this scheme,

the equation for AV becomes:

AV = C - (Ur - E) + RE + z(W - E - RE). (5.7)

The significance of this expression is that the direct use and

artificial recharge results in a net decrease in the volume of water

removed from storage. Although the positive effect of incidental recharge

is reduced from zW to z(W - E - RE), the negative effect of pumpage is

reduced from U, to Ur - E and an additional quantity of recharge, RE, is

added. Furthermore, the quantity of water lost from the basin as

incidental discharge is decreased from xW to x(W - E - RE).

In the third water-supply scheme, the basin is suppled by native

groundwater, effluent, and imported water, with artificial recharge of

some of the effluent and imported water. This scheme is most representa-
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tive of the overall water supply planned for Tucson. Groundwater is

currently imported from Avra Valley, and beginning in 1991, large

quantities of groundwater and surface water will be imported and conveyed

via the Central Arizona Project (CAP). Artificial recharge of "surplus"

CAP water is also planned. As more water is imported for urban uses,

effluent will be made up of increasingly greater portions of imported

water. Assuming the same level of water use of the first and second water

supply schemes, the pumpage is reduced from (U T - E) to (U, - E - F), with

F representing the quantity of imported water used. Incorporating the use

and artificial recharge of imported water into Equation 5.7 yields:

= C - (UT - E - F) + RE + RF + z(W - E - RE) , (5.8)

where RF is the imported water that is recharged artificially. The direct

use and recharge of imported water again decreases the volume of water

removed from storage because pumpage of native groundwater is again

reduced and another recharge component is added.

Conceptual Economic Model of Multi-source Water Use 

The normative optimal control model presented here provides rules

for optimum use of multiple water sources. Notation for the variables and

functions of this model is presented in Table 5.2.

Equations 5.1 through 5.8 illustrate the hydrologic relationships

between the depletion of groundwater stocks and the utilization of three

principal water sources: (1) native groundwater, (2) effluent, and (3)
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Table 5.2. Notation for Optimal Control Model

Notation	 Variable or Function

g(.)	 Production function for water resource commodities;

calendar time argument included as a separate argument

of g(.) to indicate that this relationship changes with

time as technology or other factors change

GT (t)	 Total water resources commoditites produced at time t

G 1 (t)	 Water resources commodities produced from the use of native

groundwater at time t

G2 (t)	 Water resources commodities produced from the use of effluent

at time t

G 3 (t)	 Water resources commodities produced from the use of imported

water at time t

SB	 Social benefits associated with water use

L 1 (t)	 Rate of composite capital-labor input for producing water

resources commodities from native groundwater at time

L2 (t)	 Rate of composite capital-labor input for producing water

resources commodities from effluent at time t

L3 (t)	 Rate of composite capital-labor input for producing water

resources commodities from imported water at time t

S(t)	 The total stock of native groundwater at time t

Natural recharge (constant over all time periods)

p(t)	 Price of water resources commodities at time t

M(.,t)	 Demand function for water resources commodities with t acting

as a surrogate for factors that may shift the demand

function over time

A, [S(t)]	The value of environmental amenities related to the undis-

turbed groundwater stock

112 [G 2 (t)]	 The environmental costs attributable to the production of

water resources commodities from effluent
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Table 5.2--Continued

Notation	 Variable or Function

A3 [G 3 (t)]	 The environmental costs attributable to the production of

water resources commodities from imported water

w, Unit opportunity costs of capital and labor required to

produce water resources commodities from native

groundwater

W2	 Unit opportunity costs of capital and labor required to

produce water resources commodities from effluent

w,

	

	 Unit opportunity costs of capital and labor required to

produce water resources commodities from imported water

H(.)

	

	 Hamiltonian function representing the rate of net social

benefits at the instant t

cl	 Costate variable or shadow price of a unit of native

groundwater stock

r	 The social rate of discount

p 1 (t)	 Price of water resources commodities produced from native

groundwater at time t

P2(t)	 Price of water resources commodities produced from effluent

at time t

P3(t)	 Price of water resources commodities produced from imported

water at time t
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imported water. Rational water planners would select the plan which

maximizes the net benefits of using water from these three sources over

the planning horizon. Ideally, a model of optimal water use incorporates

conditions of demand for water, the technology for providing water from

different sources, the effects of the existing groundwater stocks on total

water costs, the functional relationships between water source choices

(the control variables), the depth to water in the aquifer (the state

variable), and the rules or procedures that govern water-use decisions

(Howe, 1979). If the assumption is made that a given user is indifferent

regarding the source of the water, differences in water quality can be

handled by the individual cost functions for water provision. A framework

for modeling natural resource use over time (Howe, 1979) is adapted to

this problem to yield the following relationships:

GT (t) = g[L,(t), L 2 (t), L,(t), S(t), t]

= C 1 (t) + G 2 (t) + G 3 (t)

P(t) = M[G,(t), t]
	

(5.9)

G
T
(t)

SB(t) =	 f	 M[n, t]ein + A,[S(t)] - A2[G2(t)] - A3[C3(t)]

0

The first relation is the "water resource commodity" production function

with L,(t), L 2 (t), L3 (t) representing the rates of composite capital-labor

input for providing all water resource commodities at time t. Water

resource commodities are intermediate goods or services produced according
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to the production function g(.) (Howe, 1979). G, represents the total

aggregate water resource commodities, equivalent to the sum of the water

resource commodities produced from the use of native groundwater (G,),

effluent, (GO, and imported water, ( 0 3). S(t) is the total stock of

native groundwater at time t. S(t) enters as an argument of the function

to reflect "stock effects" defined as physical effects on future condi-

tions of groundwater resource availability, including changed extraction

costs and changed limits on the total groundwater stock available (Howe,

1979). Stock effects are caused by current withdrawals of native

groundwater in excess of the safe-yield withdrawal rate. The variable t

indicates the possibility of technological improvement over time.

The second relation is a demand function for water-resource

commodities with t acting as a surrogate for factors that may shift the

demand function over time. The variable p(t) is the price of water

resources commodities at time t. In this idealized model, price is

assumed to reflect all private and social costs associated with the

production of water resources commodities. Therefore, price reflects all

costs of providing water as well as all spatial and temporal externalities

associated with the production of water resources commoditites.

The last relation indicates that the social benefits associated with

a rate of water resource commodity utilization are represented by the area

under the water resource commodity demand curve up to the output rate

G1(t) plus the value of environmental benefits associated with the

undisturbed native groundwater stock, A,[S(t)], minus the environmental

costs associated with the production of water resource commodities from
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effluent, A2 [G2 (t)], or imported water A 3 [G,(t)] . Examples of environmental

benefits of undisturbed groundwater stock include reduction in the risk

of aquifer compaction and land subsidence, preservation the quality of the

groundwater in the aquifer (if concentrations of salts and other undesir-

able constituents in the groundwater increase with depth), and sustenance

of streams, riparian vegetation, and wetlands. An example of an environ-

mental cost associated with the use of either effluent or imported water

is the contamination of potable groundwater supplies in aquifers under-

lying areas irrigated with these lower quality sources.

The costs directly associated with the production rate G T (t) include

opportunity costs of the capital-labor input and the loss of environmental

benefits associated with the remaining undisturbed groundwater stock and

the environmental costs of using either effluent or imported water. The

costs indirectly associated with G T (t) are those imposed on the future as

a result of using up some of the groundwater stock, commonly called the

"user cost". The user cost is defined here as the present value of all

sacrifices (including foregone use, higher extraction costs, etc.) imposed

on future periods due to depletion of groundwater stocks (Howe, 1979).

For the marginal unit of groundwater stock used today, the user cost is

the marginal intertemporal opportunity cost.

The objective function for maximizing net social benefits can be

stated as follows:
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.	 GT(t)

Maximize	
f e -rt tf m ,_ ,

ul t)cltl + A,[S(t)]
L,(t),L,(t),L,(t)	 J0	

0

(5.10)

- A.,[G,(t)]

- A,[G,(t)] - w,L,(t) - w,L,(t)

- w,L,(t),) dt,

with the decision variables being L,(t), L,(t), and L3 (t) and the state

G T (t)

variable being S(t). j M(7), t)dr) represents the area under the aggregate

0

water resource commodity demand curve up to the output rate GT (t). The

variables w„ w,, and w, are the unit opportunity costs of the capital and

labor required to provide water resources commodities from, respectively,

native groundwater, effluent, and imported water. The variables A,[S(t)],

A2 (t) and A3 (t) reflect environmental effects and r is the social rate of

discount.

This maximization problem is subject to the following constraints.

First, the problem is constrained by physical limitations on available

water supplies from the three sources and by legal limitations on the

available quantities, locations of use, and purposes of use. Using "max"

to denote either a physical or legal maximum, the quantities of native
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groundwater, effluent, and imported water available for use for time

period t are constrained as:

0 < C 1 (t) � Gomax(t)

0 < G 2 (t) � G 2max(t)
	

(5.11)

0 � G 3 (t) � G 3max(t).

The groundwater stock constraints are:

S(t)	 S(0 ) -
	

[G1(r) + Z ]dr

0

(5.12)

where Z is the natural recharge, assumed to be constant over time, and T

indicates cumulative groundwater use.

The function specifying the rate of change of S(t) is:

(t)	 - C 1 (t) + Z	 (5.13)

Equation 5.13, combined with the given initial stock S(0), and the

non-negativity constraint on S(t) serves to impose a finite stock

constraint as well.

The maximum principle approach provides a framework for economic

analysis (Kamien and Schwartz, 1981). The costate variable, q(t) is the
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marginal value to the community of one more unit of groundwater in storage

at time t. In the Hamiltonian function, it corresponds the constraint

(5.13), reflecting the functional relationship between groundwater stock

depletion and use rates for the three sources. The following Hamiltonian

can be interpreted as the rate of net social benefits from total water use

at the instant t.

0,(t)

H[t,L 1 (t),L2 (t),L3 (t),g(t)]	 $14(r1,t)(177 + AJS(t)] - A2[G2(t)]

0

- A3 [0 3 (t)] - w,L,(t) - w 2L2 (t)	 (5.14)

- w3 1.,3 (t) - q(t)[G,(t) - Z]

In this equation, the first term represents the direct benefits of

water use, the second the environmental benefits of undisturbed ground-

water stocks, the third and fourth terms represent the environmental

costs associated with the use of effluent and imported water, the fifth

through seventh terms the opportunity costs of the labor and capital

required to produce water resources commodities from the three water

sources, and the eighth term represents the user cost. The user cost can

become zero if the use of effluent and imported water completely elimi-

nates groundwater mining.

Because each environmental benefit or cost in this context is

assumed to be associated with only one water source, when differentiating
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H with respect to the decision variables, some of the terms drop out. To

illustrate this, let the subscripts i and j denote groundwater when equal

to 1, effluent when equal to 2, and imported water when equal to 3 in the

following equation.

aki [s(t)]	 dys(t)]	 BS(t)	 aGi(t) 
DL.	 dS(t)	

BGi(t)a" t )1
(5.15)

where:

=0

1

for i — 2,3

for i	 1,

denoting that changes in the amount of effluent and imported water used

have no direct effect on the groundwater stock:

3G i (t)	 = 0
	

for j y j
91„.(t)	 DGi(t)	

for j = j

denoting that changes in the capital-labor input associated with one water

source have no effect on production of the water resource commodities from

another source, and:

=0
W .

1

for i y j
for i	 j
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denoting that a change in the capital-labor used to produce water

resources commoditites from one source has no effect on the cost of

capital-labor input used to produce water resources commodities from

another source. This condition assumes that production of water resource

commodities does not use a large enough portion of the region's capi-

tal-labor pool to affect input prices and thus production costs associated

with the use of alternative water sources.

The maximum principle requires that the derivative of the Hamil-

tonian with respect to each control variable be equal to zero, i.e.:

ac
1
 (t)	 dAl[s(t)]	

as(t) 	aGl(t) @H 
DI,

1
(t)

- M[G
T
(t),t]	

Ll ( )
, t , + 	

dS(t)	 @G
1
(t)	 L1 (t)oi 

(5.16a)

1
(t)

wl	 cl(t) @L1(t) = 0

DG
2
(t)	 DA

2 	DG
2 (t)

@H 
@L

2
(t) 

= M[G
T
(t)

' t] 'DL,
2
(t)	 @G 2 (t)	 DL2 (t) 

- w

2 =	
(5.16b)

BG 3 (t)	 aA3 	ac 3
(t)

L
3
(t)

- M[G
T
(t)

'
t] 

@L3(t) @G
3 
(t)	 DL3(t) 

- w
3 
— 0	 (5.16c)

@ 
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Because the term M[G,(t), t] represents the price at time t when the water

use rate is G T (t), it can be shown that net social benefits are maximized

when the following conditions are met.

dAl [S(t)]	 wl 
p
1
 (t) = p

2
(t) = p

3
(t) = - 

dS(t)
	+ DG

1
(t) + q(t)

@I,
1
(t)

(5.17)

DA.
2
	w2 	M.

3
	w3

—
2
(t) + DG 2 (t) — DG

3
(t) + 3 (t)

BI.,
2
(t)	 N_.

3
(t)

where p,(t) is the price of water resources commodities produced from

native groundwater, p 2 (t) is the price of water resources commodities

produced from effluent, and p 3 (t) is the price of water resources

commodities produced from imported water. The price of water resources

commodities produced from effluent includes the cost to the user of using

non-potable water. This additional cost component, called the "user-

adaptation cost", is described in detail in Chapter 6.

The first-order condition 5.17 states that under optimum utilization

of each water source, the marginal social value of water resource

commodities (represented by price) at any time t must equal the environ-

mental costs (negative in the condition for native groundwater because

undisturbed groundwater stock yields environmental benefits), plus the

marginal cost of providing water plus the user cost resulting from

depletion of the groundwater (zero for effluent and imported water).
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Again, this idealized model assumes that prices accurately reflect all

private and social costs associtated with water use. Condition 5.17 is

consistent with the basic decision rule that production should be extended

to the rate for which price equals marginal cost, only in the case of

water resource commodities, marginal costs include environmental,

provision, and intertemporal costs.

Setting aside for the moment the political motivation for the

Arizona Groundwater Management Act and its associated water management

programs, equation 5.17 illustrates the theoretical economic factors

motivating water management decisions in the Tucson Basin. Decisions to

substitute effluent or imported water for native groundwater would be

economically justified if the sum of the provision costs, user costs, and

foregone environmental benefits associated with the use of native

groundwater were rising faster than the sum of the provision costs and the

environmental costs of effluent or imported water. Alhough difficult to

demonstrate empirically, in a groundwater mining situation such as the

Tucson Basin, this economic argument for using less groundwater and more

effluent and imported water makes intuitive sense. Based on this economic

argument, if prices accurately reflect provision and social costs,

management efforts to curb groundwater overdraft would slow the rate at

which pumping costs increase.

Equation 5.17 also provides a framework for analyzing the optimal

paths of p(t), marginal environmental and provision costs, and user costs

over time. A costate equation provides a framework for analyzing how the

user costs, q(t) can be expected to move. The following co-state equation
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introduces the rate of change of the costate variable, the marginal value

of groundwater stock being carried forward (Howe, 1979).

aG 1 (t)	 dAl
ci(t) + [p(t) - q(t)] 	

	

S(t) + dS(t)
4-	  = r x q(t)

9 
(5.18)

The left-hand side of this equation depicts three types of benefits that

accrue to society from carrying forward an additional unit of groundwater

stock: (1) the increase in the value of the groundwater stock itself, (2)

the reduction in future production costs of water resource commodities

(due primarily to lower pumping lifts), (3) the value of additional

environmental benefits related to the undisturbed groundwater stock.

Equation 5.18 shows that when the optimum quantity of groundwater stock

is being carried forward, the sum of the benefits associated with the last

unit included in the stock carried forward should yield the socially

required rate of return, r on the value q(t). That is, r is the social

rate of discount and thus the minimum acceptable rate of return on any

publicly financed investment.

Summary

A conceptual economic model has been developed to provide a

theoretical foundation for an empirical economic assessment of water reuse

in the Tucson Basin. Equations 5.17 and 5.18 of the optimal control model

provide theoretical conditions for economically optimal use of the three

water sources available to the Tucson Basin: native groundwater,
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effluent, and imported water. Condition 5.17 characterizes the optimal

production rate of water resource commodities, hence the optimum rate of

use of the three water sources. Condition 5.18 characterizes the optimal

quantity of groundwater stocks carried into the next time period. With

groundwater stocks being depleted over time we would expect the user cost,

q(t), to be positive unless water importation and effluent use, combined

with possible inward shifts in the demand function are such that ground-

water stock depletion is eliminated. If there are no stock or environ-

mental effects, user costs (also called optimum scarcity rents) should be

rising at a rate equal to the social rate of discount.

Conditions 5.17 and 5.18 of the optimal control model provide a

theoretical economic framework for an empirical economic assessment of

water reuse in the Tucson Basin. Although data limitations preclude

empirical estimation of optimal rates of use for the three water sources,

an assessment and comparison of the quantifiable costs and benefits

associated with the three water sources provides important information for

analyzing existing water policies.
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CHAPTER 6

ECONOMIC ASSESSMENT

Introduction

This chapter is a description of the analytical methods, assumptions

and data used in testing the hypothesis of this study, that intertemporal

economic efficiency gains can be realized in the Tucson Basin through

increased effluent use. The conceptual economic model developed in

Chapter 5 provides a theoretical framework for an empirical assessment of

the potential benefits and costs of effluent use over the planning period

(1990-2025). Conditions 5.17 and 5.18 of the optimal control model

indicate that economically optimal usage of native groundwater, effluent,

and imported water depend on the marginal costs of water provision, the

environmental costs (or foregone environmental benefits), and the user

costs imposed on future generations. The objective of this empirical

assessment is not to estimate optimal rates of use for these three water

sources (as implied by equation 5.17), but to evaluate and compare

benefits and costs of alternative schemes for providing a quantity of

water presumed to be necessary to satisfy projected additional use of

water by users not requiring potable water.

In this assessment, the term "additional" refers to projected water

use in excess of 7,000 acre-feet per year by users not requiring potable

water. An effluent use rate of 7,000 acre-feet per year is anticipated

in 1990, based on a rate of about 4,100 acre-feet per year in 1988 and

ongoing expansion of effluent service. The rate of 7,000 acre-feet per

year could be realized with the current (1988) capacity of Tucson's
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reclaimed water system. It is assumed that capacity expansion of the

system would be required to satisfy projected effluent uses over 7,000

acre-feet per year from 1990 to 2025. The total additional quantity of

effluent associated with moderate increases in effluent service over the

planning period is estimated to be 752,704 acre-feet. This quantity is

consistent with Tucson Water's planning projection for effluent constitut-

ing an average of about 15 percent of the total quantity of water it

serves during the planning period (CH2M Hill, 1989).

