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Abstract

Anticipating a surge in the future growth of the Tucson urban area accompanied by a need for the
preservation of the local groundwater resource, Tucson Water is planning for a major transition in its
source of supply during the next fifty years.

The completion of the Central Arizona Project to the Tucson area represents the primary ingredient
to the formulation of a future water supply plan for the community. Tucson, which presently relies to-
tally upon groundwater for its potable water supply, is diligently preparing to accept its first sur-
face water source. The task of planning for this event is extremely complex and is further hampered by
the fact that many critical factors relating to the Tucson Division of the Central Arizona Project are
yet undefined. Tucson Water engineers utilize contemporary computerized hydraulic models as tools to
define an array of technical solutions to the problem of accomplishing a major conversion from a multi -

point system source to a predominantly single source of supply. Elements such as construction, opera-

tion, and maintenance costs associated with water treatment and delivery systems are addressed.

Introduction

Eastern Pima County, Arizona contains a diversity of water -using economies, each solely dependent
upon groundwater for its water needs. Major water pumpers include the City of Tucson, four mining com-

panies south of the City, Farmers Investment Company (F.I.C.O.), Cortaro -Marana Irrigation District,
Avra Valley Irrigation District, private water companies, and private well owners. In 1980, approxi-

mately 391,000 acre -feet of groundwater was pumped by these combined users in the Upper Santa Cruz and
Avra Valley groundwater basins (WRCC, 1980). Table 1 indicates that agricultural users pumped 57.6 per-
cent, the City and private water companies pumped 21.1 percent, mines pumped 20.5 percent, and recrea-
tional activities (primarily golf courses and parks) pumped 0.8 percent. Pumpage exceeds natural re-

charge by a factor of four to one in Eastern Pima County. Consumption is defined as pumpage minus water

returned to the water table. Water is returned by agriculture through overapplication and by the City
through discharge of wastewater effluent to the highly recharge- efficient Santa Cruz riverbed. A ground-
water overdraft condition exists whereby total consumptive use exceeds natural recharge by over 200,000
acre -feet per year. The large imbalance between groundwater supply and demand has resulted in long -term

declines in the local groundwater levels.

Historical water level data has been continuously obtained since 1947 for the Tucson Basin and
since 1952 for the Avra Valley. The Avra Valley has been subjected to extensive agricultural ground-
water development resulting in declines in the water table of over 175 feet since 1952. The Avra Valley

wellfield operated by Tucson Water since 1969 lies within an area which has experienced less than 80
feet of water table decline, and our pumping activities there have had minimal impact on the total de-
clines in Avra Valley.

Declines in the water table beneath the Tucson metropolitan area have not been as severe or expan-
sive as those in the Avra Valley. The majority of the Tucson area has experienced declines ranging from

40 to 80 feet since 1947. In the extreme southern portion of Pima County along the Santa Cruz River
total declines have ranged from 120 feet to a maximum of 172 feet since 1947. These declines represent

the impact of concentrated pumping for agricultural, mining, and domestic uses. Annual decline rates

are two to six feet per year in northern Avra Valley and in the Tucson Area but continue to exceed six

feet per year south of the City along the Santa Cruz River.

There are four major impacts of groundwater table declines including increased cost for pumping,
decreased well capacity due to higher consolidation of aquifer sands and gravels, reduced water quality,

and potential land surface subsidence. For these reasons all pumpers must cooperate in developing a
basinwide groundwater management plan which will ultimately balance withdrawals with available natural
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recharge.

Tucson Water is a municipally -owned and operated water utility providing domestic water service
both inside and outside the corporate limits of Tucson. Water is provided to a service area of over
300 square miles having an elevation difference of over 1500 feet. Presently, Tucson Water serves

460,000 people through 125,000 metered services. This represents 86 percent of the Pima County popula-

tion and 93 percent of the metropolitan Tucson population. In 1979 -80 Tucson Water actively pumped 187

wells in four wellfields serving the central metropolitan system and 30 wells serving fifteen isolated
systems. Table 2 indicates the average daily pumpage distribution by wellfield for 1979 -80. More than

half of the total system demand is met from the central wellfield within the metropolitan Tucson area.