Figure 6.1 shows projected use of native groundwater, effluent,

Central Arizona Project (CAP) water, and groundwater imported from Avra

Valley (Tucson Water, 1988a; ADWR, 1988). These projections are based on

population projections and rates of use of these water sources anticipated

by Tucson Water. They are simplistic in that they do not incorporate the

"law" of demand, which states that a lower price generally increases the

amount of a commodity that people in a market are willing to buy.

Projections for additional effluent use are, for the most part,

limited to identified potential users within Tucson Water's service area.

This important limitation is due not only to institutional constraints

currently precluding effluent use in other areas of the basin (as

discussed in Chapter 4), but also to the lack of available data regarding

benefits and costs of using effluent in other parts of the basin. In this

economic assessment, benefits and costs of providing 752,704 acre-feet of

effluent are compared to benefits and costs of providing this quantity of

water through alternative means. Furthermore, the benefits and costs of
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providing quantities of effluent greater than and less than 752,704 are

compared.

A basinwide accounting stance is taken to the greatest extent

permitted by the data base. Because Tucson Water is the only entity in

the basin that currently has plans to develop an effluent provision

system, most of the cost data used in this assessment reflect the

accounting stance of Tucson Water, and ultimately the populace served by

Tucson Water. The hydrologic effects of using native groundwater,

imported water, and effluent in the Tucson metropolitan area, however,

extend beyond the Tucson Water service area. For example, any increase

in the use of effluent in the Tucson metropolitan area will decrease the

quantity of effluent available to users located downstream from the

wastewater treatment plants. Models developed in Chapter 5 illustrated,

from a basinwide standpoint, the theoretical hydrologic and economic

impacts of using imported water and effluent. Although it introduces

several complications, a basinwide accounting stance facilitates a more

thorough assessment of the benefits and costs of water reuse than an

accounting stance limited to the Tucson metropolitan area.

Description of Planning Scenarios 

To assess the benefits and costs of providing additional water

through several alternative means, eight different planning scenarios are

developed and analyzed. These scenarios are designed to measure and

compare the benefits and costs of providing additional effluent with the

benefits and costs of providing additional native groundwater, providing
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additional imported water, and reducing water usage in Tucson to free up

water for the projected non-potable usage. Four of the scenarios

incorporate different rates of additional effluent use deemed feasible

under the planned capacity expansion of the City of Tucson's reclaimed

water system. The remaining four scenarios assume that effluent provision

within the Tucson Water service area does not exceed 7,000 acre-ft per

year (the rate projected for 1990), and that the current (1988) capacity

of the reclaimed water system would not be expanded. In three of these

"non-expansion" scenarios, projected additional effluent use is satisfied

by either additional pumpage of local groundwater or additional water

importation. In the other non-expansion scenario, the lowest value uses

of water in the community are curtailed such that the additional

water-supply development is not required. This scenario is designed to

compare the costs of "doing without" the additional water that could have

been made available to the community through capacity expansion of

existing systems for providing either effluent or potable water. For

convenient reference, Table 6.1 lists the eight scenarios with identifica-

tion numbers and brief descriptions. Detailed descriptions of the

scenarios follow.

Scenario 1 - Baseline

In this scenario, no additional effluent is served, but 752,704

acre-feet of additional native groundwater is pumped over the planning

period to meet the "moderate" level of projected additional effluent

service (see description of Scenario 2B). Though reclaimed system



Table 6.1. Planning Scenarios.

Scenario
	

Description
Number

1
	

"Baseline" - no reclaimed water service over 7,000 acre-
feet per year; moderate projected non-potable water
requirements met by additional pumping from Tucson Basin
aquifer.

2A	 Maximum effluent use - reclaimed water constitutes
nearly 20 percent of total Tucson Water service;
requires some further conversion of self-supplied
groundwater users.

2B	 Moderate effluent use - reclaimed water constitutes
about 15 percent of total Tucson Water service; no
further conversion of self-supplied groundwater users.

2C	 Low effluent use - reclaimed water constitutes up to
11.3 percent of total Tucson Water service, with the
difference from 2B made up by some additional pumping
of native groundwater.

2D	 Minimum effluent use - reclaimed water constitutes no
more than 10 percent of total Tucson Water service in
any given year due to low demand.

3
	

Reduction in water use - no reclaimed water service over
7,000 acre-feet per year; marginal use of municipal
water phased out by an amount equivalent to the moderate
effluent use projections.

4A	 Raw CAP water - no reclaimed water service over 7,000
acre-feet per year; raw (untreated) CAP water is used
to supply potential effluent users at moderate projected
level.

4B	 Avra Valley groundwater - no reclaimed water service
over 7,000 acre-feet per year; Avra Valley groundwater
used to supply potential effluent users at moderate
projected level.

136
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capacity is not expanded, it is assumed that this scenario would require

capacity expansion of the potable system. This scenario is considered the

"baseline" scenario because it is used as a benchmark from which to

measure the benefits associated with reductions in groundwater level

decline. Barring major institutional changes, however, this scenario is

not feasible because of the ADWR's municipal conservation requirements.

Additional groundwater pumpage in an amount equivalent to projected

effluent use would violate GPCD targets set by the ADWR over the planning

period. Additional pumpage would push Tucson Water over its intermediate

(1995) target of 154 GPCD and its target of 148 GPCD for 1999 and beyond

(ADWR, 1988). Comparison of the costs and benefits of this scenario with

other scenarios nonetheless provides a means of assessing some of the

opportunity costs of the GMA.

Scenario 2A - Maximum Effluent Use

In scenario 2A, the reclaimed system is expanded as planned and

reclaimed water service is the maximum rate projected by Tucson Water over

the planning period (Tucson Water, 1988a). In this scenario and the other

effluent use scenarios (2B-D), it is assumed that the effluent use

replaces an equivalent quantity of groundwater use. This is clearly the

most optimistic scenario for the conversion of large water users from

groundwater to effluent. In this scenario, effluent service comprises up

to 19.4 percent of Tucson Water's total water service. The total quantity

of effluent served over the planning period is 1,003,605 acre-feet.

Attaining the projected annual rates of effluent use in this scenario
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requires conversion by virtually all presently-identified potential users

on Tucson Water's potable system, service to virtually all future

non-potable water users, and conversion by several self-supplied

groundwater users. Tucson Water policy requires that all new golf courses

use effluent, and that new parks, cemeteries, and schools use effluent

wherever feasible. Because no reliable data are available regarding the

quantity of projected service that would result from conversion by

self-supplied groundwater users, it is assumed that 25 percent of the

projected additional effluent service in this scenario would be to these

users. Thus, to reflect the potential impact on basinwide groundwater

pumpage, a quantity equal to 25 percent of projected additional reclaimed

service is subtracted from annual groundwater pumpage projected by the

ADWR for "industrial" self-supplied users. This is a reasonable

accounting because the industrial sector includes self-supplied turf

facilities (see Chapter 3), and conversion to effluent by self-supplied

users would not affect groundwater withdrawals by Tucson Water.

Scenario 2B - Moderate Effluent Use

Scenario 2B is similar to 2A, except a relatively moderate level of

effluent service is projected. Total additional effluent service over the

planning period is 752,704 acre-feet, 25 percent less than in Scenario 2A.

In this scenario, effluent service comprises up to 16.4 percent of Tucson

Water's total water service, with the average annual rate approximating

Tucson Water's projection of 15 percent. This scenario implies that most

presently identified potential users and all new potential users would use
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effluent, but virtually no further conversion by self-supplied users would

occur.

Scenario 2C - Low Effluent Use

Scenario 2C is similar to 2B, but more conservative projections of

reclaimed water service are applied. In this scenario, effluent service

comprises up to 11.3 percent of Tucson Water's total annual water service.

This scenario represents no further self-supplied conversion and a slower

increase in reclaimed water service, due mainly to a slower rate of

conversion by users currently on the potable system. Data for this

scenario are based on service projections from a consultant's report on

revenue requirements and water rates done for Tucson Water (Black and

Veach, 1988). The Black and Veach report contains projected sales of

reclaimed water over the period from fiscal year (July through June) 1988

to fiscal year 1998. To complete the projected usage from 1999 to 2025

an annual rate of increase in service of 2 percent is assumed. This rate

is consistent with Tucson Water's (1988) projected rate of increase in

annual effluent service beyond the year 1995. The difference in reclaimed

water service between Scenario 2B and Scenario 2C is assumed to be made

up by a slight increase in groundwater pumpage by Tucson Water. This

additional groundwater pumpage, however, is not enough to violate Tucson

Water's GPCD targets in any year.
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Scenario 2D - Minimum Effluent Use

Scenario 2D represents planned capacity expansion of the reclaimed

system, but a considerably lower demand for effluent than anticipated.

In this scenario, effluent service is no greater than 10 percent of Tucson

Water's total water service in any year during the planning period.

Annual effluent service is similar to that in Scenario 2C, but no

additional pumpage is required by Tucson Water because of the lower

demand. This scenario reflects the economic impact of a demand for

effluent that is considerably lower than that projected by Tucson Water.

The demand for effluent could be impeded for several reasons, including

sluggish economic and population growth, consumer response to increasing

water rates, or public resistance to effluent use in the city.

Scenario 3 - Reduction in Water Use

Scenario 3 is considered the "do without" option because water use

in the basin is reduced by an amount equivalent to the additional effluent

provided by Scenario 2B. The capacity of the reclaimed water system is

not expanded, nor is any additional groundwater or imported water used.

Reclaimed water service is held at the projected 1990 level of 7,000

acre-feet per year and annual local pumpage and water importation is as

projected by Tucson Water. The cost of Scenario 3 is based on the

consumer surplus associated with the 752,704 acre-feet of additional water

that would be available through the other scenarios over the planning

period. The rationale for using consumer surplus as a cost is explained

later in this chapter.
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Scenario 4A - Raw CAP Water

In Scenario 4A, the capacity of the reclaimed water system is not

expanded, but an additional amount of water equivalent to the projected

reclaimed water service of Scenario 2B would be imported via the CAP.

This scenario assumes that additional CAP deliveries would be reliable,

and no treatment would be required by the potential users of non-potable

water.

Scenario 4B - Avra Valley Groundwater

An alternative importation scenario is pumping additional ground-

water from Avra Valley, where the City of Tucson owns retired farmland and

water rights. Because of uncertainties in future CAP deliveries, and

projections indicating that Tucson's entire CAP allotment will eventually

be treated and used for potable purposes, Avra Valley water could be a

more dependable supply. To provide annual quantities of additional Avra

Valley water equivalent to moderate increases in effluent service,

additional well field and transmission system capacity from Avra Valley

would be required in addition to expansion of water provision capacity

within the Tucson area.

Benefit-Cost Analysis 

Benefits and costs of the scenarios are evaluated over the 36-year

planning period and compared in present value terms. Two questions

regarding the economics of future water-supply plans are explored: (1)

Do the benefits of the plan exceed the costs? and (2) Are the costs of the
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plan less than the costs of the least expensive alternative supply source?

Because this is an economic assessment, it focuses on the cost of the

resources (labor, capital, energy, etc.) required to implement the

scenarios, and the benefits associated with saving native groundwater.

Because financing mechanisms for implementing the scenarios do not

constitute costs and benefits of economic resources, they are not

evaluated in this study.

This economic assessment is a cost effectiveness analysis in that

it is concerned primarily with how a common objective may be fulfilled

least expensively, rather than whether the objective should be fulfilled

at all. As Randall (1981) points out, "cost effectiveness analysis is

most appropriately applied in cases where there is overwhelming support

for project objectives." This is clearly the case in the Tucson Basin,

where the ADWR's programs for reducing groundwater overdraft through the

use of alternative water sources are generally supported by the public.

Scenarios 2A through 4B share a common objective in that they all procure

additional water for projected non-potable use without violating

state-imposed restrictions on the use of native groundwater. The

reduction in use scenario (3), however, is the only non-structural

alternative.

The benefits and costs of replacing mined groundwater with effluent

over a given planning period can be examined in the context of two

feasibility conditions (Inequalities 6.1 and 6.2). If it can be

demonstrated that an effluent use project can satisfy these two feasi-

bility conditions over the planning period, a case can be made for
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efficiency gains through increased effluent use. The following feasi-

bility conditions are assumed to be in present value terms, employing a

consistent planning period (1990-2025), and discount rate. From an

intertemporal efficiency perspective, effluent service should not be

increased if the stream of the costs and benefits over the entire planning

period are such that either of these economic feasibility conditions are

not met. Because the quantitative analyses of this study characterizes

a cost effectiveness analysis, condition 6.2 is most applicable to this

economic assessment.

DB > CC + PC	 (6.1)

CC + PC < AC	 (6.2)

where:

DB is the direct benefit (community's willingness to pay) of the

effluent-groundwater substitution,

CC is the is the "user-adaptation" cost which includes the costs of

converting to, and using the lower-quality water,

PC is the is the cost of providing the effluent, and

AC is the cost of the least expensive alternative plan.

Equation 5.19 of the optimal-control model shows that society enjoys

three types of benefits from carrying forward an additional unit of

groundwater in storage: (1) increases in the value of the saved ground-
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water over time, (2) the value of associated environmental amenities, and

(3) the reduction in future production costs of water resources com-

modities.

Reduction in production costs is estimated from a functional

relationship between the depth to groundwater and the cost of pumping it.

In computing net costs for the scenarios, the avoided additional cost of

pumping groundwater is subtracted from the total costs.

Increases in the value of the saved groundwater are approximated by

calculating the value of the in situ groundwater at the end of the

planning period. The value of the saved groundwater at the end of the

planning period depends upon whether it can be mined or not. If it cannot

be mined, its only tangible value is that associated with net reductions

in groundwater level decline (compared to the baseline scenario). If it

can be mined at the end of the planning period, however, it will have a

value in production of water resources commodities. The value of the

saved groundwater is therefore evaluated under a safe-yield policy and a

mining policy.

The value of environmental amenities associated with in situ

groundwater may be considerable, particularly in areas prone to subsidence

and aquifer compaction. However, these environmental benefits are not

readily quantifiable in monetary terms, and thus are not estimated in this

assessment.

The costs of using lower quality water (CC) are the costs to the

user that are attributable to the quality difference between the effluent

and the individual user's previous water source. Examples of capital
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costs in this category are the costs of hooking up to the effluent

pipeline, installing special corrosion-resistant equipment, or installing

on site water-treatment facilities. Additional operation maintenance and

repair costs could be incurred if equipment requires more frequent

cleaning or declogging, parts need to be replaced more often, or excess

salts need to be leached out of soils more frequently.

As discussed in Chapter 2, potential users of effluent in the Tucson

Basin include turf facilities, sand and gravel industries, mines, and

electric power plants. Surveys of existing and potential users of

effluent indicated that user-adaptation costs could range from zero to

thousands of dollars per year, depending on the category of use. Turf

irrigators in Tucson expressed concerns regarding corrosion damage to

irrigation equipment, vehicles, and other metal equipment, and additional

leaching requirements. Representatives of sand and gravel industries

expressed concern about product quality and liability regarding products

and worker safety. Electric power officials expressed concern about three

major problems associated with effluent in circulating water cooling

systems: biofouling from the nutrients in the effluent, scaling from

relatively high concentrations of calcium carbonate scale formers, and

corrosion primarily from relatively high TDS levels. Though no specific

estimates of these potential costs were available from any of the

individual users surveyed, the quality difference is a source of

additional cost that must be accounted for. In this study the difference

in the rates charged for reclaimed water and the rates charged for potable

water is used as a general indicator of quality-related costs. This
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approach to estimating user adaptation costs or "quality penalties" rests

on the assumption that effluent users are rational decision makers who

would not voluntarily switch to a water source that would make them worse

off.

PC includes the costs of acquisition, treatment, storage, con-

veyance, and quality monitoring. These costs are discussed in detail

later in this chapter.

Inequality 6.1 requires that the community's willingness to pay for

the benefits of substituting effluent for groundwater must exceed the cost

of converting and adapting to the lower-quality source plus the cost of

providing the treated effluent to the users. Transactions costs (costs

of information, contracting, and enforcing agreements) of making a

substitution of effluent for groundwater may also affect willingness to

pay for the substitution, but because of data limitations, these costs are

not considered.

Inequality 6.2 requires that the sum of the costs of making the

effluent-groundwater substitution be less than those which would be

incurred for the least expensive alternative water supply. Most of the

planning scenarios of this assessment assume that the decision has been

made to meet a projected quantity of water service over the same time

period. These scenarios are compared to assess alternative ways of

achieving this objective.

Aspects of intertemporal efficiency that are inherent in this

economic assessment are addressed through the rate of discount, which

could play a key role in comparing benefits and costs of effluent use.
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The higher the discount rate, the less the weight given to future benefits

and costs. To analyze the sensitivity of the results to the discount rate

and acknowledge different philosophical approaches to discounting, the

present value of benefits and costs are compared using discount rates of

0, 4, and 8 percent. A description of the analytical methods and cost and

benefit data used in this assessment follows.

Methods of Estimating Costs 

Costs of Providing Additional Native Groundwater

As explained earlier in this chapter, in the baseline scenario (1),

the capacity of the reclaimed water system is not expanded, but additional

groundwater is pumped from the aquifer of the Tucson Basin to satisfy

projected non-potable uses. As of this writing, this is not a legally

feasible scenario because it would violate the ADWR's existing restric-

tions on groundwater use. An evaluation of this scenario is useful,

however, for estimating the benefits associated with reductions in

groundwater level decline as well as the opportunity costs of groundwater

conservation programs. To provide additional groundwater to potential

users of effluent, expansion of conveyance capacity would be required for

Tucson Water's potable water system. No reliable cost data are available,

however, for potable system capacity expansion equivalent to planned

capacity expansion for the reclaimed water system. Because the capacity

of either system would have to be expanded to satisfy peak summer demands

for turf irrigation, it is assumed in this study that the fixed costs

would be equal.
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Variable cost components include the costs of pumping the ground-

water to the surface, the costs of boosting this water through the system,

and the costs of storing the water. Because virtually no treatment is

required for this water, it is assumed that treatment costs are zero. For

a representative well in Tucson Water's Central well field, the estimated

0 & M cost for providing additional groundwater is about $75 per

acre-foot, which includes $25 for pumping, $25 for boosting the water

through the distribution system and $25 for storage. This estimate is

consistent with estimates provided by rate consultants for Tucson Water

(Black and Veach, 1988). It should be noted that this cost estimate is

assumed constant over the planning period. Because the benefits of the

scenarios are estimated from reductions in groundwater level decline,

increases in the 0 & M costs of pumping resulting from the withdrawal of

additional groundwater are not estimated as costs, but as avoided costs.

A detailed description of how these costs are estimated is provided later

in this chapter, where the costs of distributing groundwater are compared

to the costs of distributing effluent.

Costs of Providing Additional Effluent

Effluent provision systems generally consist of four components:

acquisition, treatment, storage, and distribution. A cost assessment of

effluent provision must include estimates of the fixed costs of construct-

ing the required facilities and the variable costs of operating and

maintaining them. As explained in Chapter 4, the uses and locations where

effluent can be provided are limited by the laws and institutions that
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pertain to effluent use. Because these limitations constrain future

provision system construction, the availability of detailed cost data is

limited by the institutional feasibility of individual plans for effluent

provision.

Several effluent provision schemes for sites outside of the Tucson

Water service area are not evaluated because of data limitations and

institutional constraints. In Chapter 2, a review of previous research

indicated that providing municipal effluent from the Tucson area to mines

and agricultural areas in the southern part of the basin would be cost

prohibitive because of distances and gradients. Provision of effluent to

agricultural areas to the north of the Tucson are constrained by several

institutional hurdles (see Chapter 4). The only future effluent provision

that does not require substantive institutional change is that made

possible by expansion of Tucson Water's reclaimed water system. This

assessment of the future costs of using reclaimed water thus focuses on

effluent provision and use within Tucson Water's service area.

Fixed Costs of Effluent Provision

Construction cost data for capacity expansion of the Reclaimed Water

System were collected from Tucson Water's Ten Year Capital Improvement

Program and interviews with planning engineers for Tucson Water (Tucson

Water, 1988a; Guild, 1988). Prior to fiscal year 1987-88, the city spent

$23,869,925 on construction of the reclaimed system. These costs pose an

accounting problem in the "non expansion" scenarios where effluent use is

assumed to remain at 7,000 acre-feet per year because it is very likely
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that a substantial portion of the capacity of the existing treatment plant

and other components of the reclaimed system would be underutilized.

Although this kind of underutilization of resources is a legitimate

concern of the taxpayers and water users who pay for public water

projects, no attempt is made to estimate the costs to the community of

underutilization of reclaimed water system capacity. The convention in

water project evaluation is not to count these "sunk" costs because they

have no bearing on the economic consequences of planning decisions.

This cost assessment focuses on projected capital costs of capacity

expansion over the period from fiscal year (July 1 through June 31)

1989-90 to fiscal year 1998-99. Over this period, Tucson Water projects

total capital expenditures of $43,401,000 for expanding the capacity of

the reclaimed water system as planned. Table 6.2 lists the projected

capital costs by component.

It should be noted that these cost estimates are subject to change,

not only due to inflation (all figures are in 1988 dollars), but also

because of changes in system expansion plans as new data become available.

It is assumed that the gradual addition of new facilities will gradually

expand provision capacity in accordance with Tucson Water's maximum

projected reclaimed water usage to the year 2000. Upon completion of

these facilities, the total treatment and conveyance capacity of the

reclaimed system has been estimated to be between 40 to 50 million gallons

per day, or about 44,800 to 55,900 acre-feet per year if operated at full

capacity year round (Guild, 1988). Since irrigation requirements for turf

have a definite seasonal pattern, substantial quantities of reclaimed
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Table 6.2.	 Projected Capital Costs, Reclaimed Water System*

Cost Component Total Capital Expenditures
($)

Source Development 2,722,000

Storage 6,526,000

Pumping Plant 1,083,000

Transmission Mains 21,584,000

Distribution System 4,146,000

New Services 200,000

Treatment Plants 6,540,000

Reclaimed Process Control 600,000

Total 43,401,000

* Between fiscal years 1989-90 to 1998-99

Source: Tucson Water (1988)
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water could be conveyed through the system to recharge sites during

low-use (winter) months. Tucson Water's Long-range plan envisions

effluent recharge for long-term storage and ultimate recovery and

reclamation for potable use. Though the myriad engineering and institu-

tional feasibility issues are by no means resolved, the plan anticipates

the recharge to be phased in over a 5-year period, beginning at zero in

1990 and increasing to about 31 percent of Tucson Water's share of the

effluent supply after non-potable service is met in 1995. This artificial

recharge is not incorporated into the assessment, however, because of the

uncertainties regarding location of future recharge sites, additional

costs, and institutional constraints on recharging effluent (see Chapter

4). A brief description of the future system facilities required to meet

projected additional reclaimed water service follows.

Source Development. Source development refers to expansion of a

short-term recharge and recovery facility near the reclaimed water

treatment plant. This facility is necessary for seasonal storage of

reclaimed water during the low-use months for recovery during the high-use

months. Included in the cost estimates are the installation of monitor

wells and extraction wells. The expanded facility will add 5,000 to 6,000

acre-feet of storage capacity to the existing 1,000 acre-feet of capacity.

Storage. Storage expenditures are primarily for the construction

of five surface reservoirs located at the ends of planned pipelines.

These reservoirs, ranging in capacity from 2 to 4.5 million gallons are

necessary to ensure adequate supply of reclaimed water to customers on a

daily basis.
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Pumping Plants. Expenditures for pumping plants are for the

construction of new booster stations to ensure adequate pressure for

reclaimed water deliveries to additional customers. Four new booster

stations are planned, ranging in capacity from 2.9 to 7.2 million gallons

per day (mgd).

Transmission Mains. Several new transmission mains are to be

constructed as extensions to the existing system of mains. The new mains

range from 36 to 8 inches in diameter, with most designed to expand

service to relatively remote locations in the Tucson Water service area.

Other new mains are to be used for conveyance of reclaimed water to and

from the recharge and recovery site and for conveyance of effluent between

the Ina Road and Roger Road wastewater treatment plants.

Distribution System. Along the existing and planned transmission

mains, several smaller (6 to 12 inches in diameter) distribution pipelines

are planned. These pipelines are necessary to convey the reclaimed water

to individual users in the vicinity of the new transmission main.

New Services. New services refers to expenses incurred in adding

individual customers to the system. Fixed costs of new services include

costs of hooking up to the distribution pipelines and the costs of

installing meters.

Treatment Plants. Expenses under the heading of treatment plants

include construction of a new reclaimed water treatment facility at the

Ina Road plant, and additional treatment, storage, pumping and booster

facilities for the existing (Roger Road) reclaimed water treatment plant.
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Reclaimed Process Control. The heading "Reclaimed Process Control"

refers to an automation system called "Data Logging Real Time Control."

This system provides operators with information regarding the power costs

of conveying water from various locations at various times. Tucson Water

estimates that this system can help reduce annual power costs by as much

as 20 percent (Brooks, 1988).

Variable Costs of Effluent Provision

The variable or operation and maintenance (0 &M) costs of providing

reclaimed water are generally the costs of labor, energy, and chemicals

required to operate and maintain the system. Until capacity of the

aforementioned recharge and recovery facility is expanded, unit costs are

expected to vary seasonally, as the engineering efficiency of the

treatment plant varies with the volume of effluent treated (Guild, 1988).

Tucson Water anticipates unit 0 & M costs to stabilize as the new

underground storage facility will allow the treatment plant to operate at

full capacity year round. 0 & M cost data for this study are based on

projections published in a consultant's report on future revenue

requirements and rates for Tucson Water (Black & Veach, 1988). This study

projects average 0 & M costs of roughly $175 per acre-foot between 1989

and 1998. Of these costs, it is assumed that about $100 is for tertiary

treatment, about $50 is for boosting the effluent through the distribution

system, and the remaining $25 is for storage and miscellaneous 0 & M

costs. Although average 0 & M costs in the future could reflect the

effects of economies of size and perhaps be lower, the Black and Veach
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projections are considered the best available. As stated earlier,

effluent provision systems generally consist of four components:

acquisition, treatment, storage and distribution. Each of these processes

has associated 0 & M costs. The types of 0 & M costs incurred in each

process are described as follows.

Acquisition. Water acquisition is the process of procuring the raw

supply and transporting it from the source to the provider's conveyance

system. The two principal sources of effluent are the Roger Road and Ina

Road facilities. Under the terms of an intergovernmental agreement, the

City of Tucson is not required to pay Pima County for any effluent taken

as part of its allotment (Chapter 4). The city's acquisition costs are

primarily the electricity costs of pumping the effluent from the County

treatment plant to the City treatment plant. The City facility is located

about 1,500 feet away from the County facility with an elevation

difference of about 40 feet. The minor 0 & M cost for pumping the

effluent to the tertiary treatment plant is accounted for as part of the

treatment cost (Tucson Water, 1988d).

Treatment. The cost of treatment depends on the quality of the

supply, which, for the reclaimed water system is secondary-treated

wastewater as required by the National Pollutant Discharge Elimination

System (NPDES). Because the costs of secondary treatment must be borne

regardless of whether the treated wastewater is subsequently reused or

discharged into the river, these costs are not counted as part of the

treatment costs for reclaimed water. Treatment costs for reclaimed water

are only for tertiary treatment of secondary effluent. This additional
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treatment is required to meet state water quality standards established

for open-access turf facilities (Chapter 4). This degree of treatment

further clarifies the water and therefore decreases potential user

adaptation costs. The unit processes in the reclaimed treatment plant

include dual media (coal and sand) filtration, flocculation (with alum and

polymer flocculents) and disinfection (with chlorine). Based on monthly

0 & M cost data (Tucson Water, 1988d), the treatment costs are roughly

$100 per acre-foot.

Storage. After tertiary treatment, surplus reclaimed water is

temporarily stored either in a holding tank or in the aquifer below the

city's recharge and recovery facility, located near the reclaimed water

treatment plant. 0 & M costs for effluent storage are assumed to be $25

per acre-foot.

Distribution. Variable costs of distribution include the power

costs of pumping the reclaimed water through the transmission and

distribution mains and the cost of maintaining the booster systems.

Because the power requirements for distributing water are a function of

overall efficiency of the booster pumps, the total dynamic head (TDH,

defined as the sum of the elevation difference [static head] and friction

head in the pipe), average distribution costs are expected to increase as

the system expands to serve increasingly remote users at increasingly

higher elevations. However, these increases in average cost will be

offset to some extent, as economies of size are realized through increased

volume of service.
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The 0 & M cost of distribution can be approximated from representa-

tive segment of the distribution system. Table 6.3 lists data that are

considered representative for service to a terminal location on the

expanded reclaimed water system.

Two booster pumps are required to lift the water 500 feet. It is

assumed that the first pump is located at the treatment plant, and the

second pump is located at an elevation 250 higher than the first pump.

The booster pumps for the reclaimed system have a combined motor and pump

efficiency of 75 percent (CH2M Hill/Rubel and Hager, 1983). A pump

operating at 100 percent efficiency would require 1.024 kilowatt hours of

electricity to lift one acre-foot of water one foot, meaning that the

amount of energy required to lift one acre-ft of water one foot with a

booster pump is equal to 1.024/0.75 or 1.37 kilowatt hours (kWh). The

product of 1.37 and the cost of electricity per kilowatt hour, multiplied

by the total dynamic head gives the energy cost of distributing one

acre-foot of water. Many of the pump and booster systems operated by

Tucson Water are metered at Tucson Electric Power's (TEP) interruptible

rate of $0.048 per kWh (Guild, 1988; Tucson Electric Power, 1988).

Assuming this rate, the cost of lifting an acre-foot of water one foot is

about $0.066.

For an average flow rate of 5 mgd through a 24-inch diameter pipe,

the friction head to be overcome is 1.3 ft per 1000 feet of pipe. The

total dynamic head for the first section is:

TDH, = 250 + 1.3/1000 x 63,360 — 332 ft.
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Table 6.3. Specifications for a Representative Segment of the Distribu-
tion System.

Number of booster pumps required:

Combined motor and pump efficiency:

Static head:

Length of first segment:

Length of second segment:

2

75%

500 ft.

12 miles or
63,360 ft.

7 miles or
36,960 ft.

Average Pipeline Diameter:	 24 in.

Hazen-Williams roughness coefficient:	 100

Average flow rate	 5 mgd

Power rate (interruptible):	 $0.048/kWh
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Assuming that maintenance costs for a booster pump are similar to those

for a representative well and pump system in the Tucson area, the

maintenance cost are about 12 cents per acre-foot per foot of lift (Wade

and Thacker, 1988). The 0 & M distribution cost per acre-foot for the

first section is therefore:

(332 x 0.066) + (250 x 0.012) = $24.91.

For the second section, the total dynamic head is:

TDH2 — 250 + 1.3/1000 x 36,960 = 298 ft.,

and the 0 & M distribution cost is:

(298 x 0.066) + (250 x 0.012) = $22.67.

The 0 & M cost for pumping an acre-foot of effluent from the treatment

plant to the typical user is equal to the sum of these two figures or

$47.58.

The distribution mains of the reclaimed system are lined with a

continuous layer of cement which enables them to withstand the effects of

highly aggressive water (Guild, 1988). For this reason, maintenance costs

for the pipelines are assumed to be zero.
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Comparative Distribution Costs for Groundwater and Effluent

As mentioned earlier, it is assumed that, for Scenario 1, existing

wells in Tucson's Central well field could pump the additional quantity

of water required to meet projected additional reclaimed water service.

No fixed costs of pumping the water to the surface are added because it

is assumed that no new wells or pumps would be needed to provide the

additional water. However, variable costs of pumping the water from the

aquifer and distributing through the pipes must be estimated. A

representative well in the Central well field is located at an elevation

about 250 feet higher than the reclaimed system treatment plant, where the

depth to water is assumed to be 250 feet. The difference between 0 & M

costs for lifting the well water and effluent is, therefore, equal to the

difference in the cost of pumping the water from the aquifer and the cost

of pumping the effluent from the treatment plant to the second booster

pump.

As with the reclaimed system booster pumps, well and pump systems

operating at 100 percent efficiency require 1.024 kilowatt hours of

electricity to lift one acre-foot of water one foot. A representative

supply well used by Tucson Water operates at about 55 percent efficiency,

meaning the amount of energy required to lift one acre-foot of water one

foot is equal to 1.024/0.55 or 1.86 kilowatt hours. The product of 1.86

and the cost of electricity per kilowatt hour, multiplied by the pumping

depth to lift (static head) gives the energy cost of recovering one

acre-foot of water. Because the additional well water is designated for

turf and other industries, it is assumed that it could be pumped from
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wells on the TEP interruptible rate ($0.048 per kWh). At this rate, the

cost of lifting an acre-foot of water one foot is about $0.089. Adding

the maintenance cost of $0.012 per acre-foot per foot of lift raises this

cost to $0.101 per acre foot per foot. Multiplying this value by the

depth to water of 250 feet gives an estimated cost of recovering

additional groundwater of about $25.25 per acre-foot. Adding the booster

cost for the second stage ($22.67 per acre-foot) gives a total 0 & M cost

of $47.92. The difference in 0 & M costs of distributing effluent ($47.58

per acre-foot) and groundwater is therefore negligible. The difference

in 0 & M costs for providing effluent and local groundwater is due

primarily to the treatment required for the effluent.

Effluent Prices as Indicators of User-adaptation Costs

As discussed earlier, the two primary components of user-adaptation

costs are the costs of hooking up to the reclaimed system and the "quality

penalty" associated with converting from groundwater to effluent. If the

particular use has no known quality penalty, the minimum user adaptation

costs are the fixed costs of hooking up to a different pipeline. As an

added incentive to convert from the potable system, Tucson Water will

sometimes waive these charges to a user or group of users reducing

user-adaptation costs to zero. In the more costly cases, however,

user-adaptation costs might include the fixed cost of installing a

separate plumbing system or an on-site treatment facility, plus increased

0 & M costs due to increased maintenance requirements. Another uncertain

but potentially important component of user-adaptation cost relates to
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health risks and the potential liability of the user (Chapters 2 and 4).

Quantitative estimates of these potential costs of effluent use are not

attempted in this assessment because very little data exist pertaining to

the degree of potential groundwater contamination as well as to associated

abatement and insurance costs.

Virtually all of the turf facilities in Tucson that have converted

from potable water to effluent have converted in a voluntary manner.

Assuming that effluent users are rational decision-makers who would not

voluntarily switch to a water source that would increase their overall

production costs, the difference in prices that Tucson Water charges for

reclaimed water and potable water is an indicator of user-adaptation

costs. As a means of encouraging potential users to convert to the

lower-quality water, Tucson Water offers significant price incentives.

First, the 1989 base rates for reclaimed water are about 93 percent of the

rate that large commercial users would have to pay for potable water. In

addition, to account for the relatively high cost of providing potable

water during the peak-use summer months (May through October), Tucson

Water adds a two-tier summer surcharge. The first tier (309.34 per

acre-foot) is for all usage in excess of average usage over the winter

months (November through April), and the second tier (65.35 per acre-foot)

is for all usage exceeding 150 percent of the average winter month's usage

(Pena, 1989). Reclaimed water users do not incur either of these summer

surcharges, regardless of how much they use. This part of the price

incentive is particularly attractive to turf irrigators, who use, on the

average, about 70 percent of their total water for the year during the
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summer months. Seasonal irrigation patterns can vary significantly,

depending on certain factors such as weather and desired turf conditions.

This part of the price incentive, however, is less attractive to

industrial facilities who typically do not have this seasonal variation

in water use.

A comparison of the potable and reclaimed rates for a "typical" turf

facility provides an index of the quality penalty associated with

effluent. As of May 1, 1989, the rate for large commercial users is

$474.90 per acre-foot during winter months. In the summer months, the

first-tier surcharge of $309.34 is added to the base rate, meaning that

40 percent (because 30 percent of the summer water is billed at the base

rate) of the water they use over the year is billed at $784.24 per

acre-foot. A simple weighted average rate for the year can be computed

by multiplying the percentage of total water use by the appropriate rate.

Thus, for the typical user:

$474.90 (0.6) + $784.24 (0.4) = $598.64.

In comparison, the rate for reclaimed water as of May 1989 is $442 per

acre-foot, which is about 74 percent of the weighted average rate. If

this representative turf facility switched to reclaimed water it would

receive about a $157 per acre-foot price break as an incentive to use the

lower-quality water.