Figure 1 indicates the seasonal variation in metered water use for the five major customer classes.
Water usage is highly seasonal with the average summer day usage more than twice the average winter day.
Seventy -five percent of total annual usage is residential and the remaining twenty -five percent is com-

mercial /industrial. Due to increasing peak summer usage caused by customer growth, Tucson Water initia-
ted the "Beat- the -Peak" program in the summer of 1977 to preclude the expenditure of $40 million for a

new wellfield and transmission system. Results of the voluntary outdoor water management program in-
clude a reduction of the peak day demand from 151.5 million gallons per day in 1976 to 114 million gal-
lons per day in 1980. In addition, per capita daily water use has been reduced from 205 gallons in

in 1973 -74 to 146 gallons in 1979 -80. It is anticipated that these lower usage levels can be maintained

through a cost -of- service increasing block rate water fee structure and a continuing public information

program.

Future Supply Alternatives

Population and Water Demand Projections

Tucson Water uses population projections officially adopted by the Pima Association of Governments
(PAG) for all of Pima County. These projections have been defined according to township to the year
2000 by PAG and for Pima County to the year 2020 by the Arizona Department of Economic Security. Tucson

Water staff have extrapolated projections to 2030 since major water facilities have a projected service

life of fifty years. Official projections and adopted community land use plans were used as a guide to

spatially distribute population to subareas.

In order to estimate future water demands, historical per unit water information has been multi-
plied by population and commercial /industrial development projections. The average daily per capita

residential water use has been projected to be 105 gallons, and commercial /industrial /institutional
average daily water use is projected to be 1300 gallons per acre per day (approximately 33 percent of
residential water usage). Based on this criteria, the following factors have been used to project vari-

ous water demand conditions:

Condition Factor Gallons Per Capita Per Day

Minimum Day 0.5 70

Average Day 1.0 140

Peak Month 1.5 210

Peak Day 2.0 280

Peak Hour 3.5 490

Table 3 indicates projections of Pima County population from 1980 to 2030 in five -year increments.
Assumptions have been indicated with respect to that portion of Pima County population projected to be
served by Tucson Water. By the year 2030 the total service population is projected to be 1,206,405,
and the corresponding average daily demand is projected to be 170.9 million gallons. This represents a

fifty -year growth in demand of 163 percent above the current level.

Source Alternatives

To meet the projected water demands of existing and future customers, Tucson Water has two primary

supplies. Groundwater will continue to be used to meet peak requirements and as a blending source to
mitigate the quality impacts of an imported surface water. Central Arizona Project water will be re-

quired to meet growth needs and enable the area to achieve a balance between groundwater withdrawals and

natural recharge.

On June 19, 1980, the Arizona State Legislature adopted Senate Bill 1001 entitled the Groundwater

Management Act. The bill's passage culminated two years of work for the Arizona Groundwater Management
Study Commission and long negotiating sessions between the Governor and representatives of the state's

major water users. Major provisions of the Act are as follows:

1. State groundwater management by the Department of Water Resources.
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2. Establishment of four initial active management areas including Prescott, Phoenix,
Pinal, and Tucson.

3. Establishment of defined groundwater rights and permitted uses.

4. Methods to reduce groundwater withdrawals such as conservation, supply augmentation, and
agricultural land purchase and retirement.

5. Establishment of well construction and metering regulations.

6. Identification of financing mechanisms.

7. Enforcement of legislative provisions.

The four Active Management Area directors have been selected and are jointly developing a set of De-

partmental rules and regulations. Many provisions of the Groundwater Management Act will affect the
Tucson Water Department including quantification of groundwater rights, extensions to the city service
area, water data reporting, and reductions in withdrawals. The forthcoming Tucson Active Management
Area Plan will dictate the magnitude and timing of the City's reduction in groundwater pumping consis-
tent with the goal of eliminating water table declines by 2025.

In addition to the Groundwater Management Act physical, jurisdictional, and other legal con-
straints will affect the City's ability to develop new groundwater sources within the Tucson Active
Management Area. Essentially all of the highly productive privately -owned groundwater areas have been
developed. Remaining areas include federal and state land precluding City access or non -productive

regions such as mountain ranges. Water rights claims of the Papago Indian Tribe also will affect future

groundwater development by the City.