Offering an equitable "price" incentive to self-supplied users would

require that they be compensated for quality penalty, with no increase in
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their water costs. Assuming a pumping cost of $40 per acre-foot for a

representative self-supplied user, for the user to be no worse off, the

provider of the effluent would have to pay this user the quality penalty

minus the user's former pumping costs. Using these figures, this

compensation would be about $117 per acre-foot.

This compensation is complicated by the value of the groundwater

rights held by the self-supplied user. Most self-supplied users who are

also potential users of effluent pump their groundwater pursuant to Type

1 or Type 2 Grandfathered Rights (GFRs) (ADWR, 1988). Type 1 GFRs apply

to farmland retired from irrigation after January 1, 1965, in anticipation

of a specific non-irrigation use. These rights are not transferable off

the land to which they are appurtenant, but the water associated with the

right may be transported off the land for non-irrigation purposes.

Type 2 GFRs apply to non-irrigation withdrawals of groundwater in

existence as of June 12, 1980. These rights may be transferred off the

land to which they are appurtenant, and may be transferred anywhere within

the AMA. Because the ADWR established water allotments based on

historical water use, many GFR allotments are much greater than annual

pumpage from the GFRs.

Because there have been very few cases of self-supplied users

switching to effluent, it is difficult to estimate what an appropriate

rate of compensation for GFRs would be. Each case involves a unique and

complicated set of factors in negotiating a conversion to effluent. In

one case, Tucson Water purchased a golf course's Type 2 GFRs for about

$500 per acre-foot (Brooks, 1988). Prices paid for Type 2 GFRs in the
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Tucson area in recent years have averaged about $1000 per acre-foot (Water

Market Update, 1987). Inferred rates for leasing these Type 2 Gfrs on an

annual basis are about $100 per acre-foot.

To simplify these complications, it is assumed for purposes of this

assessment, that if the provider of effluent paid the self-supplied user

$117 for each acre-foot of effluent delivered, the provider would receive

the GFR. Conceivably, this GFR could be subsequently used by the provider

to either supply additional potable water, obtain pumping credit from the

ADWR, or recoup costs by selling or leasing the water in the open market.

However, because of uncertainties regarding the future use of these GFRs,

in this assessment it is assumed that no further pumpage from these GFRs

would take place.

Costs of Reducing Water Use

The cost of Scenario 3 is assessed as the consumer surplus

associated with the additional water that could be made available from

effluent or alternative water sources. This consumer surplus is a rough

indicator of the "cost" (or foregone net benefit) of doing without the

additional water because it measures the difference between the amount of

money that a consumer actually pays for the additional water (represented

by price) and the amount of money that the consumer would be willing to

pay in lieu of doing without it (represented by a demand function for

water). The consumer surplus associated with a reduction in water

availability can be estimated from the current price of water, the

quantity of water foregone and the price elasticity of demand, E. E is
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defined as the ratio of the percentage change in quantity demanded to the

percentage change in price.

A graphical illustration of the consumer surplus associated with an

additional quantity of water (Q'to Q) is shown in Figure 6.2. This

quantity represents the additional water that would be available to the

community through the provision of additional effluent or additional water

from some alternative source. However, in this study it is assumed that

if this additional water was not available, the lowest value or marginal

uses of water in the basin would be curtailed because "intra-marginal"

uses such as golf course irrigation would have a higher willingness to pay

for the limited water supplies. The water would thus be "reallocated"

from low value uses to higher value uses. Marginal water uses are

difficult to characterize for an entire metropolitan area because of

variation in individual tastes and preferences. The increasing popularity

of low-water-use landscaping in Tucson, however, indicates that resi-

dential lawn watering is a marginal use of water in the Tucson Water

service area.

The consumer surplus associated with a reduction in water use is

estimated mathematically in this assessment from the average water price

paid by a single family residential water user in Tucson, a constant E,

and the projected difference in available water with the additional

effluent use versus without the additional effluent. As of May 1989, the

average water price paid by a typical single family residential water user

is about $660.84 per acre-foot (Pena, 1989). E is dependent upon several

variables, including average personal income, weather, ratio of indoor to
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outdoor water uses, and percent of municipal demand accounted for by

industrial and commercial uses (Martin et al., 1984). For purposes of

this study, a constant value of -0.5 is assumed for E. Martin and Thomas

(1986) suggest from their research in five arid locations (including

Tucson) that this value is a reasonable estimate for long-run policy

analysis purposes. To analyze the sensitivity of the results to

elasticity, however, values of E of -0.25 and -0.75 are also considered.

Using these estimates of initial price P, and E (absolute value), the "new

price" P' associated with the unavailable additional water (Q' to Q) was

estimated on an annual basis from the following equation:

1/E
P' = 

Q'
1/E
	 (6.3)

The consumer surplus associated with the additional water was then

estimated from the following equation:

(P' - P) x (Q - 0') 	(6.4)
2

Costs of Additional Central Arizona Project Water

Cost estimates for importing additional CAP water for non-potable

uses are necessary for evaluating Scenario 4A. Although the City of

Tucson and other potential users of CAP water have significant repayment

obligations for construction costs, for purposes of this assessment, most

of these capital costs are considered sunk costs that have no bearing on
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the cost of serving raw CAP water as a supplemental source of water for

non-potable purposes.

The CAP scenario has two components of capital costs. First,

because the raw CAP water would be non-potable, this water could not be

conveyed through the City's potable water system and a separate conveyance

system would be required. Therefore, it is assumed for the CAP scenario

that the planned capacity expansion of the reclaimed water system would

be required, with the capital cost of $43,401,000. The second capital

cost component required for this scenario is the capital charge paid to

the Central Arizona Water Conservation District (CAWCD). This is a flat,

per-acre-foot rate which the City of Tucson is obligated to pay. In 1991,

this charge will be $5.00 per acre-foot, gradually escalating to $40 per

acre-foot by 2024.

In addition, there are two components of 0 & M costs. First, the

costs of boosting the CAP water through the reclaimed water system are

assumed to be identical to the costs of boosting effluent through this

system. These costs are estimated to be $50 per acre-foot. The second

component of the estimated 0 & M costs is the per acre-foot 0 & M costs

paid to CAWCD, which are estimated to be $60 per acre-foot. The unit 0

& M costs for this scenario are, therefore, $110 per acre-foot.

The assumption that raw CAP water would be of comparable quality to

reclaimed water is an important one because of considerable uncertainty

regarding the quality of the raw CAP that is to arrive in Tucson.

Although the undesirable constituents of CAP water are not the same as

those in effluent, it is assumed here that the overall quality of raw CAP
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water is no better or no worse than tertiary treated effluent. The CAP

canal system is likely to convey not only Colorado River water, but also

groundwaters of varying quality from "water ranches" adjacent to the CAP

canal. One of the constituents of concern in CAP water is TDS. Because

of the high TDS levels of Colorado River water and the groundwater in many

of the water ranch areas, raw CAP water could conceivably pose unique

problems for turf irrigators and other potential users of non-potable

water. The aforementioned user-adaptation costs are thus assumed to be

the same for raw CAP as they are for effluent.

It should be noted that when the usage of CAP water for potable

purposes begins in the Tucson Basin, TDS concentrations in municipal

effluent are expected to increase because the planned treatment facility

for CAP water is not designed to reduce TDS levels significantly. The

potentially harmful effects of TDS in various non-potable water uses are

discussed in Chapter 2.

Regarding availability of CAP water in the Tucson Basin, apportion-

ment of the Colorado River poses a potential obstacle to the CAP scenario,

particularly in the event of a sustained drought in Arizona and Southern

California. Colorado River water is currently apportioned among seven

states, Mexico, and five Indian tribes whose reservations lie along the

river (Getches, 1985). Arizona is entitled to 2.8 million acre-feet per

year, of which approximately 1.3 million acre-feet per year is diverted

from the Colorado River in the western counties of Mohave, La Paz, and

Yuma. The remaining 1.5 million acre-feet that is intended for projected

CAP diversions is subordinate to present perfected rights in the Lower
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Basin in the event of shortage (Clyde, 1986). Under the terms of the 1929

Boulder Canyon Project Act and the 1963 Supreme Court decision in Arizona

v. California, in times of shortage, 900,000 acre-feet of Indian reserved

water rights and California's 4.4 million acre-feet share must be

satisfied before Arizona may divert water into the CAP. In addition to

these claims, substantial Indian claims in Arizona that have not been

adjudicated could affect future CAP availability. Furthermore, Tucson

will be competing with several allottees of CAP water, including Indian

tribes, farmers, and several cities in the Phoenix metropolitan area.

Tucson's location near the end of the CAP canal system puts it at a

geographic disadvantage with respect to these other allottees. For these

reasons, it is quite conceivable that Tucson's CAP allocation could be

curtailed during a sustained drought in Arizona and Southern California.

Costs of Additional Avra Valley Water

Estimating the cost to Tucson Water of providing groundwater from

Avra Valley is necessary for evaluating Scenario 4B. One general

component of the total fixed costs for this source would be for the

facilities necessary to expand the capacity of the pumping and conveyance

system. This includes the cost of drilling and equipping new wells plus

the cost of upgrading the existing booster and conveyance system. In 1988

dollars, these costs are roughly $15 million (Bush, 1987). It is assumed

that construction would take one year to complete. The second fixed cost

component is the cost of expanding distribution system capacity within the

city. Because Tucson Water does not treat the Avra Valley water currently



172

used in Tucson, it is assumed that capacity expansion of the city's

potable water system would be required for this scenario, rather than

capacity expansion of the reclaimed water system. Because no reliable

data are available regarding the costs of expanding the capacity of the

potable system, it is assumed that these costs are equivalent to those for

capacity expansion of the reclaimed system.

The two general components of 0 & M costs for this scenario are (1)

the costs of pumping, boosting and conveying the Avra Valley water as

necessary to deliver it to Tucson and (2) the costs of boosting the water

through the city's potable system. The 0 & M costs of Avra Valley

groundwater are currently about $180 per acre-foot for pumping the water

to the surface, plus about $50 per acre-foot to boost the water uphill

(about 200 feet) to a city reservoir (Guild, 1989). The energy cost of

boosting water through the distribution system is estimated to be about

$50 per acre-foot. The estimated variable cost of importing this water

is, therefore, about $280 per acre-foot.

Methods of Estimating Benefits 

As discussed earlier, the only benefit actually measured and

accounted for in this economic assessment is the avoided increase in

pumping costs attributable to effluent use, reduction in water use, or

imported water use. Comparing the avoided increase in pumping costs

associated with each planning scenario requires projections of the water

removed from storage. This requires projections of net natural recharge,

groundwater pumpage, water importation, and incidental recharge. By
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estimating groundwater level declines associated with the water removed

from storage (using equation 5.4), the avoided cost of additional water

level decline due to effluent use, reduction in use, or imported water use

can be projected. Procedures used in estimating these benefits are

explained in detail in the discussion that follows.

Water-balance Relationship for the Tucson Basin

For analytical feasibility, the water-balance relationship (equation

5.9) developed in the conceptual model is simplified as an input-output

relationship. One of the major modifications is that artificial recharge

of either CAP water or effluent are not incorporated into this model.

This component is omitted because of the difficulties in predicting the

effects of artificial recharge on groundwater levels and the legal

uncertainties (as explained in Chapter 4) surrounding the artificial

recharge of non-potable waters. Furthermore, because no reliable

estimates of capture (AD in equation 5.9) are available for the Tucson

Basin, a "net natural recharge" (RN) term is used as a surrogate in the

analysis to estimate V. The following equation is used to estimate AV

on an annual basis over the planning period:

AV — R, + R, - Q	 (6.5)

where R, is the net natural recharge, R, is the incidental recharge from

municipal, industrial, and agricultural return flows, and Q is the total

pumpage. Annual estimates of AV are used to estimate groundwater level
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declines and associated costs. The avoided costs of groundwater level

decline constitute the benefits of acquiring additional water from a

source other than native groundwater.

Net Natural Recharge. The net natural recharge term is considered

the amount of natural inflow to the aquifer that could be pumped without

mining any groundwater. For analytical purposes, the data for calculating

the net natural recharge are derived from several estimates of average

annual net natural recharge. Unfortunately, there is considerable dispute

among water-resource professionals regarding the average annual net

natural recharge into the Tucson Basin. The ADWR defines net natural

recharge as the naturally occurring additions to groundwater storage,

calculated as mountain front recharge plus groundwater inflow minus

groundwater outflow. For the entire Tucson AMA (Upper Santa Cruz and Avra

Valley Sub-basins) the ADWR estimates an average annual net natural

recharge of 62,000 acre-feet. For the Upper Santa Cruz Sub-basin alone,

the estimated value is 46,000 acre-ft. This study is concerned only with

the Tucson Basin, which comprises only about 1,000 square miles (about

43.5 percent) of the 2,300 square mile Upper Santa Cruz Sub-basin. An

extrapolated estimate of net natural recharge for the Tucson Basin would

have to be substantially less than 46,000 acre-ft. If uniformly

distributed recharge is assumed for the Upper Santa Cruz Basin the net

natural recharge of the basin would be only 20,000 acre-ft per year.

Because most of the mountain front recharge occurs in the Tucson Basin

portion, however, a value of 80 percent is perhaps more representative,

raising the ADWR-based estimate to 36,800.
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This estimate of annual net natural recharge for the basin is

considerably smaller than estimates done by the U.S. Geological Survey

(USGS) (Davidson, 1973; Anderson, 1972; Burkham, 1970). Table 6.4

represents a synthesis of estimates of natural inflow and outflow

components from the ADWR and USGS data. The middle estimate of 60,000

acre-feet per year is the assumed value of RN in Equation 6.5. With

respect to the water balance, an important limitation of this term is that

it is assumed to be fully recoverable within a year, whereas in reality,

a time period well over a year typically passes before the recharge

becomes recoverable. Furthermore, by assuming a constant rate over the

planning period the stochastic nature of natural recharge processes are

ignored. Net natural recharge is at best, an approximation for capture

and should not be construed as the "safe-yield" pumping rate for the

Tucson Basin in any given year.

Incidental Recharge. 	In equation 6.5, incidental recharge (RI)

represents the portion of Q that is not lost from the system through

consumptive use, evaporation, or surface runoff. The ADWR (1988)

estimates incidental recharge for the municipal, mining, and agricultural

sectors as follows:

Municipal:
	

40 percent of wastewater discharged into

natural channels

Industrial:
	

25 percent of mining pumpage

Irrigation:
	

Between 12 percent and 36 percent of total

irrigation pumpage , depending on target efficiency
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Table 6.4. Estimated Net Natural Recharge, Tucson Basin Aquifer

Sub-total	 Total

Inflow Components

Groundwater underflow

Mountain front recharge

Channel infiltration

Thousands of acre-feet

3 to 18

28 to 45

19 to 47

50 to 110

Outflow Components

Groundwater underflow	 - 1 0

Evapotranspiration	 - 10

-20

Net Natural Recharge	 30 to 90

Middle Estimate of Net Natural Recharge	 60

Sources: ADWR (1988); Davidson (1973); Anderson (1972); and Burkham
(1970).
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The upper limit of 36 percent is based on an irrigation efficiency

of 55 percent and the 12 percent figure is based on an irrigation effi-

ciency of 85 percent. The target efficiency for the end of the First

Management plan (1990) is 70 percent which results in an estimated

incidental recharge of 24 percent of irrigation pumpage. The ADWR

estimates that farms in the Tucson Basin currently operate at an average

efficiency of about 70 percent (Caparaso, 1989). By the year 2000, an

average efficiency of 85 percent is mandated (ADWR, 1988).

For analytical purposes, assumptions must be made regarding inci-

dental recharge rates from each major use sector. For agricultural use,

it is assumed that irrigation efficiency will remain at 70 percent in

1990, increasing to 77.5 percent (with an estimated incidental recharge

of 18 percent of pumpage) by 1995, and to 85 percent in 2000 and beyond.

Because there is no indication that the incidental recharge rate from

mining use will change, it is assumed that the current rate of 25 percent

of pumpage will remain over the planning period.

Incidental recharge estimates from effluent discharge into the Santa

Cruz River are based on the ADWR estimate of 40 percent. The remaining

60 percent is assumed to be lost from the basin, either as evaporation,

evapotranspiration, or surface runoff. This estimate is consistent with

the average annual infiltration rates estimated in Tucson Recharge

Feasibility Assessment (TRFA) for effluent along the Santa Cruz River of

2,200 acre-feet per mile (CH2M Hill et al., 1987). The TRFA points out

that infiltration rates for effluent are usually about one third the rates

for natural runoff because effluent contains a larger concentration of
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suspended sediment, and because layers of organic matter are deposited in

the channel during effluent flow, thereby reducing the permeability of the

channel. Temporary increases in average effluent infiltration rates in

the Santa Cruz, however, have been observed after natural discharge events

exceeding 3000 cubic feet per second (Sebenik, Cluff, and DeCook, 1972).

These increases were attributed to the scouring of a near-surface anaer-

obic zone.

Another source of incidental recharge is landscape irrigation in the

Tucson area. Based on characteristics of irrigation systems for large

turf facilities in the Tucson area, an irrigation efficiency of 85 percent

is assumed. Because most of the effluent delivered by Tucson Water is to

be used for irrigation of large turf facilities, incidental recharge from

turf irrigation is estimated by multiplying total reclaimed water deliv-

eries by 0.12. This estimate may be biased on the low side because it

does not take into account several turf facilities in the Tucson area that

are still irrigated with potable water.

Groundwater Pumpage. The final variable in the water balance

equation is pumpage of native groundwater (Q). As the previous descrip-

tions indicate, several different rates of pumpage are assumed for the

various water-use scenarios. Figure 6.3 compares total groundwater

pumpage over the planning period for the scenarios. Pumpage of native

groundwater is as projected by Tucson Water and the ADWR for the moderate

effluent use scenario (2B), the raw CAP scenario (4A) and the Avra Valley

groundwater scenario (4B). Higher rates of pumpage are required for the

baseline scenario (1) and the low effluent use scenario (2C), and lower
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rates are required for the maximum effluent use scenario (2A), the minimum

effluent use scenario (2D) and the reduction in water use scenario (3).

The process of projecting pumpage is complicated by several socio-

economic factors that can affect pumpage in the three use sectors, both

in the absolute and relative senses. The ADWR projections indicate that

the agricultural pumpage will continue to decline as more farmland becomes

purchased and retired and associated water rights become either retired

or converted for municipal and industrial uses. The Groundwater Code

allows Irrigation Grandfathered Rights (IGFRs) to be converted to Type 1

non-irrigation rights that allow a maximum of 3 acre-feet per acre to be

pumped from the retired farmland (A.R.S. 45-463.A, -463.B, and -463.F).

Increases in general industrial pumpage result from population growth

requiring more housing and infrastructure, and new industries locating in

the Basin. Groundwater pumpage for mining purposes fluctuates with world

copper prices. In response to rising copper prices, some of the mines in

the Tucson Basin are planning significant expansion in copper production.

Though municipal water service is expected to increase with population

growth, Tucson Water is planning reductions in annual pumpage rates after

CAP water becomes available and capacity of their reclaimed water system

expands. The decline in municipal pumpage reflects these anticipated

effects.

With most of the municipal and industrial water usage of the TAMA

concentrated in the Tucson Basin, projections of groundwater pumpage for

the municipal and industrial sectors are roughly similar to the ADWR

projections for the entire TAMA. Projections for the agricultural sector,
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however, are adjusted from the ADWR projections to better represent the

more rapid rate of urban conversion projected for farmland in the Tucson

Basin. By virtue of its proximity to the Tucson metropolitan area,

farmland in the Tucson Basin is much more valuable than farmland in other

areas of the TAMA and is thus more likely to be converted to urban uses

(Caparaso, 1989).

Avoided Costs of Groundwater Stock Depletion

Avoided Future Variable Pumping Costs. The avoidance of increased

pumping costs associated with groundwater stock depletion is one of the

most tangible benefits of reuse. In Chapter 5, theoretical relations

between effluent use, recharge, and water removed from storage were

illustrated under non-importation (equation 5.7) and importation (equation

5.8) water-supply schemes. Equation 5.4 is Bredehoeft, Papadopulos, and

Cooper's (1982) basic relation between average water level decline and

water removed from storage. This relation is used in the analytical model

with a specific yield of 0.10 (Chapter 3) and a basin area of 1000 square

miles (640,000 acres). An important assumption of equation 5.4 is that

the response occurs rapidly, with effects equally distributed throughout

the basin. Thus, this assumption ignores the hydrologic reality of

localized drawdown, which can be quite substantial in certain areas of the

basin where pumpage is concentrated. Domenico (1972) offered the follow-

ing comments regarding this type of assumption:

The important feature here is that the pumping-response
surface is assumed to be completely described by the simple
hydrologic equation. This means that the effect of a given
extraction is averaged over the entire basin. In this sense,
the response is independent not only of the extraction
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pattern, but of the hydrologic properties which control the
flow of groundwater to wells. The pumping-response surface
is thus taken as a featureless surface that is everywhere the
same, a gross idealization characteristic of nearly all
optimization studies involving groundwater basins.

Because this approach yields "average" values of water level decline

for the entire basin, it could be argued that the estimates of avoided

costs of water level decline are biased on the low side. A sensitivity

analysis of basin area is done in this assessment by estimating benefits

assuming a basin area of 400 square miles.

From the 0 & M cost estimate of pumping additional water, 250 feet

is a representative pumping lift for the Tucson Basin. If groundwater

pumpage caused the water table to fall by one foot, the additional

variable cost of pumping would equal the sum of the additional energy and

maintenance costs for that additional foot of lift. For the representa-

tive well, the additional energy cost per acre foot per foot of additional

lift is:

[(1.024/0.55) x $0.048 + $0.012] = $0.101.

Avoided Future Fixed Pumping Costs. Increased pumping lifts also

increase fixed cost of pumping as more piping, tubing, and bowls must be

added to the well to reach the water at lower depths. Eventually, larger

motors will have to be added to the wells as additional horsepower becomes

necessary. Assuming that the well yield does not change over time, the

average fixed cost of pumping will increase in proportion to the increase

in the size of the capital investment. Based on data from Arizona wells,
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Bush and Martin (1986) estimated average future fixed cost increases of

$0.016 per acre-ft per additional foot of lift. In 1988 dollars this is

about $0.018 per acre-foot per foot. Adding this amount to the additional

variable costs yields an increased cost of $0.119 per acre-foot per foot

of additional lift.

Summary

In this chapter, the analytical methods, assumptions, and data used

for the economic assessment of this study were described. Eight planning

scenarios were developed to compare the costs and benefits of alternative

schemes for providing additional water for projected non-potable uses in

the Tucson metropolitan area. Estimates of the net costs of alternative

scenarios facilitate the testing of the hypothesis of this study, that

intertemporal economic efficiency gains can be realized in the Tucson

Basin through increased effluent use.
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CHAPTER 7

RESULTS OF THE ECONOMIC ASSESSMENT

In this chapter, the results of the economic assessment are

presented and discussed. As explained in Chapter 6, this economic

assessment focuses on the opportunity costs, rather than the financial

feasibility of effluent use. Opportunity costs are the foregone value of

the next best alternative that is not chosen. In contrast, financial

feasibility means that sufficient funds can be raised to pay for project

installation and operation, involving analysis of rate structure and

financing arrangements. Comparison of the net costs of procuring water

through the use of effluent with the net costs of procuring water by

alternative means constitutes a test of the hypothesis of this study, that

gains in intertemporal economic efficiency can be realized in the Tucson

Basin through increased effluent use. As explained in Chapter 6, net

costs are estimated as the capital and operation and maintenance (0 & M)

costs of implementing the scenario minus the estimated benefits, which

reflected only the reduction in pumping costs attributed to leaving

groundwater in storage. Average net costs are estimated as the net costs

divided by the associated quantity of water they provide. As explained

in Chapter 6, the costs and benefits of each scenario are estimated using

discount rates of 0, 4, and 8 percent to analyze the sensitivity of the

results to the discount rate and acknowledge different approaches to

weighting future events.
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Estimating the Net Costs of the Scenarios 

Capital and Operation and Maintenance Costs

In all Scenarios except 4B, the Avra Valley groundwater scenario,

the estimated capital costs are $43,401,000. The estimated capital cost

of Scenario 4B is $58,401,000, greater because of the additional pumping

and conveyance facilities required to deliver the Avra Valley water to the

City's distribution system. In most cases, the differences in net costs

reflect differences in operation and maintenance (0 & M) costs and

quantified benefits. The 0 & M costs shown in Figure 7.1 illustrate the

relatively high 0 & M costs of effluent provision in comparison with

alternative sources. Because distribution costs within the Tucson

metropolitan area are similar for each category of water, differences in

0 & M costs are attributed primarily to the cost of treatment. The 0 &

M costs of Scenario 2A, the "maximum" effluent use scenario, reflect the

treatment costs of providing a greater quantity of effluent plus the

user-adaptation costs of converting self-supplied groundwater users. The

relatively low 0 & M cost of Scenario 1, the baseline scenario, reflects

the low costs of pumping groundwater in the Tucson Basin. The 0 & M costs

of Scenario 3 are lowest, reflecting the costs to the basin community of

"doing without" water for marginal uses in the residential sector. As

explained in Chapter 6, it is assumed that average willingness to pay for

water in the lowest value residential uses (lawn watering, car washing,

etc.) is less than average willingness to pay for water for irrigating

large turf facilities such as golf courses and parks. Reduction in use
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in the residential sector frees up water for the higher-value uses

currently targeted to use effluent.

Benefits

As explained in Chapter 6, the only benefits quantified over the

entire planning period are those associated with energy savings resulting

from reductions in the basinwide cost of pumping. While there are other

economic, political, and social benefits associated with effluent use,

sufficient data were not available for incorporating these other benefits

into the economic assessment. The estimated average basinwide groundwater

level decline for the baseline scenario (Scenario 1), is the point of

reference from which this reduction is measured over the planning period.

The net reductions in groundwater level declines for the other scenarios

are shown in Figure 7.2. These estimated reductions in decline are small

in proportion to historical rates of decline in areas of intensive

groundwater withdrawal. In Tucson's Central well field, for example, the

depth to water has increased by about 10 feet between 1984 and 1987

(Tucson Water, 1988b). Recall from Chapter 6 that the basinwide

accounting stance required averaging the rates of decline over the entire

1,000 square mile basin. To determine the sensitivity of the benefits,

and thus the net costs to basin area, declines were estimated assuming a

basin area of about 400 square miles (260,000 acres). Rates of decline

in this sensitivity analysis were roughly similar to the rates of decline

experienced in the Central well field between 1984 and 1987. The only

significant effect of reducing basin area by 600 square miles was that the
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net cost of the raw CAP scenario (4A) became lower than the net costs of

the baseline scenario. This implies that the benefits associated with

reducing groundwater decline through the importation of CAP water are

significant when declines are averaged over a much smaller area.

Evaluation over the smaller area, however, had no effect on the ranking

of the effluent scenarios.

The estimated benefits of the scenarios (assuming a basin area of

1,000 square miles) are shown in Figure 7.3. The reduction in use (3) and

importation scenarios (4A and 4B) all result in exactly the same benefits

because projected annual use of native groundwater and effluent does not

vary across these scenarios. The maximum effluent use scenario (2A)

results in slightly greater benefits because, although it results in a

smaller reduction in groundwater level decline, fewer groundwater users

are affected by the higher pumping costs. The other two effluent use

scenarios (2B and 2C) result in relatively small benefits because of the

decrease in effluent discharge into the Santa Cruz River that results from

the increased use of effluent. Because a decrease in the rate of effluent

discharge results in a lower rate of incidental recharge than the

incidental recharge rates for Scenarios 3, 4A, and 4B, reductions in

groundwater level decline for these effluent use scenarios are smaller.

In addition, the groundwater pumpage associated with Scenario 2C results

is a slightly greater decline in the groundwater level.
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Net Costs

Figure 7.4 shows the net costs (total costs minus benefits) of the

scenarios. As the graphs indicate, discounting reduces the net cost of

each scenario proportionally, but does not change the rank of the net cost

of any scenario. This result is explained by the fact that in all

scenarios, virtually all of the capital costs accrue during the first ten

years of the planning period. Therefore, to simplify the net cost

comparisons, a discount rate of 4 percent is assumed for the remainder of

this discussion.

The scenarios in which effluent usage is increased are generally the

most costly, reflecting primarily the high 0 & M costs of treating

effluent. Scenario 2D, the "low demand" effluent use scenario is not

included in the comparison of net costs because it does not provide as

much water as the other scenarios. Scenario 2D assumes a relatively low

demand for non-potable water. The net cost of Scenario 2B, in which a

"moderate" quantity of effluent is provided, is $199,734,547. By

comparison, Scenario 2A has the highest net cost of $231,202,967, which

reflects the higher 0 & M costs associated with providing effluent to

self-supplied groundwater users. The benefit of reduced pumping costs

from leaving more groundwater in storage is not enough to offset these

higher 0 & M costs.

Scenario 2C, the low effluent use scenario in which some supplemen-

tal groundwater is required has a net cost of $115,631,565. This is

substantially lower than the cost of 2B, reflecting a reduction in the

total 0 & M costs due to the use of groundwater that does not require
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treatment. This is slightly less than the net cost of $126,970,337 for

implementing the Avra Valley scenario (4B), which implies that a lower

rate of effluent use supplemented by pumping local groundwater is a less

costly water-supply alternative than importing an equivalent total

quantity of groundwater from Avra Valley. The higher capital cost of

developing additional pumping and conveyance facilities for Avra Valley

water is largely responsible for this higher net cost. As in the case of

Scenario 4A, the benefit of leaving more local groundwater in storage is

not great enough to offset the relatively high cost.

The net costs of Scenarios 1 and 4A are roughly equivalent and

considerably lower than the net cost of either the effluent use or Avra

Valley scenarios. Scenario 4A, the raw CAP scenario, is a unique case

where the total cost, minus the benefit of leaving groundwater in storage

results in a net cost that is competitive with the net cost of the

baseline scenario (1), in which groundwater is pumped. Though provision

of CAP water has a higher 0 & M cost than pumping groundwater, the benefit

of preserving groundwater levels is great enough to make the use of raw

CAP water a slightly less costly option.

Scenario 3, the reduction in use scenario, is clearly the most

cost-effective alternative. As explained in Chapter 6, the cost of this

scenario is measured as the estimated consumer surplus associated with a

gradual phasing out of marginal water uses in the residential sector. The

net cost of Scenario 3 is considerably less than either the net cost of

using groundwater or the net cost of "replacing" groundwater use with the

use of either effluent or imported water. This result lends strong
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support to the argument that conservation is frequently a more cost

effective means of procuring water than developing new sources.

Average Net Costs

The average net costs of each scenario are shown in Figure 7.5. For

all scenarios except the minimum effluent use scenario (2D) and the

reduction in use scenario (3), 752,704 acre-feet of water is provided over

the planning period. As explained in Chapter 6, this water could satisfy

projected non-potable water use above the 7,000 acre-feet per year of

effluent that could be provided in 1990 without capacity expansion of the

reclaimed water system. For scenario 2D, only 388,097 acre-feet of water

would be provided over the planning period. Scenario 2D is included in

this assessment primarily to show the effect on average net costs of

expanding the capacity of the reclaimed water system as planned, but

realizing a considerably lower demand for effluent than current projec-

tions indicate. When comparing the average net costs of the scenarios,

only the rank of the minimum effluent use scenario (2D) is affected by

discounting. Therefore, unless otherwise stated, the 4 percent discount

rate is assumed in the following discussion.

Although Scenario 2A provides a greater quantity of effluent than

the effluent provided in 2B or the effluent and groundwater provided in

2C, this greater quantity is balanced by an equivalent reduction in

pumpage from self-supplied groundwater users. For Scenario 2A the average

net cost is calculated by dividing the total net cost by 1,003,605

acre-feet, the total quantity of effluent provided. This is necessary to
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maintain a basinwide accounting stance because it reflects both the costs

to the basin community of converting the self-supplied users, and the

benefit of leaving groundwater in storage.

Comparing the average net costs of the scenarios yields results

generally similar to the net cost comparisons. With the exception of the

Avra Valley groundwater scenario (4B), Figure 7.4 indicates that the

effluent use scenarios have the highest average net costs. The average

net costs of the reduction in use (3), native groundwater (1), and CAP

water (4A) scenarios are lower.

Considering only the effluent use scena• ios, the ranking of average

net costs is somewhat different than the ranking of net costs. Scenario

2B has a higher average net cost than 2A, primarily because of the greater

quantity of effluent provided in 2A. If 18 percent, rather than 15

percent of Tucson Water's total provided water is effluent, average net

costs decrease by about 13 percent This lower average net cost includes

the cost of compensating the self-supplied users as required by the

maximum use scenario.

In the case where the average net costs are not discounted, the

minimum effluent use scenario (2D) is the most costly, providing an

indication of the economic impact of a lower-than-projected demand for

effluent. At the zero discount rate, if only 10, rather than 15 percent

of Tucson Water's total provided water is effluent, the average net cost

of providing effluent is 12.5 percent greater.

When discounted at 4 percent, however, the average net cost of 2D

is 9 percent less than that of 2B. Because discounting diminishes the
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effect of extremely high average capital costs during the first ten years

of the planning period, the economic impact of lower effluent demand

appears to be less severe.

Value of Saved Groundwater in 2025

The value the groundwater saved at the end of the planning period

provides a rough estimate of the increased value over the planning period

of the in situ groundwater saved (the 4(t) term in equation 5.18).

Conceptually, the value of the saved groundwater depends on whether or not

it can be withdrawn after the year 2025. The estimates of the total value

of the groundwater saved through effluent use, reduction in marginal water

use, or the use of imported water are, therefore, calculated under two

distinct policies. The first of these policies requires that the

safe-yield goal be maintained beyond 2025. The second of these policies

allows groundwater mining beyond 2025. This policy merits consideration

because the safe-yield goal established under the GMA is currently being

reconsidered by the State of Arizona. In a performance audit of the ADWR,

the Auditor General for the State of Arizona (1989) asserted that the

safe-yield goal "may not be a realistic or appropriate basis for

planning," and that the Groundwater Code's safe-yield provisions "probably

will not be attained and may not be necessary."

The value of the saved groundwater under the safe-yield policy

reflects only the present value of energy savings (after the year 2025)

attributable to reductions in groundwater level decline for pumping the

maximum quantity of groundwater allowed under a safe-yield policy. The



198

present value of the saved groundwater (Ys) is computed from the following

equation:

Qs x h x Cv
Ys= T

(1+0
(7.1)

where Qs is the allowable groundwater pumpage under the safe-yield policy,

Cv is the variable cost of lifting an acre-foot of water one foot, and

h is the net reduction in groundwater level decline resulting from either

reduction in marginal water use, the use of imported water, or the use of

effluent. To estimate the value of the saved groundwater on a consistent

basis, Qs and Cv are held constant and the values of h are calculated by

dividing the quantity of groundwater saved over the planning period by the

product of the basin area and the specific yield (see equation 5.4). A

4 percent discount rate is assumed, and T is 36 years. Qs is assumed to

be equal to the rate of net natural recharge. In Chapter 6, this rate

was estimated as 60,000 acre-feet per year. Cv is assumed to be $0.101

as estimated in Chapter 6. The estimated values of saved groundwater

under the safe-yield policy and the adjusted net costs are shown in

Appendix D. Because of the low variable costs of lifting groundwater and

the low average reduction in pumping lifts, the value of the saved

groundwater under a safe-yield policy is in no case great enough to change

the ranking of any scenario.

Assuming that mining of groundwater is allowed after 2025, the

present value (in the year 2025) of the in situ groundwater saved (Ym)
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through reduction in use, the use of imported water, or the use of

effluent is represented by the following equation:

G x W
Ym =

T(l+r)
(7.2)

where G is the quantity of saved groundwater in acre-feet, and W is the

value of an acre-foot of in situ groundwater in 2025. The quantities of

groundwater saved under each scenario are listed in Appendix C. The value

of W is approximated from the inferred market price of leasing an

acre-foot of groundwater in the Tucson area for a year. Based on recent

sales of groundwater rights in the Tucson area, this price is assumed to

be $100 per acre-foot (Water Market Update, 1987). Compounded at 4

percent, the value of W in 2025 is $410 per acre-foot. This figure is not

intended to represent the marginal value of groundwater, but to approx-

imate an upper bound on the value of an acre-foot of in situ groundwater.