The completion of the Central Arizona Project (CAP) to the Tucson area represents the primary in-
gredient to the formulation of a future water supply plan for the community. This project is a water

delivery system which will furnish municipal, industrial, and irrigation water to urban and agricultural
areas within Maricopa, Pinal and Pima counties. The overall CAP plan calls for construction of a
series of pumping plants and aqueducts to lift Colorado River water from Lake Havasu and carry it a-
cross the three central Arizona counties to the Phoenix and Tucson areas. Of Arizona's 2.8 million
acre -feet annual Colorado River water allotment, the Project will deliver an average of 1.2 million
acre -feet per year. Three major components of the delivery system can be identified as the Granite

Reef Aqueduct, the Salt -Gila Aqueduct and the Tucson Aqueduct. The Granite Reef Aqueduct will carry

water in an open canal from Lake Havasu approximately 180 miles to the Salt River, just below the
Granite Reef Dam. The concrete -lined canal will continue from the south side of the Salt River as the
Salt -Gila Aqueduct for approximately 60 miles through agricultural areas of eastern Maricopa County and
central Pinal County. This segment of the Project will terminate east of the Picacho Reservoir in
south -central Pinal County. The Tucson Aqueduct will begin at the terminus of the Salt -Gila Aqueduct
and proceed in a southeasterly direction toward Tucson. Recently the Tucson division of the CAP has
been further segmented into Phase A and Phase B with Phase A terminating at the town of Rillito, north-

west of the metropolitan Tucson area. Phase B will extend southerly to a yet -undefined terminus in

southern Pima County.

At this point in time the Water and Power Resources Service of the Department of the Interior has
not completed its planning efforts with regard to the Tucson Aqueduct. As a result, many questions

that are critical to the planning of Tucson's future water supply remain unanswered. Primary unknowns

with respect to the Tucson Aqueduct include:

1. Allocations of CAP water - The City of Tucson does not know what its allotment of CAP water
will be. Tentative allocations were made by the Arizona Water Commission in the spring of
1977, however, recent discussions regarding allocations to the Indian tribes and their ability
to have a priority use over available CAP water have further clouded the issue of municipal
and industrial allocations. The most recent proposals of the Arizona Department of Water Re-
sources indicate an allocation of 175,000 acre -feet to Tucson in the year 2034.

2. Aqueduct Size - The size of the Tucson Aqueduct is directly related to the allocations of CAP
water over the fifty -year project repayment period to users in Pima County. Since these allo-

cations are not finalized Federal design engineers are unable to accurately size the Tucson
Aqueduct at this time.

3. Aqueduct Location - Alternative alignments are still being studied by the Arizona Projects

Office and are sensitive to allocations of water in Pima County.

4. Terminus - The determination of how far south Phase B of the Tucson Aqueduct will extend has
not been made. Former Secretary Andrus' allocation to the Papago Indian Tribe at the San
Xavier Reservation indicate Federal obligation to continue the CAP south of Tucson.
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5. Regulatory Storage - The inclusion of large regulatory storage in the last segment of the
CAP delivery facility is an item that is yet undecided. Although city staff have studied
various locations and have developed a position on location and volume, alternatives are still
being evaluated by the Water and Power Resources Service.

6. CAP Water Costs - Overall Project completion to Pima County is being delayed due to the many
remaining unresolved issues. As a result, inflation will continually cause the Project cost
to increase making it extremely difficult to predict the impact on future water utility rates.
Elements of CAP water costs to a Tucson Water customer will include capital costs for Project
repayment, operational and maintenance costs of the Project, capital costs for rebuilding the
City's transmission system, capital costs to build a water treatment plant, and operational
costs associated with the treatment plant. Whereas today's cost of pumping groundwater ap-
proximates $40 per acre -foot it is anticipated that capital and operational payments for CAP
water will exceed $75 per acre -foot excluding local transmission and treatment costs.

7. Schedule - Delivery of CAP water through Phase A of the Tucson Aqueduct is scheduled to begin
in 1987 and through Phase B (Tucson area) in 1989. This is a two -year postponement of water
delivery to Tucson from previous projections.