With respect to equation 5.18, a value of $410 per acre-foot value might

be reasonable if the values of all terms on the left hand side except 4(t)

are small. The estimated values of saved groundwater under the mining

policy are listed in Appendix D. Subtracting these estimates from the net

cost values of Figure 7.4 yields adjusted net costs (Figure 7.6) that

incorporate the value of the saved groundwater in 2025. As Figure 7.6

indicates, incorporating the value of the saved groundwater changes net

costs to net benefits (negative net costs in Figure 7.6) in the reduction

in use (3) and CAP (4A) scenarios, and reduces the net cost of the Avra
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Valley Scenario (4B) to a level less than the net cost of the baseline

scenario (1). These results suggest that the value of the groundwater

saved through reduction in use, the use of raw CAP water, or the use of

Avra Valley water is significant in that it changes the ranking of these

scenarios.

A sensitivity analysis was performed to evaluate the effect of lower

current and future values for saved groundwater. An analysis with a

current value of $50 (implying a compounded future value $205) per

acre-foot yielded results similar to the analysis using $100 per

acre-foot. These results are shown in Appendix D. The value of the

groundwater saved through effluent use is not significant in either case,

as the effluent use scenarios are more costly than the baseline scenario.

These rough estimates of the benefits associated with the value of the

saved groundwater under safe-yield and mining policies indicate that the

value of the saved groundwater is far greater under the mining policy

because the estimated energy savings per unit of saved groundwater are

much smaller than the value of in situ groundwater that may be used in the

production of water resources commodities.

Discussion

Implications for the Hypothesis of this Study

The results of the economic assessment contradict the hypothesis of

this study, that gains in intertemporal economic efficiency in the Tucson

Basin can be realized through increased effluent use. The results of this

assessment indicate that increased effluent use is likely to result in
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efficiency losses rather than gains because the net costs of the effluent

use scenarios are far greater than the scenarios in which water is

procured from alternative sources. The following discussion is based on

present values assuming a 4 percent rate of discount.

The general ranking of net costs in this assessment is explained

primarily by the higher treatment costs required for effluent provision

within the Tucson metropolitan area. Because conveyance costs within the

service area are assumed to be similar regardless of source, the higher

costs of providing effluent are attributed to the costs of tertiary

treatment required to meet the ADEQ's quality standards for open-access

turf irrigation.

Considering only the effluent use scenarios, the magnitude of

potential losses and gains in efficiency resulting from effluent use rates

lower or higher than use rates anticipated by Tucson Water is illustrated

by comparing the average net cost of the moderate effluent use scenario

(2B) with the minimum effluent use scenario (2D) and the maximum effluent

use scenario (2A). At the 4 percent discount rate, the average net cost

of the moderate effluent use scenario is greater than either the maximum

or low effluent use scenarios. Scenario 2A has lower average net costs

because the benefits of reducing groundwater withdrawals outweigh the

costs of treating more effluent. The net costs of the low effluent use

scenario (2C), are about 42 percent lower than the net costs of the

moderate effluent use scenario (2B), illustrating the high treatment costs

for effluent.
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For effluent use to be justified strictly on economic grounds, the

uncounted benefits of effluent use should be great enough to make the net

costs of effluent equivalent to the net costs of the least-cost alterna-

tive scenario. To estimate the required value of uncounted benefits

necessary to make effluent use a competitive alternative, it is assumed

that the baseline scenario (1) is the least-cost alternative scenario and

the only uncounted benefit of effluent use is that associated with the

value of the saved groundwater. Because the value of the saved ground-

water is one of the most important benefits of effluent use, the value of

the additional benefits required to make effluent competitive is

approximated by the value of the groundwater saved through effluent use.

By calculating the difference in net costs of the moderate effluent use

scenario (2B) and the baseline scenario (1) and dividing by the quantity

of groundwater saved through Scenario 2B, the required value of the saved

groundwater can be estimated.

This calculation shows that present value (assuming a 4 percent

discount rate) of an acre-foot of groundwater saved through effluent use

is $304, which implies that this acre-foot would have to be worth about

$1248 in 2026 (rather than the $410 per acre-foot calculated earlier) to

make effluent use competitive with groundwater use. The future value of

an acre-foot of saved groundwater could be as high as $1248 if groundwater

were being mined and three conditions held: (1) environmental benefits of

leaving groundwater in storage are high, (2) large quantities of water

from alternative sources are not available, and (3) increases in water

demand are large. Because none of these conditions are unreasonable, the
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decision to increase the use of effluent immediately might be economically

viable. Projections of reduction in groundwater overdraft for the Tucson

AMA indicate that heavy groundwater mining will continue well beyond the

year 2000 making the safe-yield goal extremely difficult to achieve by

2025, much less maintain it thereafter (ADWR, 1988).

If the use of effluent is motivated primarily by the Arizona GMA,

the results of this study indicate that the GMA poses an opportunity cost

on the current residents of the Tucson Basin because they are, in effect,

forced to pay for a more expensive water supply. A portion of the

opportunity cost of the GMA can be estimated based on the assumptions that

the use of native groundwater would increase per Scenario 1 without the

GMA restrictions on groundwater pumpage, and the use of effluent would

increase per the moderate effluent use scenario (2B) with the GMA

restrictions. At the 4 percent discount rate, the difference in net cost

between these two scenarios is $137,291,643. Dividing this figure by

752,704 acre-feet (the quantity of additional water provided by these two

scenarios) yields a unit cost of about $182 per acre-foot. If the Arizona

GMA restricts the pumpage of native groundwater (implying that Scenario

1 is not legally feasible), but not necessarily the importation of either

Avra Valley groundwater or CAP water, the results indicate that sources

less costly than effluent are available. Both Avra Valley groundwater

(Scenario 4B) and raw CAP water (Scenario 4A) water are not only less

costly to provide than effluent, but they both result in larger quantities

of groundwater saved because they do not reduce incidental recharge. From

the perspective of water users in the Tucson basin, the importation of
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groundwater from Avra Valley is the most costly of the two importation

scenarios. Compared with the cost of the moderate effluent use scenario

(2B), the estimated average net cost of Avra Valley groundwater is about

37 percent lower. The greater capital costs of upgrading the conveyance

system from Avra Valley is outweighed by the effluent treatment costs.

One of the most important assumptions of the Avra Valley scenario,

however, is that adequate quantities of water would be legally available

from this source. At the time of this writing, the legal availability of

Avra Valley water over the planning period is very uncertain. As part of

a proposed water transfer bill known as the Water Transportation Act of

1989, the City of Tucson proposed a law that would have allowed the

importation of 4.5 acre-feet per acre, rather than the 3 acre-feet per

acre allowed by the Groundwater Code. The bill was passed by the House,

but defeated by the Senate in June 1989. If the bill had passed, Tucson

would have been allowed to import about 45,000 acre-feet per year from the

10,000 acres of land it currently owns. Although the bill did not pass

during the 1989 legislature, it is likely that Tucson will attempt to

increase the amount of water they can legally pump from Avra Valley again

in 1990.

A more cost effective, but not necessarily more reliable alterna-

tive, is the use of raw CAP water. Assuming that raw CAP water could be

provided through the reclaimed water system, the estimated average net

cost of CAP water is 70 percent less than the average net cost of

providing the same quantity of effluent. Two important assumptions

regarding quality and availability uphold the relative efficiency of using
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raw CAP water. Although the mix of undesirable constituents in raw CAP

water is different from that of tertiary-treated effluent, it is assumed

that raw CAP water is no less acceptable for turf irrigation purposes than

the effluent.

As explained in Chapter 6, apportionment of the Colorado River poses

a potential obstacle to the CAP scenario, particularly in the event of a

sustained drought in Arizona and Southern California. CAP diversions are

subordinate to present perfected rights in the lower basin, and could be

subordinate to substantial Indian claims that have not been adjudicated.

Further, Tucson is at a geographical disadvantage in comparison with other

CAP allottees because of its location near the terminus of the CAP canal

system. Thus, it could be argued that effluent has an added certainty

value because it is far less vulnerable to drought in Arizona and Southern

Colorado than CAP water. However, even if shortfalls in CAP deliveries

to Tucson occur, it is still likely that surplus CAP water will be

available, particularly during the early years of the planning period when

Tucson will not be able to use its entire allotment for potable purposes.

Even with the gradual recharge of CAP that is anticipated by Tucson Water,

surplus quantities of CAP water could be available to satisfy projected

non-potable uses, particularly during the early years of delivery.

It must be emphasized that the estimated costs of CAP water are

based on the subsidized rates anticipated by Tucson Water over the

planning period. The capital and 0 & M costs of providing water from this

source are described in detail in Chapter 6. Limiting the accounting

stance to the Tucson Basin does not reflect the real cost of providing CAP
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water because substantial federal subsidies for the CAP are not counted.

If the City of Tucson had to pay the unsubsidized cost of delivering CAP

water to Tucson, effluent use could be a more efficient alternative.

The relatively low net costs and average net costs of Scenario 3

indicate that the most cost effective alternative for meeting projected

non-potable use without further pumpage of native groundwater is the

reduction in marginal uses of water. As explained in Chapter 6, the

increasing popularity of low-water-use landscaping in Tucson indicates

that residential lawn watering is a marginal use of potable water. The

estimated average net cost of acquiring water through the reduction in

marginal uses is about 87 percent lower than the average net cost of

providing a similar quantity of effluent. This result rests on the

assumption that estimated consumer surplus associated with the 752,704

acre-feet of additional water accurately reflects the costs to water users

of doing without this water.

This result also assumes that -0.5, the estimated value of

elasticity of demand over the long-run is reasonable for the Tucson

metropolitan area. To examine the sensitivity of these results to the

assumption regarding elasticity of demand, net costs of Scenario 3 were

estimated using elasticity values of -0.25 and -0.75. Because an

elasticity of -0.75 results in lower costs of reduction in use, making it

an even more attractive alternative to effluent use, only the effects of

the -0.25 value are discussed here. A summary table of this sensitivity

analysis is provided in Appendix D. Substituting an elasticity value of

-0.25 yields a net cost of $62,864,861 (at the 4 percent discount rate)
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and an average net cost of $84 per acre-foot. These values are slightly

higher than comparable values for the baseline and CAP scenarios. This

implies that if the elasticity of municipal water demand is actually much

less than assumed in this study, reduction in use might not be the most

cost effective alternative. If this were the case, the costs incurred by

municipal water users for reducing their marginal water uses outweighs the

cost of procuring water either from the local aquifer or the CAP. Even

at this lower elasticity, however, the estimated average net cost of

acquiring water through the reduction in marginal uses is about 68 percent

lower than the average net cost of providing a similar quantity of

effluent.

Limitations of the Economic Assessment

At this point, some comments are appropriate on the limitations of

this economic assessment. Ideally, benefit cost analyses enumerate all

benefits and all costs, tangible and intangible, that will accrue to all

members of society if a particular plan is implemented. In practice,

however, complete and accurate accounting of all benefits and costs is

seldom accomplished, due to limitations in available data. This problem

is compounded when the planning period spans several years. These general

limitations are apparent in this study

The optimal control model developed in Chapter 5 provides a

framework for evaluating relevant benefits and costs associated with the

use of native groundwater, effluent, and imported water. The economic

assessment of this study, however, does not quantify potentially
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significant benefits and costs, particularly the marginal increases in the

value of the native groundwater saved through the use of other water

sources. The estimates of the value of the saved groundwater in the year

2025 represent rough approximations of 4(t) in equation 5.18 under a

safe-yield policy and a mining policy.

Values of the environmental benefits associated with saving

groundwater stock and the environmental costs (or benefits) associated

with the use of effluent and imported water were not estimated in this

study. One of the most notable environmental benefits of groundwater in

storage is the prevention of damages associated with land subsidence.

Although there is growing evidence that curtailment of groundwater mining

would help prevent some of the external costs of land subsidence,

estimates of the potential costs of subsidence damage repair are

preliminary at best (Bradley and Carpenter, 1986). The other potential

environmental cost of groundwater mining is the general tendency for the

salinity concentration of water in the aquifer to increase with depth

(Bush and Martin, 1986). Data regarding the potential environmental costs

of either the use of CAP water or the use of effluent in the Tucson Basin

or elsewhere are also not available. Although there is concern about

salinity contamination of groundwater supplies from the pending importa-

tion of CAP water into the Tucson Basin (Montgomery-Johnson-Brittain,

1984; Tinney, 1987), the costs of this contamination are extremely

difficult to estimate because the CAP water is likely to be a mixture of

Colorado River water and groundwater from various locations in Arizona.
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The environmental costs of effluent use are even less certain

because, from a basinwide perspective, the use of effluent could result

in net environmental benefits. Because the use of effluent in the Tucson

reduces the quantity of effluent discharged into the Santa Cruz River, the

reduction in groundwater quality degradation and other environmental

damages downstream from the city could outweigh the environmental damages

associated with the use of effluent in the city. Assessing the environ-

mental costs of effluent use in monetary terms is extremely difficult

because they are likely to increase gradually over a long period of time.

An indirect but potentially significant benefit of effluent use that

was not estimated in this study stems from pending increases in the cost

of wastewater treatment for discharge purposes. As tighter NPDES

standards for the quality of discharged effluent become imposed, the costs

of treating wastewater for discharge could soon become comparable to the

costs of treating wastewater for reuse. Because effluent would become a

more valuable resource, the economics of effluent use would improve.

Another potential benefit of effluent use that did not weigh into

the economic assessment is related to the reliable and increasing nature

of effluent as a water source. Effluent is the only water source

available to the basin community that grows with population. Furthermore,

because effluent is not subject to either the restrictions of the

Groundwater Code or the uncertainties associated with deliveries of CAP

water to Tucson, this source has a unique "certainty value."

An important limitation of this study is that it does not address

many of the dynamic realities that characterize water-supply planning.
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Clearly, as time passes, not only do planning objectives, economic

conditions, and water-use patterns change, but better data become

available regarding costs associated with using water from different

sources, hydrologic and environmental impacts of various water-supply

schemes, demand for waters of varying quality, and value of groundwater

left in storage. For example, if alternatives to effluent, such as Avra

Valley or CAP water, suddenly become less available and, therefore, more

costly than implied in this assessment, the cost effectiveness of effluent

use could improve significantly.

Because of the limitations of this empirical assessment, the results

displayed in this chapter are not intended to provide rigid guidelines for

water-use decisions throughout the planning period, but more appropriate-

ly, estimate and compare some of the most important benefits and costs of

alternative water-supply plans over the 36-year planning period. Planning

processes must be flexible enough to respond to changes in benefits and

costs over time. Water-supply and water-use alternatives must be

re-evaluated and compared periodically to properly incorporate economic

criteria into plans and policies.

Summary

Comparison of the costs of the alternative scenarios constitutes a

test of the hypothesis of this study, that gains in intertemporal economic

efficiency can be realized through increased effluent use. This

comparison reveals that this hypothesis, at least within the assumptions

and limitations of this analysis, is contradicted by the results.
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Increasing effluent use as is currently planned in the Tucson Basin does

not result in efficiency gains because alternative means of providing

water are more cost effective. Reduction in the marginal uses of water

is the most cost effective alternative of those considered.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

The objectives of this study were to examine the efficacy of

existing institutions in facilitating water reuse in the Tucson Basin and

to test the hypothesis that gains in intertemporal economic efficiency can

be realized in the Tucson Basin through increased effluent use. The

purposes of this chapter are to summarize and discuss the results of the

institutional and economic assessments, draw conclusions and policy

implications from these from these results, and recommend further

research.

Institutional Factors 

The institutional assessment shows that despite institutional

changes encouraging the substitution of effluent for native groundwater,

many opportunities for effluent use remain precluded by existing water

rights arrangements and insufficient economic incentives. The existing

structure of incentives is not likely to be sufficient to achieve the

ambitious rates of effluent use projected by either the City of Tucson or

the Arizona Department of Water Resources (ADWR). For its service area,

Tucson Water projected annual effluent use of about 8,100 acre-feet for

1988, but provided only about 4,100 acre-feet during this year via its

reclaimed water system (Tucson Water, 1988a). For the Tucson Active

Management Area (TAMA), the ADWR projects annual effluent usage of 50,000

acre-feet by the year 2000, yet no specific plans have been drafted to

indicate how this ambitious goal is to be achieved.
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The 1980 Groundwater Management Act (GMA), by mandating safe-yield

by the year 2025, has challenged the ADWR to find ways of persuading

individual groundwater users and municipal water providers to substitute

effluent and imported water for groundwater. If the mandated safe-yield

goal for the TAMA is to be realized, major increases in current levels of

both the direct use and recharge of effluent will be required. To

encourage additional effluent use, the Second Management Plan for the

decade 1990-2000, includes some new incentives to individual water users.

For example, increased allotments are available to water users, contingent

upon their level of effluent use.

Municipal water providers still have an effective incentive for

using effluent because effluent remains uncounted in calculations of

gallons per capita per day (GPCD) rates. GPCD rates are a fundamental

conservation mechanism, and cities, towns and private water companies that

fail to meet their assigned target GPCD rates could face fines of up to

$10,000 per day. The ADWR, however, is not likely to impose fines of this

magnitude, if it imposes any fines at all. More typically, fines are

lowered or waived for violators who negotiate acceptable plans to conserve

more water (Arizona Daily Star, 1989). The City of Tucson is one of

several Arizona cities that are failing to meet their assigned GPCD

targets.

Although not counting effluent in GPCD calculations provides an

incentive for increased effluent use, its long-term effects on groundwater

conservation are questionable. GPCD rates, by definition, do not restrict

overall water use when the urban population is growing rapidly as it is
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in the TAMA. Because Tucson Water and other municipal water providers are

able to use effluent to reduce GPCD rates while accommodating growing

water demands, questions have arisen as to whether this effluent policy

is really a step towards eliminating groundwater overdraft in the TAMA.

This policy could result in not only more effluent use, but more

groundwater mining as well. The efficacy of the ADWR's incentives for

reducing groundwater overdraft through the increased use of effluent

remains to be seen.

As discussed in Chapter 4, the ADWR suffered a regulatory setback

as a result of the Arizona Public Service Co. v. John F. Long decision by

the Arizona Supreme Court. Despite this setback, however, most of the

ADWR's programs for encouraging the substitution of effluent for

groundwater in the TAMA have, at least for the time being, remained

intact. Sufficient time has not passed for any significant test of the

impact of the rule changes. Because the court decision held that the ADWR

cannot require those who use effluent for 100 percent of their water use

to file annual reports with the ADWR, an important concern is the possible

undermining of the ADWR's authority to effectively manage multiple water

sources such that groundwater overdraft is reduced. The Supreme Court may

have thrown the issue of effluent regulation back into the legislative

arena. The ADWR is in the process of formulating and evaluating

alternative policy proposals. Restoration of the ADWR's once-presumed

regulatory authority over effluent may require amendments to the

Groundwater Code.
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Regarding the rules associated with water quality, the Arizona

Department of Environmental Quality (ADEQ) is developing more comprehen-

sive and detailed quality standards for regulating effluent use in various

use categories. Because many uncertainties surround the potential effects

of effluent use on human health and the environment, the ADEQ is faced

with the difficult task of implementing quality-based rules that maintain

acceptable levels of risk while minimizing treatment requirements and

costs.