8. CAP Water Quality - The incorporation of CAP water supplies into the municipal system will re-
quire Tucson Water to construct and operate its first water treatment plant. Existing ground-
water supplies display excellent quality characteristics and do not need to undergo any con-
ventional surface water treatment process.

All of the unknowns surrounding CAP as a future water supply alternative for Tucson represent
major obstacles for Tucson Water planning engineers. It becomes extremely difficult, if not impossible,
to address several key elements of the utility's Capital Improvement Program:

1. The successful management of the local groundwater resources.

2. Planning additional major water system components.

3. Determining the location, elevation, capacity and operating characteristics of a water treat-
ment plant.

4. Determining the water rate impacts of utilizing Central Arizona Project water.

Planning the Transition

Tucson Water has formulated both short and long range plans for the construction of water facili-
ties in order to eliminate existing deficiencies, accommodate urban growth and prepare for the future
delivery of a major imported water source. The primary objective of the utility's Capital Improvement
Program is to provide long -term, reliable, high quality water service for both existing and future
water customers at least cost. Average and peak demands must be met by furnishing adequate supplies of
water from groundwater and surface water sources as well as from system storage.

Essential to the formulation of a long -range capital improvement program are a number of basic as-
sumptions such as:

1. First, and foremost, Tucson Water anticipates receiving an allocation of Central Arizona Pro-
ject (CAP) water which will be utilized to meet the demands of urban growth while the volume
of groundwater to be pumped will be held at a constant level that will not exceed the natural
recharge for the Upper Santa Cruz and Avra Valley Basins. This represents an eventual, major
shift in source location, and water system improvements must be constructed to facilitate this
change from numerous small water source points to a few major points of supply.

2. A fifty -year planning horizon is utilized to properly size water facilties. This time frame
is appropriately adopted since it is compatible with the estimated useful service life of most
major water system facilities.

3. Additional system storage will be constructed in an effort to achieve a reduction in the total
source requirement. This will allow for reduced pumping costs during peak demand periods and
allow for the downsizing of transmission facilities from the major source points to the stor-
age locations.

4. The "Beat- the -Peak" program conducted each year by Tucson Water will continue to be an effec-
tive demand management program, and customer water usage characteristics will not significantly
change.

Having established these basic assumptions, Tucson Water planning engineers have conducted numer-
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ous water system analyses utilizing computerized hydraulic models to identify specific water system
components that will be required in the future.

The computerized hydraulic model is a very efficient and effective planning tool. Davis (1980)
discussed the utilization of the Epp -Fowler Model by Tucson Water for capital improvements planning.
The computer model provided the capability for solving steady state flows in water networks to assist
in the analysis of deficiencies in Tucson's complex water system. Subsequently, Tucson Water has ac-
quired another computer program from the University of Kentucky which provides additional and improved
analysis capabilities. This program also analyzes steady state pressure and flow in pipe distribution
systems but its significant characteristic is in its ability to carry out extended period simulation
which models the operation of the water system or a portion thereof over a certain period of time. The
computer program is a sixth generation version and can be applied to all normal pipe systems with
minimum chance of user error, and gives rapid, accurate solutions. Some of the notable features of this
program as identified by Wood (1980) are:

1. Any type of pipe system configuration can be handled.

2. The system can contain any number of storage tanks, pumps, valves, meters, fittings, etc.

3. Complete output is provided including pressures, elevations and grade lines at all junctions,
head losses in lines and at all valves, pump heads, flow rates and flow velocities, and a
summary of system in- flows, out -flows and demands. Limited output can be selected which
provides output for specified results.

4. Extended period simulations can be made which adjust liquid levels in tanks over the simula-
tion period. Lines can be opened and closed and pump service levels changed during the simu-
lation.

5. The procedure is relatively fast. Typical computer times (CPU) for the IBM 370 -165 located at
the University of Kentucky are as follows: systems under 100 pipes takes less than 1 second,

a system of 200 pipes takes about 1 -2 seconds and a system of 400 pipes takes about 6 -10
seconds to analyze one situation.

6. The analytical procedure used in the program has excellent convergence characteristics which
is a significant advantage over most procedures which will not converge to a solution for cer-
tain conditions.