Policy makers at the county and city levels have taken some positive

regulatory steps toward restricting the use of potable water for new uses

that do not require potable water. Through zoning ordinances at the

county level and specific effluent use policies at the city level, the use

of potable water on new golf courses is, for all practical purposes,

prohibited.

As necessary to encourage existing users of potable water to switch

to effluent, Tucson Water offers price incentives by setting reclaimed

water rates considerably lower than rates for potable water. As explained

in Chapter 6, not only are base rates for effluent substantially lower

than they are for potable water, but there are no summer surcharges for

effluent. Several large water users have taken advantage of these

subsidized rates.

Effluent Use and Efficient Water Management 

The results of the economic assessment raise important questions as

to whether immediate increases in the use of effluent in the Tucson
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metropolitan area will enhance economic efficiency in basinwide water

management. The results of this study contradict the hypothesis that

gains in economic efficiency can be realized through increased effluent

use. To provide a given quantity of water over the 36-year planning

period, reducing marginal water use (Scenario 3), pumping additional

native groundwater (Scenario 1), and importing additional water (Scenarios

4A and 4B) are all more cost effective alternatives than increasing

effluent provision as planned by the City of Tucson (Scenario 2B). From

a basinwide perspective, reduction in use and water importation also save

more groundwater than expanding effluent service because effluent use

decreases incidental recharge in the basin.

Because the provision of effluent is more expensive than the

provision of native groundwater, the Arizona GMA, in effect, poses an

opportunity cost on the current residents of the Tucson Basin. Based on

a comparison of the net costs of the baseline scenario (1) and the net

costs of the moderate effluent use scenario (2B), the opportunity cost of

the GMA was estimated to be $137,291,643, or $182 per acre-foot of

additional water provided (Chapter 7).

The benefits of effluent use depend on whether the groundwater saved

through effluent use can be mined after the year 2025 because the value

of saved groundwater is considerably greater under a mining policy than

under a safe-yield policy. If safe-yield is attainable by 2025 and a

safe-yield policy is maintained thereafter, the value of the saved

groundwater is associated only with energy savings due to reductions in

groundwater level decline. It was shown in Chapter 7 that these
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energy-related benefits do not significantly reduce the net costs of

effluent. Under a mining policy, however, the benefits of immediate

increases in the use effluent are greater because the saved groundwater

is more valuable. Under a mining policy, the saved groundwater can be

used in the production of water resources commodities.

As discussed in Chapter 7, if effluent use is to be competitive with

groundwater use, the estimated present value (assuming a 4 percent

discount rate) of an acre-foot of groundwater saved through moderate

increases in effluent use must be at least $304, implying a compounded

value of about $1248 in 2026. It was pointed out that this $1248 figure

might be reasonable for justifying effluent use on economic grounds if

saved groundwater could be mined and three conditions held: (1) environ-

mental benefits of leaving groundwater in storage are high, (2) large

quantities of water from alternative sources are not available, and (3)

increases in water demand are large. Though none of these conditions are

apparent at the present time, they are not altogether unreasonable

considering current trends. Increasing the use of effluent as planned by

the City of Tucson could prove to be an economically viable decision,

particularly if all of the above conditions developed.

Data limitations precluded formal incorporation of potentially

significant benefits associated with reduction in marginal water use,

imported water use, or effluent use. These include the environmental

benefits of leaving groundwater in storage, the increase in the value of

the saved groundwater, the environmental costs or benefits of using

imported water or effluent, and the certainty value of effluent.
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Barring the unlikely prospect of large reductions in basinwide water

usage, at some point in time, increasing scarcity and cost of alternative

water sources is likely to provide increased economic motivation for the

increased use of effluent. For instance, Avra Valley groundwater may

become less available in the legal sense if groundwater overdraft in that

basin becomes prohibited. If further overdraft is permitted, Avra Valley

groundwater will eventually become less available in the economic sense

because the decline in groundwater levels will result in increased pumping

lifts. In addition, if population growth in the Phoenix metropolitan area

continues at its present rate, CAP water could become more costly and less

available to Tucson. Over the planning period for this study, however,

both Avra Valley water and CAP water are likely to be less costly than

effluent. Assuming that estimated costs of either reducing marginal water

uses (as measured by consumer surplus) or importing water are reasonable,

the results of this study indicate that the citizenry of the Tucson Basin

would be better off postponing the use of effluent until it becomes more

cost effective to do so.

These results illustrate the critical relationship between efficient

management of multiple water sources of varying quality and the time frame

over which lower quality sources are developed. The optimal control model

developed in Chapter 5 showed that in any given point in time, there

exists some economically optimal combination of the use of native

groundwater, imported water, and effluent. At this optimum, the marginal

costs and prices of the three water sources would be equal, and no further

gains from trading waters of varying quality could be realized. Though
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it was beyond the scope of this study to determine the most efficient way

to use and manage these three water sources, the results of the economic

assessment indicate that increases in effluent use as planned by the City

of Tucson may move the overall water-supply scheme away from, rather than

towards optimal use of multiple water sources.

The results of this study do not suggest that effluent use as

planned by the City of Tucson can never be justified on economic grounds,

rather they suggest that if the City's main objective is to acquire water

for projected non-potable uses, less costly alternatives are available for

meeting this objective. It is quite conceivable that expansion of

effluent service can be an economically competitive water supply at some

future time. However, the economic assessment of this study indicates

that costs of expanding effluent service are significantly higher than the

costs of alternatives. Postponement of effluent service expansion until

effluent is an economically competitive water source may be an effective

way of avoiding substantial costs to the community. Cost effective water

reuse in the Tucson Basin is essentially an optimal timing problem.

Political and Social Factors

At the time of this writing, construction is well underway on the

planned capacity expansion of Tucson's reclaimed water system. The

results of this study pointed out that this project could very likely

result in efficiency losses, rather than efficiency gains, particularly

if projected rates of effluent use in the metropolitan area, which are by

no means guaranteed, are not realized. Economic efficiency, however, is
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only one of several criteria in water management decisions. At this point

it becomes appropriate to discuss some of the political and social factors

that drive decisions to implement water policies that are not the most

cost effective of available alternatives. This section examines some of

the political and social factors motivating effluent use policies in the

Tucson Basin.

This study pointed out the potential efficiency gains of a real

conservation alternative without discussing the potential political risks

of water conservation policies. In economics, the well-known "law" of

demand implies that unless the demand for water is completely inelastic,

raising the price of water reduces water consumption. As Martin et al.

(1984) succinctly point out, however, "the reason and wisdom of economics

are all too often politically insupportable." In the Tucson political

environment, increases in water rates can be a political torpedo. The

most notable historical example of this was the defeat in 1977 of three

Tucson city council members in a recall election, primarily because these

members were effective in implementing higher water rates that were

designed to conserve groundwater (Martin et al., 1984). What this implies

is that the decision to expand effluent service in the Tucson Water

service area is justified more on politics than it is on economics.

Another political factor in the push for effluent use is public

sentiment. In the setting of a growing desert city, the idea of recycling

water for non-potable uses has enjoyed strong public support and little

public scrutiny. Effluent use is embraced by the public as an environmen-

tal cause and an effective way to save Tucson's dwindling groundwater
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resources. Signs identifying construction sights along Tucson's reclaimed

water system promote this notion with the phrase, "Saving Tucson's potable

water for the future." The questions, "What are we saving it for?,"

"Who's future?," and "What kind of future?" have been raised before by

critics of policies that are implemented in the name of conservation.

These questions are particularly relevant to the effluent issue because

existing effluent policies provide an effective mechanism for facilitating

urban growth. If one of the outcomes of increased effluent use is more

water to satisfy urban growth, effluent use may not be as environmentally

sound as its proponents claim.

Whether they deserve it or not, golf courses have received the

greatest attention in the push for more effluent use. With the help of

editorials in the morning paper, the Arizona Daily Star, effluent use has

become a moral rallying cry for much of the Tucson public. Any golf

course that appears to be resisting the conversion from groundwater

becomes a convenient target for public exposure and criticism. In one of

the interviews for this study, a representative of a Tucson golf course

that converted to effluent admitted that politics weighed heavily in the

decision, as he expressed relief that he could finally "wear a white hat."

Another factor motivating increased effluent use is its consistency

with explicit as well as tacit orientation and objectives of water

utilities. Traditional objectives of water utilities are to fulfill their

customers water "requirements" and manage supply risk. Effluent is a

particularly important in managing supply risk because it is Tucson's most

reliable water source, and as long as population growth continues, it is
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the only source that increases in quantity over time. As discussed in

Chapter 7, effluent has a unique "certainty value" because it is not

subject to either the restrictions of the Arizona Groundwater Code or the

uncertainties of CAP deliveries.

Objectives of water utilities are typically accomplished by the

development of new water supplies through the construction of engineering

projects, not through the conservation of water on the basis of resource

scarcity. Expensive water-supply projects are justified on the basis of

population projections and assumed rates of average per capita water use.

One of the most obvious reasons for the engineering orientation of water

utilities is that major decisions are made by engineers. Thompson (1972)

points out that "because natural resources program formulation and

leadership has often been in the hands of scientists and engineers,

physical or engineering criteria have frequently been applied as measures

of the public interest, with only slight attention to social or economic

factors." Because water is essential to human survival, the public is

easily convinced that the utilities are acting in the public's best

interests.

Public scrutiny of urban water utilities is hindered by many

obstacles. Ingram et al. (1989) pointed out that municipal water depart-

ments are usually insulated from public accountability and operate as

semi-autonomous businesses. Tying in Niskanen's (1971) theory of

bureaucracy, Wilson, Goldammer, and Wade (1988) offered the explanation

that the superior technical ability and information advantage enable

municipal water utilities to bargain with the representative government
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(e.g., the mayor and city council) from a position of power. This allows

utilities to set water acquisition and pricing policies that may increase

its budget and managerial control over water supplies, but do not

necessarily promote cost effective water management.

Policy Implications of the Results 

The results of this study suggest a need for fundamental and

far-reaching institutional change if the use of effluent is to improve

economic efficiency in the overall management of water in the Tucson

Basin. Within the present set of rules affecting the use of the basin's

water sources, there is little justification for effluent use on grounds

of economic efficiency. However, if increased effluent use is nonetheless

preferred by the community for the political and social reasons described

earlier, more extensive, and perhaps more economically efficient effluent

use might be accomplished through at least three specific areas of

institutional change: water pricing, markets for water quality, and

restrictions on the use of potable water.

Pricing

Pricing is a demand management tool that can be used to promote

efficient water management. Because the citizens of Tucson currently pay

rates that reflect the average, rather than the marginal cost of providing

their potable water, existing pricing policies are inefficient in that

they do not adequately reflect either the scarcity value or the quality

value of the water.
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The high-quality groundwater of the Tucson Basin is becoming

increasingly scarce relative to the demands for it, but prices do not

reflect this trend. By incorporating some of the CAP costs, water rates

set by Tucson Water reflect some components of the marginal cost of water.

However, these rates do not reflect the fact that local stocks of

high-quality groundwater are gradually becoming depleted, and thus do not

reflect the scarcity value of Tucson's groundwater resources.

The argument that increased effluent use would be a more efficient

policy if groundwater prices reflected scarcity and quality values is

consistent with arguments for marginal cost pricing. Marginal cost

pricing requires that prices reflect the real cost of obtaining and

delivering additional water. Martin et al. (1984) pointed out that if the

citizens of Tucson were truly interested in water conservation, they would

assign their groundwater a price at least as high as what they would be

willing to pay to obtain an additional supply of equal quality. A

marginal cost pricing policy would be an important first step towards

intertemporal efficiency, because prices would better reflect the true

costs of importing CAP water and using effluent.

Based on estimated long-run elasticity of demand for municipal

water, a gradual reduction in marginal water use could result from

efficient water pricing policies. Golf courses, parks, and other

potential users of effluent are currently intra-marginal users of water.

Although the intra-marginal position of golf course irrigation on the

municipal water demand curve was not established empirically in this

study, returns to water in this sector can be substantial. Barkley and
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Simmons (1989) found that the average golf course in Arizona generates 36

full-time jobs and over $500,000 in wages and salaries. Although these

figures do not indicate the net value of water used in the golf industry,

they do suggest that golf course irrigation generates economic benefits.

As the marginal users of potable groundwater become phased out, however,

golf courses and other potential users of effluent would eventually become

the marginal water users in the Tucson metropolitan area.

With a pricing policy that reflects the scarcity value and the

quality value of groundwater, price incentives for effluent use would

exist, and effluent rates would no longer need to be subsidized by potable

water users because the relative prices of effluent and higher-priced

potable groundwater would incorporate not only engineering costs, but also

quality and relative scarcity. If groundwater and effluent were the only

two sources available, an efficient pricing policy would set the price of

potable groundwater at a level where it covered at least the cost of

providing effluent treated to potable quality. Only then could the value

of the groundwater itself begin to be reflected in the price. Because the

quality of the water would also be appropriately reflected by price,

efficient pricing policies could enhance the development of a basinwide

water market that would encourage matching water quality with user quality

requirements.

Markets for Waters of Varying Quality

A potential market to allocate waters of varying quality exists in

the Tucson basin between those who hold effluent rights and large users
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of groundwater who do not require water of potable quality. Because of

the high costs of effluent conveyance and treatment, many large water

users in the basin are not likely to be viable candidates for efficient

groundwater-effluent exchanges in the near term. For example, because of

the distance and lift involved, the potential costs of conveying effluent

to the copper mines south of Tucson preclude an efficient exchange of the

groundwater the mines use for the effluent (RGA Consulting Engineers,

1979). A groundwater-effluent exchange between the City of Tucson and the

Cortaro-Marana Irrigation District (CMID) located 14 miles to the

northwest of Tucson, however, merits further .consideration. Pima County

is currently able to benefit financially by selling effluent to the CMID

at a price of only $10 per acre-foot because treatment and conveyance

costs are negligible. Because most cropland in the CMID is located

downgradient from the treatment plants, and secondary effluent is of

suitable quality for most crops grown there, mutually beneficial exchanges

of groundwater and effluent could occur (Cluff, DeCook, and Matlock, 1971;

Wilson, Goldammer, and Wade, 1988).

The idea of conveying more effluent for direct use on farmlands

downgradient from Tucson is one that has been introduced and shelved

several times. The City of Tucson has opposed this idea for several

reasons, most notably because a new conveyance system implies a longer-

term commitment of the effluent to the farmers than the city desires, and

because farmers are currently using effluent anyway, either by diverting

the effluent that is currently discharged into the Santa Cruz River, or

by pumping the incidental recharge. If a conveyance system were built,
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however, one option might be to use the effluent initially for crop

irrigation, then gradually phase in artificial recharge projects as

farmland in the area becomes urbanized and water is pumped for municipal

uses (Holub, 1989). This approach would be particularly useful in areas

where depths to groundwater, and thus pumping costs are greatest.

The Tohono O'odham Tribe could also become an important participant

in a basinwide water market. As explained in Chapter 4, the Tribe was

allocated 30,600 acre-feet of effluent under the terms of the Southern

Arizona Water Rights Settlement Act. Indications are that the Tribe will

eventually have to exchange this effluent for some other water. Any

marketing of this effluent is subject to the approval of the Secretary of

the Interior, whose role is to serve as trustee for the Tribe. At the

time of this writing, however, none of the allotment is benefitting the

Tribe, mainly because no policies or plans for exchanging this effluent

have been developed.

Institutional change in the form of new pricing strategies might

better facilitate market exchanges of groundwater and effluent, which

could result in matching water quality more closely with water use. The

continued use of large quantities of potable groundwater for non-potable

uses and the low rate of effluent use in the basin clearly illustrates

that neither the potential users of effluent nor those who have rights to

effluent have adequate incentives to develop markets for waters of varying

quality.

The results of the economic assessment suggest that raw CAP water

could be another marketable source of non-potable water. Because surplus
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CAP water is expected to be available during the 1990s, efficiency gains

might be realized if raw CAP water were delivered to non-potable users

through Tucson's reclaimed water system, rather than the more expensive

effluent. This could be an effective way of postponing the use of

effluent in the Tucson metropolitan area until it was more economically

feasible to do so.

Restrictions on the Use of Potable Water

If the ADWR and Tucson Water are going to meet their ambitious

targets for effluent use for the year 2000 and beyond, more draconian

policies may be required. Many large self-supplied users of potable

groundwater in the Basin have been described quite appropriately as "low

incentive" users because the existing institutional structure does not yet

provide an economic incentive for them to convert to effluent. Although

existing city and county policies preclude the use of potable water for

new use golf courses, implementation of a policy prohibiting the use of

potable water for existing self-supplied users is far more problematic

because these users hold rights to pump and use potable groundwater. Such

a policy would encounter difficult issues similar to those associated with

condemning land, particularly the determination of what constitutes fair

compensation for the grandfathered groundwater rights. Not only would

this require the assessment of the value of the foregone groundwater

rights, but also the user-adaptation costs of using lower quality water.

A separate pricing policy for self-supplied users might have to be

implemented to insure that costs are no greater for acquiring effluent
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than they are for the cost of self-supplied groundwater. Although rates

similar to the "maximum" urban use rates implied by Scenario 2A might be

achieved through such a policy, it is unlikely that this approach would

achieve efficiency gains in the near term.

Future Challenges 

This institutional and economic assessment of water reuse in the

Tucson Basin has two fundamental conclusions. The first is that existing

institutions are not adequate for encouraging water providers and

individual water users to increase effluent use to rates targeted by

either Tucson Water or the ADWR. Major institutional changes are

necessary if effluent use is to reach these ambitious rates. The second

conclusion is that at the present time, there is no convincing economic

justification for increasing effluent use as planned by the City of

Tucson. Not only are alternatives less costly to implement, but they save

more groundwater. At the present time, Tucson's effluent use programs are

justified more on political and social grounds than they are economic

grounds. As the costs of developing alternative sources increases,

however, at some future point in time it is conceivable that effluent use

could become an economically viable water-supply alternative.

The increasing costs of discharging effluent may improve the

economic rationale for effluent use in the near future. Pressure for a

basinwide approach to effluent management is building, not only because

the TAMA is falling short of its goals for overdraft reduction, but

because the cost of wastewater treatment for discharge purposes is
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expected to rise as NPDES standards become increasingly stringent.

Officials of Pima County Wastewater, the agency responsible for meeting

these discharge standards view direct use and artificial recharge of

effluent as ways of reducing the quantity of effluent discharged and thus

holding down the cost of treatment to meet NPDES standards.

Large increases in the use and recharge of effluent in the Tucson

Basin, however, introduces many uncertainties and risks. Major uncertain-

ties are inherent in the economic and demographic parameters applied in

the water-supply planning process. Sources of uncertainty that could

affect the welfare of the basin's inhabitants include the costs of

expanding the capacity of the provision system, user-adaptation costs,

future demand for effluent, the quantity of groundwater saved through

effluent use, and the health and environmental effects (both short-term

and long-term) of using and recharging large quantities of effluent. The

City's effluent use program has been criticized for not adequately

addressing the many risks and uncertainties that surround effluent as a

water resource.

Recommendations for Further Research 

The task of estimating the potential benefits and costs of effluent

use is extremely complex, requiring the integration of hydrologic,

engineering, microbiological, chemical, environmental, and economic data.

The economic assessment of this study focused on monetary benefits and

costs of effluent use, and thus excluded many non-monetary and intangible

benefits and costs of effluent use. Comprehensive, interdisciplinary
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research is recommended evaluate effluent use as a multiobjective problem

with many non-monetary considerations.

Development of a more sophisticated hydrologic model is also

recommended to better estimate the hydrologic impacts of direct use and

artificial recharge of effluent. In this study, hydrologic impacts were

limited to the estimation of average water level declines using basic

water-balance relationships. As the hydrologic data base improves, more

precise estimates can be made regarding the localized hydrologic impacts

of effluent use and effluent recharge.

An urgent need exists for research on the public health and

environmental risks associated with the use of effluent. The potential

public health effects of the large-scale use of effluent on turf

facilities in urbanized areas have not been adequately researched. Little

data exist on the risk of human exposure to hazardous chemical and

biological constituents from effluent use. Rapid expansion of effluent

use in the heavily-populated Tucson metropolitan area could pose greater

public health risks than existing plans and policies for effluent use

imply. Because of the potentially high cost of cleaning up contaminated

aquifers, contaminant transport models should be developed to better

assess the risks of either artificial recharge of effluent or repeated

applications of effluent on cropped and turfed areas in the basin. More

comprehensive data are needed to assess the long-term environmental

impacts and public health risks of effluent use.

Extensive research is needed to facilitate efficient allocation and

use of the Tucson Basin's multiple water sources over time. Dynamic
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optimization models need to be developed to capture temporal changes in

costs and bénefits of using waters of varying quality. Ideally, these

models would encompass a basinwide accounting stance, incorporating the

relationships between the costs and benefits of water provision and the

costs of wastewater treatment. More complete knowledge of the dynamic and

complex nature of the benefits and costs of water reuse is crucial for the

development of flexible plans and the formulation and implementation of

sound water policies.
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NATIONAL PRIMARY DRINKING WATER REGULATIONS

Contaminant	 MCL*

Inorganic Chemicals

Arsenic	 0.05
Barium	 1.0
Cadmium	 0.01
Flouride	 4.0
Lead	 0.05
Mercury	 0.002
Nitrate (as N)	 10.0
Selenium	 0.01
Silver	 0.05

Microbials

Coliforms	 1/100 ml
Turbidity	 1-5 ntu

Organic Chemicals

2,4-D	 0.1
Endrin	 0.0002
Lindane	 0.0004
Methoxychlor	 0.1
Toxaphene	 0.005
2,4,5-TP silvex	 0.01
Trihalomethanes (chloroform,
bromoform, bromodichloro-
methane, dibromochloromethane) 	 0.10

Radionuclides

Beta particle and photon
radioactivity	 4 mrem (annual

dose equiv.)
Gross alpha particle

activity	 15 pCi/1
Radium 226 + radium 228	 5 pCi/1

234



Volatile Organic Chemicals

Benzene	 0.005
Carbon Tetrachloride	 0.005
1,2-Dichloroethane	 0.005
1,1-Dichloroethylene	 0.007
1,1,1-Trichloroethane	 0.20
para-Dichlorobenzene 	 0.075
Trichloroethylene	 0.005
Vinyl chloride	 0.002

*	 In mg/1 unless otherwise indicated.
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Source: Sayre (1988)
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APPENDIX B

CITY OF TUCSON POLICIES FOR NON-POTABLE WATER
(EXCERPTS FROM CITY OF TUCSON MAYOR AND COUNCIL WATER

POLICIES, RESOLUTION 14701)

1. Effluent Reuse Policies

(a) Effluent is water which has received primary or secondary

wastewater treatment.

(b) In considering proposals for the use of effluent geographical

priorities of effluent use shall be as follows:

(1) Tucson Water Service Area

(2) Upper Santa Cruz subbasin of the Tucson Active Management

Area

(3) Avra Valley Subbasin of the Tucson Active Management Area

(c) All effluent sales contracts shall specify a minimum annual

effluent use.

(d) Contracts for effluent uses outside the Upper Santa Cruz

subbasin shall provide that, in the event of effluent shortages, effluent

deliveries shall be subject and subordinate, on a pro-rata basis among

users outside the Upper Santa Cruz subbasin pursuant to existing or future

effluent sales.

(e) All future effluent sales contracts shall be subordinate to the

Southern Arizona Water Rights Settlement Act and to any negotiated

settlement, existing or future, with the United States.

(f) The price of effluent shall be based on market value. Market

value is initially defined as current cost of an alternative source for
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each user. Effluent sales prices shall be adjustable periodically to

reflect changes in effluent market value.

(g) The price of effluent may be adjusted to account for capital

costs for constructing transmission and treatment facilities. Sales of

effluent from such facilities shall be controlled by the City.

(h) While contract terms can vary, unit prices for effluent shall

be adjusted annually proportional to a negotiated and appropriate index.

(i) As a condition of effluent contracting, pending or threatened

lawsuits relating to effluent ownership or appropriation shall be

dismissed.

(j) The length of term for effluent sales agreements shall take into

account the negotiated financial arrangements and facility requirements.

(k) Changes in the Groundwater Management Act of 1980 shall be

sought to allow exchanges of effluent for groundwater.

(1) Contractual rights to the use of effluent may result in added

value to a user's property. Contracts should recognize this possibility

and shall require waiver by the owner of any such added value in the event

of purchase of the property by the City through negotiation or condemna-

tion.

(m) Effluent application shall protect and preserve the existing

quality of groundwater.

(n) The City shall monitor effluent sales and deliveries by the Pima

County Wastewater Management Department to assure compliance with the

sewer system transfer intergovernmental agreement, and where necessary,

shall take steps to correct any failure to so conform.
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2. Reclaimed Water Policies

(a) Reclaimed water is effluent that receives post-secondary treat-

ment.

(b) All reclaimed water sales contracts shall specify a minimum

annual reclaimed water use.

(c) The price of reclaimed water may be adjusted to account for

capital costs for constructing transmission and treatment facilities.

Sales of reclaimed water from such facilities shall be controlled by the

City.

(d) While contract terms can vary, unit prices for reclaimed water

shall be adjusted proportional to a negotiated and appropriate index.

(e) Whenever feasible, new parks, cemeteries, and schools shall be

required to use effluent or reclaimed water for irrigation purposes.

(f) New golf course development shall only be permitted using

effluent or reclaimed water except when the Mayor and Council authorize

the interim use of potable water. Under those extenuating circumstances,

the following shall apply:

(1) To assure prompt action by developers in switching to

effluent or reclaimed water the conditions of interim use of potable water

shall be made as part of water service agreements and other appropriate

contracts. These conditions shall set forth the date by which the City

is required to have its portion of the system in place, requirements for

financial participation by the developer in the construction of the

project and penalties for non-compliance.
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(2) When reclaimed water is required in advance of the City's

construction schedule, developers are required to work with Tucson Water

to formulate a plan of service to be implemented at the sole expense to

the developer and dedicated to Tucson Water.

(3) If potable water is used on an interim basis, a surcharge

equalling 50% of the potable rate shall be collected in addition to the

regular rates and charges.	 This surcharge shall not apply when the

continued use of potable water is required due to deficiencies in the

City's system or delays in City construction.

(g) Tucson Water shall actively work with the community, particu-

larly industrial and large multiple family complexes, to provide service

to users that can be practically and economically served by the reclaimed

water system.

(h) Changes in the Groundwater Management Act of 1980 shall be

sought to allow credits to the City for recharged reclaimed water and to

allow the exchanges of reclaimed water for groundwater.

(i) Reclaimed Water applications shall protect and preserve the

existing quality of groundwater.

(j) The potential for utilizing reclaimed water shall be evaluated

and included in all new area plans and in existing ones as they are

updated.

3. Alternative Methods of Controlling Effluent

(a) Within the Tucson AMA, where the City currently has the right

of control of effluent, such right should be maintained. Areas such as
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Ajo and Mt. Lemmon which are included in the Sewer IGA are excluded from

this policy.

(b) The City's control over effluent would be exercised in differing

ways depending upon circumstances as outlined in the following policies:

(1) Effluent from City Developed Water:	 The use of all

effluent derived from water developed by the City including the City's

allocation of CAP water, shall be directly controlled and put to

beneficial use by the City in accordance with water policies adopted by

the Mayor and Council.

(2) Effluent from Water Develope.d by Others: Effluent from

any County treatment plant derived from water developed by others may be

controlled in alternate ways by the City and put to beneficial use:

i. On a case by case basis, the City may directly

control, in accordance with the Water Policies adopted by the Mayor and

Council or

ii. Control through long-term contracts between the City

and others (private water companies) subject to conditions acceptable to

the City. These conditions shall include:

(a) Such conditions as may be requested by Pima County,

in the development of their wastewater systems; provided, however, that

such conditions are not inconsistent with the water management plans and

goals of the Tucson AMA.

(b) The effluent shall be put to beneficial use and

shall offset and reduce the amount of groundwater which the other party

could otherwise lawfully have pumped and put to such use. In the event
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that the beneficial use is recharge, such offset and reduction may not be

required.

(c) Where the beneficial reuse of effluent may require

capital investments in conveyance, treatment, and storage facilities, the

term of the contract should be sufficient to allow amortization of the

cost of such facilities. Where the beneficial reuse is an aspect of land

development of an area, planning horizons consistent with the proposed

development schedule shall be considered in setting the term. However,

the long-term need for additional water resources in the Tucson AMA and

the probability that changing conditions and new technology will provide

new opportunities for effluent reuse dictate that the term of such

contracts not be unlimited.

(d) In determining whether to require the other party

to pay for the effluent, an if so, the price to be charged, the City will

consider:

• The market value of the effluent

• The cost to the contracting party of facilities

necessary to effectively reuse the effluent

• The benefits of such reuse to the City's

management of its water resource

• Alternative available uses for the effluent

• The costs to the contracting party of available water

resources

• The terms of the subcontract for CAP water

• The benefits to public waste water facilities
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(3) In cases where the City is not using the effluent, has no

plans to use the effluent, has no contract with another for the use the

effluent and has no plans for entering into a contract with another for

the use of effluent, the City shall enter into a contract with the County

under the terms of which the County would control the effluent under

conditions mutually agreed upon, with no payment by the County to the City

except for sharing net profits as provided in the Sewer Transfer IGA.

(4) The City will not quit claim effluent which it owns to

another without charging fair market value for the resource.
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APPENDIX C
SUMMARY OF RESULTS OF THE ECONOMIC ASSESSMENT

SCENARIO CAPITAL
COST
(S)

0 & M
COST
(S)

MINED
611

(ACRE-FT)

MINED 8$1
COST
(S)

SUED
611

(ACRE-FT)

SAVED 8W
BENEFIT

($)

NET
COST
(S)

I 4 0% 43,401,000 56,452,757 3,198,482 22,870,510 99,853,757
1 4 4% 36,863,817 25,579,087 9,321,692 62,442,904
I 4 8% 31,820,663 13,661,348 4,437,815 45,482,011

2A 4 OZ 43,401,000 323,160,674 2,596,319 16,292,673 602,163 6,577,837 359,983,837
2A @ 4% 36,863,817 196,837,839 6,823,003 2,498,689 231,202,967
2A 4 81 31,820,663 116,639,815 3,343,187 1,094,628 147,365,850

28 4 0% 43,401,000 249,897,540 2,746,859 17,828,160 451,623 5,042,350 288,256,190
28 4 4% 36,863,817 164,783,615 7,408,807 1,912,885 199,734,547
28 4 8% 31,820,663 99,412,297 3,601,042 836,773 130,396,187

2C 4 01 43,401,000 179,155,883 2,912,015 19,446,239 286,467 3,424,271 219,132,612
2C 4 4% 36,863,817 80,056,336 8,033,104 1,288,588 115,631,565
2C @ 8% 31,820,663 42,236,803 3,870,727 559,088 73,498,378

3 4 0% (E = 0.5) 68,108,425 2,445,778 16,328,786 752,704 6,541,724 61,566,701
3 4 4% 29,797,318 6,839,967 2,481,725 27,315,593
3 4 8% 15,285,182 3,352,529 1,085,286 14,199,896

3 4 0% (E = 0.25) 155,123,114 16,328,786 6,541,724 148,581,390
3 4 4% 67,663,887 6,839,967 2,481,725 65,182,162
3 8 8% 34,602,524 3,352,529 1,085,286 33,517,238

3 4 0% (E : 0.75) 43,411,914 16,328,786 6,541,724 36,870,190
3 8 4% 19,011,020 6,839,967 2,481,725 16,529,295
3 I 8% 9,761,947 3,352,529 1,085,2 8,676,661

4A f 0% 43,401,000 65,752,832 2,445,778 16,328,786 752,704 6,541,724 102,612,108
4A 4 4% 36,863,817 28,727,998 6,839,967 2,481,725 63,110,090
4A	 81 31,820,663 14,888,702 3,352,529 1,085,286 45,624,079

48 4 0% 58,401,000 173,121,790 2,445,778 16,328,786 752,704 6,541,724 224,981,066
48 4 4% 51,009,527 78,442,535 6,839,967 2,481,725 126,970,337
48 8 8% 45,195,149 41,894,799 3,352,529 1,085,286 86,004,662

ID @ 01 43,401,000 29,107,275 2,907,736 19,930,586 72,508,275
ID 4 4% 36,863,817 12,952,275 8,196,312 49,816,092
ID	 81 31,820,663 6,836,223 3,941,635 38,656,886

288 0% 43,401,000 128,848,204 2,674,878 17,306,228 232,858 2,624,358 169,624,846
28 @ 4% 36,863,817 57,335,405 7,204,312 992,000 93,207,222
284 8% 31,820,663 30,261,680 3,508,494 433,141 61,649,202
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APPENDIX D

VALUES OF SAVED GROUNDWATER AT END OF
PLANNING PERIOD AND ADJUSTED NET COSTS

VALUE OF SAVED	 ADJUSTED NET
GW WITH SAFE-	 COST WITH SAFE-

SCENARIO	 YIELD POLICY	 YIELD POLICY
($)	 ($)

1 @ 01	 99,853,757
1€ 4%	 62,442,904
1 @ 8%	 45,482,011

VALUE (A) OF
SAVED GW WITH
MINING POLICY

($)

ADJUSTED NET
COST (A) WITH
MINING POLICY

($)

99,853,757
62,442,904
45,482,011

VALUE (B) OF
SAVED GW WITH
MINING POLICY

($)

ADJUSTED NET
COST (8) WITH
MINING POLICY

($)

99,853,757
62,442,904
45,482,011

2A 8 OI 57,017 359,926,820 246,886,830 113,097,007 123,443,415 236,540,422
2A 8 4% 347,333 230,855,634 60,158,598 171,044,369 30,079,299 201,123,668
2A 1 8% 44,634 147,321,216 15,461,183 131,904,667 7,730,592 139,635,258

28 @ 0% 42,763 288,213,427 185,165,430 103,090,760 92,582,715 195,673,475
2B 8 4% 260,500 199,474,047 45,119,024 154,615,523 22,559,512 177,175,035
26 8 8% 33,475 130,362,712 11,595,907 118,800,280 5,797,953 124,598,234

2C 1 0% 27,125 219,105,487 117,451,470 101,681,142 58,725,735 160,406,877
2C 8 4% 165,237 115,466,328 28,619,250 87,012,315 14,309,625 101,321,940
2C 8 8% 21,234 73,477,144 7,355,349 66,143,029 3,677,674 69,820,704

3 8 0% 71,272 61,495,429 308,608,640 (247,041,939) 154,304,320 (92,737,619)
3 @4% 434,167 26,881,426 75,198,273 (47,882,680) 37,599,136 (10,283,543)
3 8 8% 55,792 14,144,104 19,326,485 (5,126,589) 9,663,243 4,536,653

4A 8 0% 71,272 102,540,836 308,608,640 (205,996,532) 154,304,320 (51,692,212)
4A 8 4% 434,167 62,675,923 75,198,273 (12,088,183) 37,599,136 25,510,954
4A 8 8% 55,792 45,568,287 19,326,485 26,297,594 9,663,243 35,960,836

48 8 0% 71,272 224,909,794 308,608,640 (83,627,574) 154,304,320 70,676,746
4B 84% 434,167 126,536,170 75,198,273 51,772,064 37,599,136 89,371,201
48 @ EIX 55,792 85,948,870 19,326,485 66,678,177 9,663,243 76,341,419

ID @0% 72,508,275 72,508,275 72,508,275
ID @4% 49,816,092 49,816,092 49,816,092
ID @8% 38,656,886 38,656,886 38,656,886

20 8 01 22,049 169,602,797 95,471,780 74,153,066 47,735,890 121,888,956
20 @4% 134,315 93,072,907 23,263,487 69,943,735 11,631,743 81,575,479
20 @ 81 17,260 61,631,942 5,978,880 55,670,322 2,989,440 58,659,762

Numbers in parentheses are negative, representing net benefits.
(A)Assumes current market value of groundwater of $100/acre-ft ($410/acre-ft in 2025).
(B)Assumes current market value of groundwater of $50/acre-ft ($205/acre-ft in 2025).
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