As can be expected, large amounts of input data are needed to perform an analysis of the integra-
ted water distribution system, and the Tucson Water Planning staff have assembled the required data
bases which include population and water usage projections as previously discussed and various supply
scenarios. Tucson Water must rely upon its groundwater sources until such a time that an alternative
source such as CAP is available, The Santa Cruz and Southside wellfield areas represent a relatively
inexpensive source of supply for the water utility primarily due to the fact that they are both topo-
graphically and hydrologically upgradient from the City. These sources, therefore, will continue to be

pumped at their maximum levels. Pumpage from the Avra Valley will be gradually increased over time to
meet growth - related demand up to a maximum of about 25 MGD. This rate of delivery is approximately
equivalent to the capacity of the transmission system from the Avra Valley. The Tucson Basin pumpage
in the Tucson metropolitan area is planned to be maintained until the delivery of CAP water which is
estimated to be 1989. Once this surface water source can be supplied to Tucson Water customers, pumpage
will be gradually reduced in accordance with the water management plan for the Tucson Active Management
Area.

Once the necessary assumptions have been established and the associated data bases assembled, the
hydraulic modeling process can proceed. The process is initiated with a calibration model. Essenti-

ally, the modeling process involves the balancing of different reservoirs (highwater levels) in each
pressure zone so that their operation during peak demand periods is consistent with Tucson Water de-
sign criteria and proper system pressures are maintained. The headloss rates in the interconnecting
pipelines are monitored to identify deficient areas where new construction would improve the hydraulic
characteristics of the system. The existing water system network is subjected to a previous demand
condition. Usually the preceeding summer's peak demand and flows and pressures are analyzed to deter-
mine their similarity with those pressures actually experienced during that period of time. The network
model is evaluated using a fifty -year projected demand condition to achieve a long -range perspective of
future facility requirements. At this point specific projects can be identified as well as their re-
spective sizing requirements. After the completion of the long -range analysis, intermediate models were
run for the years 1990 and 2000 (and additional years as needed) to determine at what point in time
certain projects should be constructed.

Due to the previously discussed uncertainty of the delivery point of CAP water in the Tucson area,
it was necessary to investigate all feasible alternatives in this regard. All major source points are
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proposed to b located along an approximately north -south axis near the Santa Cruz River from the San
Xavier Indian Reservation in the south to Ina Road in the north. Four basic alternatives listed below
were studied based upon three possible CAP delivery points:

1. All delivery to Cat Mountain Area
2. All delivery to Northwest Area
3. Split delivery to Cat Mountain and Northwest
4. Split delivery to Northwest and a point south of Tucson

Since each alternative is considered to be a viable future supply configuration, it is important
to evaluate long -term impacts of each as a prerequisite to the formulation of any future Capital Im-
provement Program. Thus, four independent hydraulic models were developed to analyze a fifty -year de-
mand condition. All major water system components required to transport water throughout the integra-
ted water system under each scenario were identified.

In reviewing the modeling results of the four alternatives, one alternative was presented as being
the most desirable long -term supply solution particularly from the operation and maintenance (O&M) cost
standpoint. At the request of the Arizona Projects Office of the Water and Power Resources Service,
Tucson Water formalized this selection by issuing a statement defining the desired location, eleva-
tion, and storage volume for Tucson's water delivery. Tucson Water recommended that all of its CAP
allocation be delivered to a site at Cat Mountain for subsequent treatment and utilization by the City.
The elevation advantage this site provides would permit delivery, without additional pumping costs, to
65 percent of Tucson Water's projected services. The current ten -year Capital Improvement Program of
the utility is predicated on this assumption.

It is important to note that Tucson Water is cognizant of the nebulous aspects surrounding the
proposed delivery of CAP water and, as such, must design flexibility into its future water system ex-
pansion. Consequently, the hydraulic analysis conducted on the four primary alternatives were synthe-
sized, and it was found that many projects could be identified as being common to all alternatives.
It was concluded, therefore, that wherever practicable the utility's improvement program should in-
clude the construction of the "common projects" in an effort to solve existing system deficiencies.
The construction of those projects that are sensitive to the delivery of CAP water hopefully could be
forestalled until more substantive planning information is available.

Additionally, Tucson Water has placed increased emphasis on storage facility construction in pre-
paration for the future transition in source of supply. Advantages of larger amounts of gravity stor-
age include the ability of the water utility to reduce water supply capacity requirements from peak
day to peak month capability, the ability to downsize transmission and major pumping facilities, the pro-
vision of supply by gravity during peak water demand and power demand periods, and the security and re-
liability required to meet fire fighting conditions. This policy will yield resultant savings in both
construction costs and operational costs for pumping.

Conclusions

The completion of the Central Arizona Project to the Tucson area represents the primary ingredient
in the formulation of a future water supply plan for the community. Unfortunately, there still exist
many unresolved issues associated with the Tucson Aqueduct that preclude accurate planning. Tucson

Water staff have employed state -of- the -art technical tools in the assessment of alternative CAP supply
scenarios. Results of modeling efforts reduce the risk of unnecessary water facility construction.
Consideration of the potential future water rate impacts dictates immediate action by the water utility
to accomplish a major conversion from a multi -point system source to a predominantly single source of
supply. As unknown design parameters become better defined utility planners and engineers can easily
incorporate them into existing evaluation methodologies to assure that water needs of existing and
future customers are met with reliability and cost efficiency.
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TABLE i

1980 WATER USE IN EASTERN PIMA COUNTY

USE CATEGORY PUMPAGE CONSUMPTION

Quantity Percent Quantity Percent
(Acre-Feet) of Total (Acre-Feet) of Total

Agricultural 224,953 AF 57.6 151,857 AF 56.7

Municipal 82,328 21.1 32,841 12.2

Industrial 80,144 20.5 80,144 29.9

Recreational /Other 3,282 0.8 3.282 1.2

TOTAL 390,707 AF 100.0 268,124 AF 100.0

From WRCC Report to Cecil D. Andrus,
Secretary of the Interior, April 14, 1980

TABLE 2

DISTRIBUTION OF WELLFIELD PUMPAGE 1979 -80

Wellfield Active Wells Pumpage Percent

Central 135 35.5 MGD 54

Avra Valley 16 13.4 20

Santa Cruz 25 12.6 19

Southside 11 1.5 2

Isolated 30 3.1 5

TOTAL 217 66.2 MGD 100
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TABLE 3

TUCSON WATER SERVICE AREA PROJECTIONS
(1980 -2030)

END
OF

YEAR

(1)
PIMA

COUNTY

POPULATION

(2)
TOTAL

SERVICE
POPULATION

(3)
RETAIL

SERVICE
POPULATION

(4)

ACTIVE

SERVICES

(5)
TOTAL
CII

ACREAGE

(6)
AVERAGE
DAILY

DEMAND

1980 539,800 458,830 458,830 124,008 12,925 65.0 MGD
1985 606,300 515,355 515,355 139,285 14,517 73.0
1990 655,500 622,725 557,175 150,588 17,542 88.2
1995 727,100 690,745 618,035 167,036 19,458 97.8
2000 818,600 777,670 695,810 188,057 21,907 110.1
2005 907,700 862,315 771,545 208,526 24,291 122.1
2010. 991,400 941,830 842,690 227,754 26,530 133.4
2015 1,066,600 1,013,270 906,610 245,030 28,543 143.5
2020 1,130,200 1,073,690 960,670 259,641 30,245 152.1
2025 1,198,000 1,138,100 1,018,300 275,216 32,059 161.2
2030 1,269,900 1,206,405 1,079,415 291,734 33,983 170.9

(1) From Arizona Department of Economic Security 5/79. Adopted by PAG 9/27/79 through
year 2000. Six percent 5 -year growth rate after 2020.

(2) Assumed to be 85 percent of County population until 1990. For 1990 and beyond
assumed to be 95 percent.

(3) Assumed to be 85 percent of County population.

(4) Assumed to be 3.7 persons per active retail service.

(5) Assumed to be 35.5 persons per CII acre.

(6) SUM OF 105 gpcpd x TOTAL SERVICE POPULATION PLUS 1300 gpapd x TOTAL CII ACREAGE.
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